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Nomenclature

AWS ... Automatic Weather Station

BMBF ............ Bundesministerium fiir Bildung und Forschung

CAME ........... Central Asia — Monsoon dynamics and Geo-ecosystems (BMBF Programme)

CAS ............. Chine Academy of Sciences

CRU............. Climate Research Unit

DFG ............. Deutsche Forschung Gemeinschaft

DynRG-TiP ...... Dynamic Response of Glaciers on the Tibetan Plateau to Climate Change (DFG Project)

ECMWE ......... European Centre for Medium-Range Weather Forecasts

ERA ............. ECMWEF re-analysis

GCM ............ General Circulation Model

GPCC ........... Global Precipitation Climatology Centre

GPCP ............ Global Precipitation Climatology Project

HAR ............. High Asia Reanalysis

IPCC ............ Intergovernmental Panel on Climate Change

ISM .............. Indian Summer Monsoon

ITP ... Institute of Tibetan Plateau Research, CAS

LAM ............ Limited Area Model

MAD ............ Mean Absolute Deviation

MB .............. Mass Balance

MD .............. Mean Deviation (bias)

MODIS .......... Moderate Resolution Imaging Spectroradiometer

NCAR ........... National Center for Atmospheric Research

NCEP ............ National Centers for Environmental Prediction

NWP ... Numerical Weather Prediction (model)

PBL .............. Planetary Boundary Layer

RCM ............. Regional Climate Model

RMSD ........... Root Mean Squared Deviation

SEB .............. Surface Energy Balance

ST ..o Surface Temperature

TP ..o Tibetan Plateau and surrounding mountain ranges

TRMM ........... Tropical Rainfall Measuring Mission

WET ............. Variability and Trends in Water Balance Components of Benchmark Drainage Basins
on the Tibetan Plateau (BMBF Project)

WRF ............. Weather Research and Forecasting (model)



Tibetan Nomads and Nyaingentanglha Range near Nam Co lake. Photo by F.M., May 2009.

“Le Ningling-Tanla attire plus longtemps nos regards. Cette chaine développe devant nous son aréte poudrée de
neige et nous barre parfaitement I’horizon. On est surpris de sa régularité, de I'altitude presque égale i I'ceil de cette
suite de cimes surmontant des contreforts qui s’abaissent vers le lac, bien alignés comme le pourraient étre les tentes
d’une armée. Et juste au milieu, précisément au point ol s’avance en grand’garde ce que nous supposons étre un
promontoire, si ce n’est une ile, on voit, dominant majestueusement tout le paysage, quatre grands pics de glace que
les Tibétains réverent, car derriere eux est Lhaga, la ville des Esprits. [...] On constate la véracité du mot tibétain:
‘L’eau du Namtso est faite de la neige du Ningling Tanla’.”

Gabriel Bonvalot (1892): “De Paris au Tonkin & travers le Tibet inconnu”, field trip realised 1989-1890.

IBonvalot, according to another famous explorer of Tibet Sven Hedin, was probably the first European to see the
Nam Co lake. He described with very accurate and poetic words the Nyaingentanglha Range (“Ningling-Tanla”) as
he saw it when coming from the North.
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Abstract

The Tibetan Plateau and adjacent mountain ranges (TP) is one of the most prominent geological
features on Earth. It plays a significant role in influencing global atmospheric circulation, is the
source of several major Asian rivers, and stores large amounts of ice, snow and permafrost. The
climate on the TP is described as being under the influence of both the mid-latitude westerlies
and the Asian Monsoon, but their contributions to regional climate variability and change, as
well as their interactions, are not yet understood in detail. Observed glacier retreat and lake
level fluctuations are indicators of climate change, but the strong spatial variability of these

indicators make interpretations difficult in terms of climatic drivers.

Despite its crucial importance, knowledge about the TP’s climate and hydrology is still limited.
For historical, political and logistical reasons, in situ observations are scarce and biased towards
lower elevations. To address this issue, I present a new high-resolution atmospheric dataset:
the High Asia Reanalysis (HAR), generated by dynamical downscaling of global analysis data
using the Weather Research and Forecasting (WRF) model for the period of 2001-2011. The new
dataset provides three-dimensional meteorological variables at high spatial (up to 10 km) and
temporal (hourly) resolution.

In order to find a suitable design for HAR, several model designs and configurations were tested
and compared to observations during a strong precipitation event on the TP. New methods
of evaluation were developed to address issues related to the unknown accuracy and the low
spatial representativeness of available observations. Additionally, an automatic weather station
was installed at 5600 m a.s.l. on Zhadang Glacier, south-central TP, which provides exceptional
observations of a high-altitude environment.

Results show that HAR reproduces previously reported spatial patterns and seasonality of
precipitation. The high resolution of HAR adds value to existing datasets regarding snow-
fall retrieval, precipitation frequency and orographic precipitation. Precipitation seasonality
patterns on the TP are complex and characterised by a winter regime in the west, a spring
regime in northern and southern TP, and a summer regime elsewhere. Implications for the
interpretation of glacier changes are illustrated with a new classification of glacier accumulation
regimes. Additionally, regions with higher inter-annual variability and/or that are prone to
severe precipitation events are identified. Since an additional goal of HAR is to provide forcing
data for impact models (e.g. hydrological or glaciological models), the potential of HAR as a
“replacement” for observations is demonstrated, focusing on the Zhadang Glacier.



The strong spatial variability of precipitation features is of particular interest, in light of (i) large-
scale drivers of the climate system like the westerlies and the Asian Monsoon, as well as
(ii) local influences, such as lakes and topography. In this respect, multidisciplinary projects are
presented, which develop new approaches combining HAR with field measurements, remote
sensing techniques and glaciological modelling. Area changes acquired from satellite imagery
show that the Zhadang Glacier is retreating since at least 1976. A physically based modelling
chain permits the mass balance at Zhadang to be linked to Asian Monsoon dynamics, and
reveals that the timing of monsoon onset leaves a clear footprint on the glacier through the
albedo effect. The later the monsoon is established in a particular year, the higher the resulting
mass loss on the glacier. Using HAR and idealised model experiments, the nearby Nam Co lake
is identified as another important factor affecting local precipitation, by weakening convection
in summer and enhancing snowfall in autumn. Most lakes on the TP freeze in winter. The timing
of freezing and other ice phenology metrics hold useful information about climate variability, as
shown in a further study linking HAR temperature data with ice phenology metrics obtained

from satellite observations.

This thesis provides a robust scientific framework for related regional reanalysis projects at TU
Berlin or elsewhere. The HAR dataset, which is freely available to the scientific community,
provides a valuable basis for improving our understanding of atmospheric, cryospheric and
hydrospheric processes on the TP.




Zusammenfassung

Das Tibet-Plateau mit seinen angrenzenden Gebirgsziigen (TP) ist eines der markantesten
geologischen Merkmale auf der Erde. Es spielt eine wesentliche Rolle als beeinflussender
Faktor der globalen atmosphérischen Zirkulation, auf ihm entspringen mehrere der groiten
asiatischen Fliisse und grofie Mengen Eis, Schnee und Permafrost sind auf ihm gespeichert.
Das Klima auf dem TP unterliegt sowohl dem Einfluss der Westwinde der mittleren Breiten,
als auch des asiatischen Monsuns. Allerdings ist die Interaktion dieser beiden Faktoren und
ihr jeweiliger Beitrag zu regionaler Klimavariabilitdt und Klimawandel noch ungeniigend
verstanden. Der beobachtete Riickgang von Gletschern und Seespiegelschwankungen deutet
auf einen moglichen Klimawandel hin, aber die starke raumliche Variabilitédt dieser Phanomene
erschwert die Interpretation beziiglich klimatischer Antriebe.

Trotz dieser Relevanz ist das Wissen iiber Klima und Wasserkreislauf des Tibet-Plateaus stark
begrenzt. Aus geschichtlichen und politischen Griinden sind direkte Messdaten aus der Re-
gion spérlich und fiir die hohen Lagen des Tibet-Plateaus kaum vorhanden. In dieser Arbeit
stelle ich einen Losungsansatz fiir dieses Problem vor: einen neuen hochaufgelosten atmo-
sphérischen Datensatz, die High Asia Reanalysis (HAR). Die HAR wurde mittels dynamischem
Downscaling globaler Analysedaten unter Verwendung des Weather Research and Forecasting
(WRF) Modells fiir die Periode 2001-2011 generiert. Dieser neue Datensatz liefert bodennahe
und atmosphdrische Variablen in hoher raumlicher (bis zu 10 km) und zeitlicher (stiindlich)
Auflésung.

Um eine geeignete Modellkonfiguration zur Erstellung der HAR zu ermitteln, wurden ver-
schiedene Konfigurationen getestet und mit Beobachtungen wihrend eines Starkniederschlags-
ereignisses auf dem TP verglichen. Dies ging mit der Entwicklung neuer Evaluierungsmethoden
einher, um die unbekannte Genauigkeit und die mangelhafte raumliche Reprasentation der
Verhiltnisse auf dem TP durch Beobachtungen zu berticksichtigen. Zusétzlich wurde eine au-
tomatische Wetterstation (AWS) auf dem Zhadang-Gletscher (stidzentrales TP) in 5600 m i.NN
installiert. Diese AWS liefert einmalige Daten aus grofier Hohe fiir diese Region.

Die Ergebnisse zeigen, dass HAR bekannte rdumliche Niederschlagsmuster und deren Saison-
alitit reproduziert. Zudem liefert sie im Vergleich zu bereits existierenden Datensitzen auf
Grund ihrer hohen Auflosung wichtige Zusatzinformationen im Bereich der Schneefalleigen-
schaften, Niederschlagsfrequenzen oder orographischen Niederschlidge. Die Muster der Nieder-
schlagssaisonalitdt auf dem TP sind komplex und durch ein Winterregime im Westen, ein



Friihlingsregime im nordlichen und siidlichen TP und ein Sommerregime in den {ibrigen Regio-
nen bestimmt. Zusammenhénge zur Interpretation der Gletscherverdnderungen werden durch
eine neue Klassifikation von Gletscherakkumulationsregimen veranschaulicht. Zusitzlich
treten Regionen mit hoherer interannueller Variabilitdt und Anfalligkeit fiir Starkniederschlags-
ereignisse hervor. Ein weiteres Ziel der HAR ist die Bereitstellung von Antriebsdaten fiir
Wirkmodelle (z.B. hydrologische und glaziologische Modelle). Daher wird das Potenzial der
HAR als “Ersatz” fiir Beobachtungen am Beispiel der komplexen raumlichen Begebenheiten

am Zhadang-Gletscher gezeigt.

Es ist von besonderem Interesse die starke rdumliche Variabilitdt des Niederschlags und seiner
Charakteristika im Hinblick auf sowohl (i) grofiskalige Antriebsfaktoren des Klimasystems wie
die Westwinde und den Asiatischen Monsun, als auch (ii) lokale Einfliisse wie Seen und
Topographie zu analysieren. In diesem Zusammenhang prasentiert die Arbeit interdiszi-
plindre Projekte, die neue Herangehensweisen entwickeln und die HAR mit Feldmessungen,
Fernerkundungsmethoden und glaziologischer Modellierung kombinieren. Aus Satelliten-
bildern gewonnene Flachendnderungen zeigen, dass der Zhadang Gletscher mindestens seit
1976 zuriickgeht. Eine physikalisch basierte Modellkette ermdglicht es, die Massenbilanz am
Zhadang mit der Dynamik des Asiatischen Monsuns in Verbindung zu bringen. Sie zeigt,
dass der Zeitpunkt des Monsunbeginns einen deutlichen Fuflabdruck auf dem Gletscher durch
den Albedoeffekt hinterlédsst. Je spdter im Jahr sich die Monsunzirkulation einstellt, desto
hoher ist der resultierende Massenverlust auf dem Gletscher. Unter Verwendung der HAR und
idealisierter Modellexperimente wurde der nahegelegene Nam Co See als ein weiterer wichtiger
Faktor identifiziert, der den lokalen Niederschlag durch Abschwichung der Konvektion im
Sommer und Verstirkung des Schneefalls im Herbst beeinflusst. Die meisten Seen auf dem TP
frieren im Winter zu. Der Zeitpunkt des Zufrierens und weitere Eisphdnologiemafse enthalten
niitzliche Informationen zur Klimavariabilitdt. In diesem Sinn bringt eine weitere Studie die

HAR Temperaturdaten mit satellitengesttitzten Eisphdnologiemafien in Zusammenhang.

Die vorliegende Arbeit bietet ein solides wissenschaftliches Gertist fiir dhnliche Projekte, die sich
mit regionaler Reanalyse befassen. Der HAR Datensatz ist fiir die wissenschaftliche Community
frei verfiigbar und schafft eine neue Grundlage zum besseren Verstandnis von atmosphaérischen,

kryosphdrischen und hydrologischen Prozessen auf dem TP.




Chapter ].

Introduction

1.1 Motivation

With an area of about 2.5x10° km? and an average elevation of more than 4500 m a.s.l,, the
Tibetan Plateau and surrounding mountain ranges (TP) is one of the most prominent geological
features on Earth. Its exploration by western geographers occurred late in History. They were
facing harsh conditions and had to travel in secret, since entering the “Roof of the World”
was forbidden to foreigners (see e.g. Edel, 2007, who gathered field reports from six scientific
expeditions on the TP between 1889 and 1908). Their expedition diaries probably account for
many myths and stories still anchored in our collective imagination. For historical and political
reasons, knowledge about the TP geography, ecology and climate is still limited today.

Despite (or because) of these difficulties, the scientific interest for the TP is considerable. Several
of the largest Asian rivers find their source on the “Asian Water Tower” (e.g. Immerzeel et al.,
2010). Due to the large amounts of ice, snow and permafrost stored on the TP, several authors
also named this region the “Third Pole” (Qiu, 2008; Kang et al., 2010). Like in most parts of the
world (IPCC, 2013), glaciers receded almost throughout the entire TP during recent decades
(Yao et al., 2012; Bolch et al., 2012), but they show contrasting patterns of shrinkage (Kaab et al.,
2012) or even balanced mass budget in some regions in central TP (Gardner et al., 2013; Neckel
et al., 2013). Local factors (e.g. exposition, topography, debris coverage...) partly account for
these differences, but spatial and temporal heterogeneity of climate and climate change (e.g.
Palazzi et al., 2013; Kang et al., 2010) play a role that has yet to be quantified, especially in
the regions where in-situ measurements are non-existent. Glaciers play a significant role in
the hydrological budget, but their relative importance varies between regions and watersheds
(Kaser et al., 2010), also between lake basins on the TP (Phan et al., 2013). Therefore, direct
observations of glacier mass balance and their linkage to meteorological conditions are highly
necessary on the TP.
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Figure 1.1: Maps of the model domains HAR30 (South-Central Asia domain, 30 km resolution, 200x200 grid points)
and HAR10 (High Asia domain, 10 km resolution, 270x180 grid points). Glacier outlines from the Randolph
Glacier Inventory are drawn in blue, and the positions of the NCDC stations used for the validation are
indicated by white triangles. Geographical locations mentioned in the text are indicated.

The TP is one of the largest and highest lake systems in the world. Jiang et al. (2008) counted
6882 lakes larger than 0.1 km?, and 1260 larger 1 km? for a total area of more than 43000 km?.
Past lake level and shore extent are proxies of climate and hydrological changes, and lake basins
are a great source of information for paleoclimate, past glaciation and sediment deposition
studies (e.g Dietze et al., 2014; Daut et al., 2010; Stauch et al., 2012; Opitz et al., 2012). In general,
lake levels are currently increasing throughout the TP, threatening grazing and habitable areas
(76% out of 200 studied lakes rose between 2003 and 2010 according to Zhang et al., 2013b).

It was acknowledged early that the TP, which reaches the mid-troposphere, would have an
important influence on atmospheric circulation at hemispheric scale (Flohn, 1957; Ye, 1981; Tao
and Ding, 1981). Located at approx. 30°N, the TP acts as a giant natural barrier to zonal and
meridional air motion. It blocks cold outbreaks from the north in winter, affects the position and
strength of the northern hemisphere westerly jet (e.g. Wang, 2006; Held et al., 2002; Takahashi
and Battisti, 2007) and plays a significant role in the Asian summer monsoon (ASM) system (e.g.
Hahn and Manabe, 1975). However, the question whether the TP controls on the ASM are more
thermal or mechanical (or both) is still under active debate (e.g. Boos and Kuang, 2010, 2013;
Rajagopalan and Molnar, 2013; Wu et al., 2012). Understanding the influences of the TP on the
large-scale circulation is particularly relevant to link past climatic changes to the uplift of the TP
at geological time-scales (e.g. Molnar et al., 2010).

There is an abundant literature about the role of the TP on atmospheric circulation. By contrast,
the regional climate of the TP and its large-scale atmospheric drivers remain less studied so
far. The lack of suitable observations is one probable reason. In situ observations are scarce
and biased towards populated areas and lower elevations (Qin et al., 2009), and therefore are
not representative of the high mountain conditions. Available global meteorological datasets

are of coarse resolution that limits their representation of the mountainous topography. Of all
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climatological elements affected by topography, precipitation is probably the most complex and
the most poorly represented by coarse resolution grids (e.g. You et al., 2012).

The climate on the TP is described as being under the influence of the westerlies and of the
monsoons, but these influences vary regionally as well as seasonally (e.g. Benn and Owen, 1998,
and examples in Fig. 1.2). How exactly and with which strength do these influences operate is
yet unclear, and is an active field of research (e.g. Bothe et al., 2010, 2012; Yao et al., 2013; Feng
and Zhou, 2012; Chen et al., 2012).
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Figure 1.2: Examples of the schematic representation of the wind systems influencing the climate of the TP (Yao et al,,
2012; Bolch et al., 2012).

Focusing on the monsoon history over the past, present and future, a Sino-German Priority Pro-
gramme (Tibetan Plateau: Formation — Climate — Ecosystems) was initiated by the German Research
Foundation (DFG) to develop a multidisciplinary approach dealing with the interactions taking
place between the major driving forces on the TP. The DynRG-TiP project (Dynamic Response
of Glaciers on the Tibetan Plateau to Climate Change') is part of this priority programme. This
project was complemented by a Federal Ministry of Education and Research (BMBF) programme
(Central Asia — Monsoon dynamics and Geo-ecosystems), in which the WET project was initiated
(Variability and Trends in Water Balance Components of Benchmark Drainage Basins on the Tibetan
Plateau?). The work presented in this thesis took place within this frame.

Research programs of this scale not only bring many scientists from various backgrounds
together, they also allowed us to start a fruitful cooperation with the Chinese Academy of
Sciences (CAS) and with our principal partner, the Institute of Tibetan Plateau Research (ITP?).
Located in Beijing and in Lhasa, the ITP is a multidisciplinary institute which operates several
research facilities on the TP. With its support, seven sino-german field campaigns on the TP

were successfully completed.

Liww.klima.tu-berlin.de/DynRG-TiP. The DynRG-TiP project, lead by D. Scherer (TU Berlin), C. Schneider (RWTH
Aachen) and M. Buchroithner (TU Dresden), was initially funded for two years and has been prolonged for a total
duration of six years (2008-2014).

2yww.klima.tu-berlin.de/WET. Lead by D. Scherer and coordinated by the author of this thesis, this project bundles
six universities (TU Berlin, U Marburg, RWTH Aachen, TU Dresden, U Tiibingen and U Jena) and is funded for an
initial period of three years (2011-2014).

Snttp://english.itpcas.cas.cn/. Partners: Yao Tandong, Kang Shichang, Yang Wei.
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1 Introduction

1.2 Objectives

This thesis is built around the following key questions:

1. How can we overcome the problem of scarce meteorological data availability in this region

of complex terrain? What accuracy can we reach, at which spatio-temporal resolution?

2. What are the features of climate variables on the TP? How do they vary regionally,
seasonally?

3. What are the respective roles of the components of the TP hydrological budget (precipi-
tation, evaporation, snow, ice, permafrost, lakes)? Are they stable, or did they undergo
significant changes in the recent past?

4. What are the large scale and local drivers of climate variability on the TP? How do these

drivers affect the hydrological components mentioned above?

The first objective of the thesis is to present one possible answer to Question 1. Here, I describe
the development and implementation of a new atmospheric dataset for the TP: the High Asia
Reanalysis (HAR), generated by dynamical downscaling of large-scale meteorological data
using a numerical weather prediction model for the period of 2001-2011. This dataset provides
meteorological variables at the surface and in the atmosphere at high spatial (up to 10 km,
Fig. 1.1) and temporal (hourly) resolution. The HAR intends to provide a “best estimate” of the
state of the atmosphere at any time in the last decade. The dataset’s accuracy is evaluated by
comparison with in-situ measurements and remote sensing data. The added value of HAR is

discussed, as well as its shortcomings and uncertainties.

Based on HAR, we can address Question 2. This thesis contributes to our understanding of
atmospheric processes that lead to precipitation on the TP, by describing the characteristics of
precipitation at monthly to annual time scales. Dynamical downscaling approaches like HAR
provide a way to resolve the full process chain of synoptic- to regional-scale dynamics. In a case
study I show that HAR can also be used in a meteorological context, e.g. by analysing a strong
precipitation event on a daily basis.

One major goal of HAR is to be used as forcing data for impact models such as hydrological or
glaciological models, in order to address Questions 3 and 4. For this purpose, multidisciplinary
projects were initiated to develop new approaches combining HAR with field measurements,
remote sensing techniques and glaciological modelling. Selected case studies at Zhadang
Glacier and at Nam Co lake demonstrate that with these methods we were able to provide

unprecedented insights about the current and past state of a glaciated catchment on the TP.




1.3 Structure of the thesis

1.3 Structure of the thesis

This thesis is based on the content of five peer-reviewed papers, outcome of the collaborative
work of several authors. The main part of my thesis is the present synthesis, which summarizes
and enlightens the major results of the individual studies to put them in the broader context of
the research questions listed above. The synthesis is intended to be a stand-alone document,
however a certain familiarity with the content of the five thesis papers would be advantageous.

Chapter 1, Introduction provides a short overview of the current scientific challenges and
defines the objectives of the thesis.

Chapter 2, The High Asia Reanalysis presents the reasons to develop HAR, the configuration
choices, and validation results.

Chapter 3, The climate of the TP is a short introduction to the atmospheric circulation in
Asia, and develops the possibilities offered by HAR to study the climate of the TP.

Chapter 4, A Tibetan Glacier case study presents scientific advances at Zhadang, a glacier
which has been the subject of an intensive field program in recent years. It is therefore a
perfect test bed for the multidisciplinary approaches described above.

Chapter 5, Lakes on the Tibetan Plateau addresses two functions of the lakes in the climate
system: (i) as “sensors” of climate variability by studying the variability of lake ice
phenology and (ii) as “actors” of their local climate by analysing their influence on
precipitation.

Chapter 6, Conclusions and outlook concludes the thesis and identifies directions for future
research.

The synthesis is followed by the thesis papers, which are reproduced in their original Journal
format, and by two appendices:

Appendix A, Glaciological field studies at Zhadang Glacier is a report published in the “Ex-
tended abstracts and recommendations” booklet from the “Workshop on the use of

automatic measuring systems on glaciers in Pontresina”, 2011.

Appendix B, Influence of the Nam Co lake on local precipitation patterns is a manuscript
in preparation based on HAR and two other model experiments, designed to address the
question of the influence of lakes on the local climate and to assess the capability of the
WRF model to reproduce these effects.







Chapter 2

The High Asia Reanalysis (HAR)

This Chapter deals with the core of this thesis, the High Asia Reanalysis (HAR). Section 2.1
provides a short review of the currently available meteorological datasets, and gives reasons to
why HAR was developed. Section 2.2 describes the design and configuration choices. Section 2.3
presents the results of the validation studies.

2.1 Context

2.1.1 Global meteorological datasets

Since the end of the 19" century (modern instrumental period) the amount and quality of
meteorological data increased almost continuously. Nowadays, they stem from various sources
such as weather stations, atmospheric radio-soundings, radars, planes, buoys, ships, or satellites.
Because of the strategical importance of reliable weather forecasts, these huge amounts of data
are gathered, treated and redistributed continuously by several institutions worldwide.

Due to the varying standards and the irregular spatio-temporal distribution of data sources,
it became apparent that the data could not be objectively used in climatological analyses.
Consequently, two strategies were developed and both relied on producing gridded data (Oliver,
2005). The first strategy is the homogenization of datasets applied to either station or satellite
data, or to a combination of both (e.g. CRU, GPCC, GPCP, Mitchell and Jones, 2005; Becker
etal., 2013; Adler et al., 2003). The second strategy is the production of assimilated datasets of
atmospheric fields that were used by weather forecast institutions (Operational Analysis, starting
in the 1980s).
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2 The High Asia Reanalysis (HAR)

Operational Analyses can be seen as smart, physically based interpolations of all available
meteorological observations. They rely on a short-range forecast model and a variational
assimilation system capable of ingesting observational data from various sensors. For example,
the National Centers for Environmental Prediction (NCEP) provide the Final (FNL) Operational
Model Global Tropospheric Analyses, generated with the Global Forecast System (GFS). The
latest product (ds083.2, NCEP, 2000) is continuing from 2000 onwards and provides an estimate
of the state of the whole atmosphere at regular time intervals (6 hours) with a spatial resolution

of 1.0°.

Global analysis projects do not intend to be retroactive: when it became apparent that opera-
tional changes were responsible for “climate” changes in the records, the Atmospheric Reanalysis
projects were developed. They address (more or less successfully) the issue of changing obser-
vational systems by using a frozen analysis system over longer time spans (e.g. Uppala et al,,
2005). Global reanalysis data are widely used by scientists of all disciplines. However, their
popularity can lead to blind trust in their accuracy or homogeneity (see e.g. Bengtsson et al.,

2004, for a discussion about trend calculation from reanalysis data).

An overview of some of the most widely used global meteorological datasets is given in Fig. 2.1.
For more information about these datasets, refer to the new collaborative information platform,
the “Climate Data Guide” (Schneider et al., 2013).
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2.1 Context

2.1.2 The “scale issue”

For most applications (e.g. climatology, hydrology, glaciology), spatially and temporally com-
plete gridded datasets are needed. The scale dependency of the processes involved depends
on the application, but for many cases resolutions of a few hundred meters up to 10 km are
a pre-requisite. In Fig. 1.1, we indicated all available meteorological stations providing pre-
cipitation data during the last decade on the TP. Located in populated areas (valleys) with
several hundreds of kilometres between them, these stations alone do not allow to build a
climate reconstruction based on interpolation only. To obtain meteorological information we
therefore have to rely on global atmospheric datasets. The variational assimilation system’s
ability to exploit physical information (implicit in the model equations) is mostly beneficial
where observations are sparse (Dee et al., 2011). Thus we have confidence in the global analyses’
accuracy, at least for the upper atmospheric dynamics above the Planetary Boundary Layer
(PBL).

Unfortunately, the major drawback of these datasets is their low spatio-temporal resolution.
The problem is best described with a sketch as in Molg and Kaser (2011) (their Fig. 01). The
authors schematize the process chain (including feedbacks) linking large-scale dynamics to the
mountain PBL and finally to the surface (in this case a glacier). The operation of “bridging the
gap” between scales is often referred to as downscaling (e.g. Wilby and Wigley, 1997; Wang et al.,
2004; Maraun et al., 2010; Laprise et al., 2008). Two fundamentally different approaches exist:
the dynamical approach (chosen to produce HAR) and the statistical approach which establishes
empirical relationships between climate variables at the global dataset’s resolution and local
climate. A review of the strengths and weaknesses of these two methods can be found in Fowler
et al. (2007). The major disadvantage of statistical downscaling methods is the need for long
and reliable observed historical data series for calibration, rendering them particularly difficult
to apply on the TP.

2.1.3 Currently available gridded datasets for the TP

Only a few datasets are used for climate or climate change studies on the TP. Gridded datasets
relying on weather stations only (e.g. CRU, GPCC) are rarely used on the TP, appart for global
studies (e.g. Marzeion et al., 2012) or the validation of climate simulations (e.g. Mannig et al.,
2013). Weather stations alone provide the major data source for e.g. climate change and trend
calculations (see the review by Kang et al., 2010), since some station data (e.g. Lhasa) are
available since the 60’s. Station measurements can be extrapolated to distant places like a glacier
(e.g. Caidong and Sorteberg, 2010), combined to remote sensing products (e.g. Qin et al., 2009)
or combined to global reanalysis data (e.g. You et al., 2010). Some studies point out several
inconsistencies between the reanalysis datasets and observations (You et al., 2012; Biskop et al.,
2012) and several studies use “ensemble” (or combined) approaches to reduce uncertainty
(Tong et al., 2013; Feng and Zhou, 2012). For precipitation, TRMM is widely used to study
for example convection activity (Yaodong et al., 2008), precipitation diurnal cycle (Zhou et al.,
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2 The High Asia Reanalysis (HAR)

2008), himalayan hydrology (Bookhagen and Burbank, 2010), etc. Also worth noting is the
APHRODITE dataset (Yatagai et al., 2012) which is a daily rain-gauge based dataset for Asia
spanning 57-years at 0.25°.

2.1.4 Motivations to develop HAR

In this context, the approach that was chosen at the Chair of Climatology, TU Berlin, is the
dynamical downscaling of global analysis data using a limited area (mesoscale) atmospheric
model. One of our basic requirements is that the downscaled data should represent as closely as
possible the information that suitable observations would have delivered, at whatever time scale.
This is an important property which distinguishes our approach from climate modelling. It
implies that the conditions at the Earth’s surface influencing atmospheric processes, particularly
in the PBL, need to be described in sufficient spatial detail.

This idea was promoted by two funding agencies in Germany. Following arguments can be

advanced:

i. Physically based approaches allow a full representation of the process-chain up to the res-
olution chosen for a specific purpose (2 km is our current objective for selected benchmark

regions).

ii. Dynamical downscaling does not rely on statistical relationships which may not remain
valid under varying boundary conditions or time scales. Instead, the model relies on
understood physical relationships (or partially understood at least).

iii. The dataset will be made available for all project partners and interested scientists. In
this regard, the developers of the dataset have the responsibility to test and document the
provided data as accurately as possible.

Once the decision to fund the project has been reached, many important tasks remained to do
before the finalisation of the products. The learning process that accompany the production of
this dataset provide the content of this chapter and of large parts of my thesis.

2.2 Modelling concept

A comprehensive description of the modelling strategy followed to produce HAR is found in
the introduction and methodology sections of Papers I and II. The atmospheric model used
is the Weather Research and Forecasting model (WRF, Skamarock and Klemp, 2008). To date,
the WRF model is one of the most widely used model of its art. Its strengths and weaknesses
have been independently analysed and discussed for barely any region of the world, but it is
interesting to notice that our efforts are among the pioneering studies using the WRF model
on the TP. It is a community model, meaning that it is open source, freely available, regularly

maintained and improved by the community.
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2.2 Modelling concept
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Figure 2.2: Sensitivity to the forcing strategy during a one-week period (22-28 October 2008). Left: one-week precipita-
tion (mm/week) for TRMM, WRF30-RE (daily reinitialisation), WRF30-WI (weekly reinitialisation) and
WRF30-WIN (weekly reinitialisation with nudging) over a subset of the large domain. Right: daily HSS
curves from WREF30 with respect to TRMM for the 1 mm/day precipitation threshold over the same subset.
Reproduced from Paper I.

Forcing strategy

The basic principle of all Limited Area Models (LAMs) is to concentrate on a specific region,
where the model is run at a higher resolution. Therefore the LAM has to be initialised and then
driven (or forced) at it’s boundaries during the simulation time. Typically, a global atmospheric
dataset is used to drive the LAM, for example (re-)analysis products or GCM output. The
choice was made to use the Final Analysis dataset from the GFS (ds083.2, NCEP, 2000). The
supplementary material from Paper II provides reasons for this choice, by comparing FNL with
ERA-Interim forcing.

Three distinct model initialisation and forcing strategies are commonly used: (i)short-term,
when the model is run over a few days to obtain the best forecast accuracy, (ii) mid-term, with
week-long simulations up to a few months, (iii) long-term, with simulation durations of months
to decades, which is the traditional RCM approach. Theoretically, all three methods could be
used to simulate the time-span 2001-2011 and it was one of the objective of Paper I to discuss
this aspect. The HAR is produced with the short-term approach: the dataset is comprised from
consecutive model runs of 36 h time integration. The first twelve hours from each run are
discarded for spin-up, the remaining 24 h of model output provide one day of the 11-year long
time series. Figure 2.2 illustrates best the reasons for this choice. It is clear that after two days
of integration the model, without being reinitialised, is not able to reproduce accurately the
observed patterns of precipitation.
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2 The High Asia Reanalysis (HAR)

Nesting strategy

The capability to nest smaller domains to reach a higher resolution for the modelled region is a
common characteristic of LAMs. For the production of HAR, a nesting strategy with spatial
resolutions of 30 - 10 - 2 km was chosen. The larger domain covers large parts of Asia at
low computational costs. The resolution of 10 km is the typical mesoscale resolution, below
which the processes and scales represented by traditional convective parametrisations become
inconsistent with the features that are not well resolved by the model grid (e.g. Arakawa, 2004;
Kain, 2004). The 2 km resolution allows an explicit resolution of most cloud processes, making
the convective parametrisation obsolete. The HAR 2 km resolution products are not available

yet, but the concept was tested in Paper I and during a four years period for use in Paper III.

Additionally, the WRF model allows for one-way or two-way nesting options. The nesting
strategy of HAR is based on a novel method presented in Paper I, solving a scientific conflict
currently discussed concerning the advantages and disadvantages of one-way versus two-way
nesting. We are therefore using a cascade of simulations (first the 10 km resolution domain is
run with two-way nesting option, then the 30 km resolution is run alone). This approach allows
benefiting from the two-way nesting approach in the respective child domain (Fig. 7 in Paper I
illustrates the positive effect of two-way nesting) while concurrently avoiding artefacts in the

respective parent domain.

Physical parameterisation and options

The WRF model offers a broad spectrum of parameterisation schemes for subgrid-scale pro-
cesses such as convection, cloud microphysics, surface-air interactions, soil processes, etc.
Unfortunately, there is no general recommendation for the “best practice” of downscaling.
The constant evaluation of these schemes for various regions and fields of applications is an
active field of research (e.g. Pohl et al., 2011; Yang and Tung, 2003; Rakesh et al., 2007). Such
evaluations were never performed for the WRF model applied to the TP region: Paper I aimed to
provide an estimation of the model sensitivity to changes in parameterisation schemes (Paper I,
Section 3.2).

Unlike the evaluation of the forcing strategy, it appeared that the interpretation of the results of
the sensitivity experiments was not straightforward. The eight experiments revealed that there
is no optimal model strategy applicable for the high-altitude TD, its fringing high-mountain
areas and the low-altitude land and sea regions from which much of the precipitation on
the TP is originating. The simulated precipitation proved to be more sensitive to PBL and
convection parametrisations than land-surface and microphysics (Paper I, Fig. 9). No physical
parametrization scheme outperformed the others for all the tests, but much effort went into
choosing the model setup that performs best to produce HAR (Paper I Table 1).
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Computer cluster Backup and
products

Figure 2.3: Left: Reanalysis production workflow. Roman numerals indicate states of data processing: Input data (I),
raw model output (II), post-processed model output (III), products and analyses from post-processed model
output (IV). Arabic numerals indicate processing steps: WRF pre-processing (1), job distribution, control
and logging (2), file output (3), post-processing (4), product generation and backup (5).

Right: pictures of the computer cluster (front and back) where the steps 1 to 4 are realized and of the backup
and product generation cluster where the step 5 is realized.
Modified after (Finkelnburg, 2013).

Implementation

The operational production of a such a dataset requires a considerable infrastructure which was
set up and maintained by our team at the Chair of Climatology since 2008. Large amounts of
datal have to be processed, stored, and analysed in a (semi) automatic manner (Fig. 2.3).

Specific tools were developed for the production of HAR and related datasets®: a job controlling
system adapted to the daily reinitialisation strategy, and a post-processing system to generate
separate yearly product files per variable (including additional diagnostic variables) and per
time aggregate (daily, monthly, yearly). These product files are organized in a hierarchical
directory structure which makes them easy to find, copy, share and handle programmatically. A
webpage has been created for HAR users where the data can be downloaded®.

2.3 Validation

I find it appropriate to start with this famous quote by George E. P. Box: ‘Remember that all
models are wrong; the practical question is how wrong do they have to be to not be useful’ (Box and
Draper, 1986). The question of “how wrong HAR can be while still being useful” is dependant
on the research question and the intended use of the data. As data provider we are in charge to
provide enough information to potential users so that they can make an informed, hopefully
appropriate choice wether to use HAR or not. The verification of every HAR production step
is obviously impossible, for practical as well as philosophical reasons (Oreskes et al., 1994).
For the accurate representation of the “real atmosphere” by the large scale input dataset or
for the “correctness” of the physical relationships in the WRF model we have to rely on the

lat the time of writing, all HAR data products and the additional sensitivity experiments represent about 45 TB of data
2European Arctic Reanalysis (EAR), Northwest Africa Reanalysis (NwAR), Central European Reanalysis (CER)
Shttp://www.klima.tu-berlin.de/HAR
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developers/testers of both tools. Here I provide a partial assessment or benchmarking of the HAR

products.

2.3.1 Objectives and methods

In Paper I one question of the study was formulated as: ‘Which validation methods and data sets
are suitable for assessing the accuracy of simulated precipitation fields of high spatio-temporal resolution
over the TP?’. This question is less frequently addressed in similar studies since observations
are usually taken as an absolute reference. However, the particularities of the TP do not ensure
the applicability of validation approaches that have been proven to be suitable in other regions.
In Paper I, the objectives were to (i) demonstrate the feasibility of the regional reanalysis of
precipitation and (ii) use the developed assessment methods to take a decision about a specific
model set-up. In Paper II, the validation had the objective to give us confidence'! in the HAR
precipitation data, used to address the scientific questions raised in the paper (description of

e.g. precipitation patterns, type, seasonality, frequency, intensity, inter-annual variability).

For a comprehensive description of the validation datasets and methods see Papers I and II.
At the time of writing most assessment efforts were oriented towards surface precipitation
(Papers I and 1I), air temperature (Klein, 2013, Master thesis) or the whole set of meteorological
data used in an impact model, for example a glacier surface melt model (Molg et al., 2014) or a
hydrological model (Biskop et al., 2013, manuscript in preparation).

2.3.2 Results

Near surface temperature

Figure 2.4 shows the seasonal Mean Deviation (MD, or bias) of HAR30 2 m air temperature
at each station location. The biases exhibit regional patterns like a DJF warm bias in the north
of the domain and a DJF cold bias over the TP. Several stations appear to be statistical and
geographical outliers. The geopolitical dependency of station spatial density is striking (e.g.
differences Thailand /Burma) but biases may also reflect country borders (e.g. Pakistan border
in JJA versus India). The HAR results are closer to observations in summer than in winter
as shown in Fig. 2.5 for the TP. A majority of stations have a cold bias in winter. Because
of the linear dependency of temperature with altitude, we could expect a limited impact of
high-resolution modelling, but HAR10 still shows an improvement to HAR30 for both skills. In
general, the performances of HAR for daily temperatures are good, as illustrated exemplary
at two stations in Fig. 2.6. Relevant quantities like the annual range, seasonality and single
stochastic events are well reproduced.

Ithe term “confidence” refers to a simple probabilistic confidence: The more we test HAR accuracy, the smaller is the
probability that the HAR products are not suitable for a specific usage
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Mean Deviation DJF Mean Deviation JJA

Figure 2.4: Mean deviation of near surface (2 m) air temperature (747 stations) in DJF (left) and JJA (right). A constant
temperature lapse rate of 6.5 K km ™! is used to transfer the HAR temperature at the station altitude.

e

Figure 2.5: Boxplots of monthly coefficients of determination (R?, left) and monthly Mean Deviations (MD, right) for
HAR daily 2 m air temperature at each station located above 2000 m a.s.l. within the High Asia domain (32
stations) and each year. The R? show a bimodal annual cycle related to the standard deviation of temperature
which is higher in spring and autumn.
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Figure 2.6: Daily 2 m temperature in 2010 at Lenghu (upper curve, blue) and Lhasa (lower curve, red). Dark thick lines
are observations, light thin lines are HAR10. Note the different axis for both stations. Lenghu, located in the
Qaidam Basin is the best performing station for this year and Lhasa is one of the worse.
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Figure 2.7: Comparison of monthly precipitation rates (mm d !, 2001-2011) with NCDC stations observations (31 sta-
tions, 4007 valid months). Upper panel: scatterplots of HAR30, HAR10/30, HAR10 and TRMM3B43 and
statistical scores r (Pearson correlation coefficient), MD (Mean Deviation, mm d 1), MAD (Mean Absolute
Deviation, mm d~!). HAR10/30 is constructed by spatially averaging HAR10 on the HAR30 grid. Lower
panel: monthly precipitation timeseries (mm d~!) averaged for all stations. (Paper I)

Precipitation

The various factors that affect air temperature are generally well represented by NWPs. Precipi-
tation, in contrast, is possibly one of the less well reproduced phenomena, principally because of
the highly complex nature of cloud-atmosphere interactions (e.g. Arakawa, 2004). Additionally,
it is considerably more difficult to assess the precipitation forecasts accuracy. As discussed
in both papers, the problems are multiple: spatial scale mismatch between gridded data and
observations, gauge under catch, observational bias towards populated areas and valleys, etc.

In Paper I, we showed that TRMM was less accurate than the WRF model for the considered
event when compared to station observations (Paper I Table. 3) and therefore not suitable for
benchmarking alone. Thus we developed a new assessment method based on MODIS snow
cover which allowed a precise (down to 500 m) evaluation of the simulated snowcover (Paper I
Fig. 3). The method is based on MODIS scenes after and before the snowfall event, where
the extent of snowfall can be estimated (but not the snowfall amounts). With this method we
demonstrated the positive effect of higher resolution (Paper I Fig. 6) and of two-way versus
one-way nesting (Paper I Fig. 7).

The day by day analysis realised in Paper I is an example of the meteorological aspect of HAR.
In Paper II, the validation was done for the eleven years period. The monthly precipitation rates
are compared with station observations (Fig. 2.7). The results indicate an improvement from
HAR30 to HAR10. Interestingly, this improvement remains when HARI10 is aggregated to the
HARB30 resolution. TRMM3B43 has a larger positive bias (MD) but explains better the variance
at the stations (higher correlation and lower MAD), in contradiction with our results from
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Figure 2.8: Comparison of monthly wind speed (m s~1, 2001-2011) with NCDC stations observations on the TP
(32 stations, 4104 valid months). There is a constant bias between observations and HAR, which I assume to
be related to different measurements heights. Left: scatterplots of HAR30 and HAR10 and statistical scores
(Pearson correlation coefficient), BCMAD (Bias Corrected Mean Absolute Deviation, m s~ 1). Right: monthly
wind speed timeseries (m s~!) averaged for all stations.

Paper 1. However, we clearly show added value from HAR with respect to daily precipitation
(Paper 1I Fig. 4), topography (Paper II Fig. 5), or snowfall (Paper II Fig. 6).

Other variables

Figure 2.8 shows validation analyses for near surface wind speed on the TP. Despite of a con-
stant bias of approx. 2 m s~ which is probably related to different measurements heights, the
agreement with observations is quite high (r = 0.58 for monthly values). The added value of
increased resolution is more evident for wind speed than for temperature or precipitation. The
annual cycle of wind speed on the TP corresponds to observations (maximum in winter/spring,
minimum in summer). In Appendix B, we conduct an evaluation of the HAR cloud cover fre-
quencies over the Nam Co lake and show that the diurnal and annual cycle of cloud frequencies
over the lake are in accordance with observations.

Zhadang Glacier

The Automatic Weather Station installed on the Zhadang Glacier (see Section 4.3) provides a
unique opportunity to test the HAR in high altitude glaciated environments (Fig. 2.9). These
results are of particular importance, since they show that (i) the HAR accuracy for the most
relevant variables of the surface energy budget is very high, (ii) substantially better than for
neighbouring NCDC stations (e.g. Lhasa presented above), (iii) despite of the coarse resolution,
HARI10 can represent the local climate satisfyingly and (iv) the increase of resolution mostly
improves wind flow simulation, by a better representation of topography.
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Figure 2.9: Examples of HAR validation at the Zhadang AWS (black: AWS, blue: HAR10). Upper left: daily air

temperature. Upper Right: daily air pressure, bias corrected. Down left: monthly relative humidity. Down
right: windroses based on hourly values from AWS, HAR10 and HARO2 for summer and winter. HAR02
is showed here to illustrate the positive impact of high resolution for wind flow simulations, while other
variables have very similar accuracies (not shown). Incoming short-wave radiation is not shown here since
the glacier model relies on HAR cloud fraction (evaluated in App. B).

2.3.3 Summary

i

ii.

ii.

The HAR temperature fits well to observations in general. The major issue is the significant
winter cold bias. For most impact studies its effect is secondary since restricted to winter
(less “relevant” season for the hydrological cycle). The time dependency of this bias
however is more problematic (Klein, 2013), and seems to be related to changes in the FNL
system. According to these results, winter temperature inter-annual variability should be
analysed only with care and trend analyses based on HAR are not robust.

The HAR precipitation fits well to observations, especially the high resolution products.
Shortcomings are unavoidable but several indicators indicate an improvement from HAR
to TRMM and other coarser datasets. It is not possible to provide uncertainty estimates of
precipitation everywhere on the TP but the local and spatial features (variability, frequency,
seasonality, type) are expected to be well reproduced.

Molg et al. (2014) and Biskop et al. (2013) could reproduce, respectively, observed surface
mass balance at Zhadang and Lake Level at Nam Co, with HAR only as input data
for glaciological and hydrological models. These results indirectly validate the whole
model chain, however not without appropriate care with respect to the assumptions and
calibration factors used in both impact models.
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Chapter 3

The climate of the Tibetan Plateau

The objective of this chapter is to give an overview of the climate of the TP and to demonstrate
the possibilities offered by HAR as they have been used in Papers I to IV, Dietze et al. (2014) and
Molg et al. (2014). In Section 3.1 I present several important synoptic features of atmospheric
circulation in south-central Asia as resolved by HAR. In Section 3.2 I show some examples of
the high resolution HAR10 products and how they were used.

3.1 Synoptic and mesoscale climatology

Some features of atmospheric circulation in the HAR30 domain are presented in Fig. 3.1, and
represent quite well the two major drivers of climate variability on the TP: the westerlies and the
monsoons. In winter a geopotential height gradient generates strong westerly winds in the mid-
to upper-troposphere, and an anticyclonic system is formed over India, producing a land to see
breeze characteristic of the winter monsoonal flow. In summer, the Somali Jet and a depression
system over India cause the reversal of this flow. Two mid-troposphere low pressure systems
characterize the mean atmospheric circulation patterns at 500 hPa: the monsoonal depression
over India (which extends from the surface up to 400 hPa) and the thermal low over the TP
(confined to the TP boundary layer). The upper-tropospheric high pressure system centred
south of the plateau' dominates the global upper tropospheric circulation.

ITibetan High, attributed to the diabatic heating processes associated with deep convective rainfall in south-east Asia
and possibly also to the sensible and convective heating over the elevated Tibetan Plateau (Wang, 2006).
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3 The climate of the Tibetan Plateau
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Figure 3.1: Decadal averages of geopotential height (km) and wind vectors in DJF and JJA at 850-, 500- and 200-hPa
over the HAR30 domain. Extended from Paper II, Fig. 2.
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Figure 3.2: Decadal monthly averages in a latitudinal-vertical cross section at 90°E. Gray shading correspond to the
horizontal wind speed (m s~2, solid contour lines indicate positive zonal wind, dashed lines negative zonal
wind), dashed coloured lines correspond to potential temperature (K). Extended from Paper II, Fig. 2.

A latitudinal cross section at 90°E illustrates best the strong seasonality of the westerly flow
over the TP (Fig. 3.2). In winter the maximum averaged zonal wind speed is located south of
the TP, but the flow is strong down to the Plateau surface. April to June marks the transition
to summer conditions, and the elongated profiles indicate a high variability of the jet stream
location during these months (Schiemann et al., 2009). The elevated heat source of the TP is
visible in the temperature profiles in summer, as well as the potential temperature maxima at
200 hPa south of the TP. In summer the westerly flow is weaker and concentrated north of the
TP while the tropical easterly jet forms close to the Equator.
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3.2 Spatio-temporal patterns of climate variables on the TP — added value of HAR

(a) DJF precipitation (e) DJF 10m wind speed

Figure 3.3: Average climate variables from HAR10. For (d), (e), (f) the altitudes below 2000 m a.s.l. are masked for
clarity.

3.2 Spatio-temporal patterns of climate variables on the TP — added
value of HAR

The dynamical features presented above are consistent with those presented in other studies
based on global reanalysis datasets'. This was to expect since HAR is strongly constrained by the
observed large-scale atmospheric flow. The added-value of HAR lies in the consistent process-
chain which links these large-scale features to local conditions, since at 10 km resolution, surface
conditions such as topography, land cover, lakes, are represented with more detail. Therefore,
surface variables like temperature (Paper IV, Molg et al., 2014), precipitation (Papers I, II, III) or
surface wind (Paper 1V, Dietze et al., 2014) were extracted from the HAR10 dataset for analysis
(Fig. 3.3).

In Paper II, we provide a detailed analysis of the dynamical and mechanical factors that lead
to precipitation on the TP. We discuss the importance of relief an topography on precipitation
patterns: For example, the uplift caused by the Himalayan range generates an orographically
induced “precipitation barrier”, leaving the regions north of the range with drier air masses and
less precipitation. Selected profiles along the Himalaya range show that precipitation mimics
the topographic profiles (Paper II, Fig. 7) which is not the case with HAR30 which has a too
coarse resolution.

A special attention was given to precipitation seasonality. In general, the annual cycle of
precipitation on the TP is characterized by a winter precipitation regime in the west, a spring
precipitation regime in northern and southern TP and a summer precipitation regime elsewhere
(Paper 11, Fig. 8). With a closer look at the seasonal cycle of precipitation on a monthly basis
(Paper 11, Fig. 9), we obtain more complex patterns than commonly assumed, especially on
the central and northern TP where spring precipitation represents a substantial part of the
annual amounts. Furthermore, we identified regions with higher precipitation variability, either

1e.g. Bohner (2006); Schiemann et al. (2009); Wang (2006); Molnar et al. (2010); Boos and Kuang (2010)
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3 The climate of the Tibetan Plateau
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Figure 3.4: Classification of glacier accumulation regimes according to precipitation seasonality. A k-means clustering
algorithm is run on three input variables (percentage of precipitation falling in DJF, MAM and JJA) and with
five output clusters. The clusters are named after their cluster centre characteristics, as seen in the seasonal
course (lower left plots). Modified after Paper II Figs. 14 and 15

by analysing the occurrence of strong precipitation events (Paper II, Fig. 10) or by showing
regional anomalies of the annual coefficient of variation (Paper 1I, Figs. 10 and 11). We see that
both indicators of extremal precipitation are high for some regions, for example in Pakistan
and north-western India. On the TP, precipitation days are of rather constant intensity during
summer, due to frequent convective activity. The inter-annual variability in central and western
TP is higher than for the neighbouring TP regions, which can be explained by inter-annual
variability of the outreach of the summer precipitation events.

In Paper Il we emphasized the high sensitivity of glaciers on the TP to precipitation seasonality.
Shi and Liu (2000) proposed a classification of the glaciers on the TP according to their conti-
nentality (maritime, sub-continental, continental). Rupper and Roe (2008) proposed another
grouping into three classes (Western, Eastern and Northern) according to the characteristics
of glaciers during the last glacial cycle. In Fig. 3.4, we further propose a new classification
based on precipitation seasonality only, computed using an objective clustering approach. This
analysis emphasizes that glaciers on the TP are diverse regarding their accumulation patterns.
An adapted version of the cluster analysis was also used in Molg et al. (2014) to identify regions
where the special mechanisms described in the study might also operate (glaciers of the summer
accumulation type).
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Chapter 4

A Tibetan Glacier case study: Zhadang

The Zhadang Glacier has been chosen as benchmark region for the combined HAR - glacio-
logical — hydrological modelling system defined in the DynRG-TiP and WET projects, and has
been the subject of an intensive field program in recent years. This chapter presents the study
region and the reasons for choosing Zhadang (Section 4.1), observed regional glacier changes
in recent decades (Section 4.2, Paper V), the field observations and their outcome (Section 4.3,
Appendix A), and the results of the first Surface Energy and Mass Balance (SEB/SMB) modelling
study at Zhadang (Section 4.4, Paper I1I).

4.1 Study region

Zhadang Glacier is a small valley glacier (2009: 2.36 km?, altitude 5500-6000 m a.s.l.) located in
the Nyaingentanglha Range, about 200 km North from Lhasa (Fig. 4.1). The glacier is exposed
to the northwest and drains into Lake Nam Co (4725 m a.s.l.). The western Nyaingentanglha
Range strikes approx. 230 km in length, and reaches heights between 5000 and 7162 m (Mount
Nyaingentanglha). Glaciers in this region correspond to the “summer accumulation type” as
shown in Fig. 3.4.

The Nam Co lake is Tibet’s largest salt water lake with noticeable variations in size since the
Last Glacial Maximum (Schiitt et al., 2008), and also since 1970. From 1970 until 2006 the lake
expanded its area by more than 50 km? (Liu et al., 2010). Due to its relatively easy access, it
is probably one of the best studied regions of the TP. The Nam Co Monitoring and Research

station, located close to the lake, is used as base for scientists all year round.
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4 A Tibetan Glacier case study: Zhadang
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Figure 4.1: Left: Overview of the Nyaingentanglha Range, including a zoom into the Zhadang Glacier area (after
Paper V). Right: Panorama of Zhadang Glacier, with locations of the AWS and camera installations.

4.2 Glaciers changes 19762009 in the western Nyaingentanglha
Range

With the funding of the DynRG-TiP project and the

beginning of our collaboration with the ITP, Tobias Glacier Outines
Bolch (at this time at the TU Dresden) lead the first DEE?};
collaborative study of the project (Paper V). Using M— ==

[ ] vear 2009
remote sensing and GIS techniques, the study pro- :

vides a glacier inventory and glaciers changes 1976—
2009. In the years around 2001 the whole mountain
range contained about 960 glaciers covering an area
of 795.6 + 22.3 km? and the glacier area decreased
by —6.1 & 3% between 1976 and 2001. The Zhadang
Glacier lost about 14.2% of its surface and retreated

of 295 m in the same period (Fig. 4.2). My role in this Figure 4.2: Area changes of Zhadang Glacier (Pa-
study was to discuss the possible climatic drivers per V, TB.).

of these glacier changes (Paper V, Section 5.2). At the time of writing, HAR did not yet exist
and the weather station was recently installed on the glacier. Thus, we had to rely on nearby
stations and previous analyses from the literature. Several studies reported a warming trend in
the region and a possible increase of precipitation (e.g. You et al., 2010; Caidong and Sorteberg,
2010). We assumed that the observed warming in the wet season is the major driver for glacier
changes, since changes in the summer temperature affect both the glacier melt and the snow
line altitude. Our recent results put these assumptions in a new perspective (Paper 111, Molg

etal., 2014).

Linking the presented glacier area and length changes to climate variations is not straightfor-
ward, mainly because (i) the glacier changes are only indirect signals and depend especially on
glacier response times, (ii) the availability of the climate data in the study area is very scarce.
The present knowledge about the response of polythermal, summer-accumulation type glaciers
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4.3 Field observations

Figure 4.3: Field work in Tibet.

to climate changes at different time scales is still limited. In the study we also stated that:
“Ongoing investigations (e.g. direct mass balance measurements, meteorological energy balance
measurements on Zhadang Glacier, acquisition of gridded climate data) [...] will help to adjust
existing glacier models to the specific situation in the study area”. This is a great example of
how things can actually happen according to long term objectives.

4.3 Field observations

The Zhadang Glacier has been chosen by our colleagues from the ITP as an intensive mea-
surement site several years ago. They operate two Automatic Weather Stations (AWS) since
2005', supplemented by mass balance measurements applying the glaciological method. The
installations have been complemented in May 2009 by our teams in cooperation with the ITP
and especially with Yang Wei (associate professor at the ITP). Seven campaigns took place since
then, five under my responsibility. At the TU Berlin and RWTH Aachen we were in charge for
the AWS design and maintenance, which is now realised by our Chinese partners.

Since the conditions for field expeditions on the TP are very peculiar, we wrote a report
which was published in the “Extended abstracts and recommendations” booklet from the
workshop on the use of automatic measuring systems on glaciers in Pontresina (Maussion
et al,, 2011b, reproduced in Appendix A). We give details on the instruments and methods
we used and we relate the success or failures of these campaigns, to hopefully prevent others
from reproducing some of our mistakes in the future. Despite some data-gaps, the outcome
of these field campaigns is exceptional. It lead to major scientific achievements: at least three
peer-reviewed publications (Zhang et al., 2013a; Molg et al., 2014, Paper IlII, and this will
certainly increase in the future). But the successes were also humane, starting with a fruitful
collaboration with our German and Chinese colleagues through life-changing encounters and
experiences (Fig. 4.3).

! According to our colleagues, it appears however that the stations did not work properly and the data have not been
published yet.
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Figure 4.4: Glacier-wide mean monthly (a) SEB components with surface radiation terms shown as lines, albedo as
dots, and the remaining fluxes as bars (see Paper II for abbreviations) and (b) MB components from April
2009 to September 2011 in the reference run. Note the y-axis break and variable scaling in (b) due to large
melt amounts in 2009. (Figure from Paper III, T.M.)

4.4 Asian Monsoon footprint on the Energy and Mass Balance of

Zhadang Glacier

From the data basis acquired at Zhadang, a study of glacier-wide mass and energy balance
fluxes was made possible. Paper IIl was written by a team of authors from the TU Berlin and
the ITP lead by Thomas Moélg. The study had several objectives: (i) provide the first study
of detailed distributed surface energy balance (SEB) and mass balance (MB) at Zhadang, to
complement the very few other studies on the TP, (ii) introduce a new method to estimate
MB uncertainty using Monte Carlo and ensemble strategies, and (iii) linking the SEB/MB at
Zhadang to multi-temporal monsoon dynamics on the inter-annual and intra-seasonal scales

(this is the main objective of the study).

These objectives could be reached with the combination of the multi-year observational data set
at Zhadang and with the utilisation of a comprehensive SEB/SMB model (Mo6lg et al., 2008, 2009)
updated for this study. Additionally, two variables that are not available from measurements
where taken from a special HAR experiment at 2 km resolution for Nam Co: cloud cover fraction
and local precipitation (Paper III Section 2.2 and Fig. 2). However, we had to constrain the HAR
precipitation with a factor of 0.56 to take into account possible overestimation from the model
as well as other effects such as gauge undercatch and loss of snow by wind drift and wind
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4.4 Asian Monsoon footprint on the Energy and Mass Balance of Zhadang Glacier
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Figure 4.5: Glacier-wide (a) MB and (b) SEB components during monsoon onset for 2009-2011. (Figure from Paper III,
T.M.)

sublimation (processes which are not included in both models). The Indian Summer Monsoon
(ISM) dynamics were characterized using an index identifying active and break periods of the
ISM on the basis of a horizontal wind shear index (Prasad and Hayashi, 2007). With this index
the onset, core and cessation periods of the ISM could be defined as well as the intra-seasonal
ISM variability (active and break) periods (Paper I1I Fig. 4).

The MB model performance could be assessed (Paper I1I Figs. 5 and 6) thanks to the direct
measurements of mass balance at several ablation stakes as well as surface temperature and
surface height changes at the AWS location on a hourly basis'. Observed surface height changes
were also used to select the plausible realisations out of 1000 Monte Carlo simulations to
provide an uncertainty range (Paper III Appendix A). The MB model performance is good
(surface temperature RMSD of 1.69 K, surface height changes RMSD of 7.3 cm), and captures
the differential ablation between 2009 (strong) and 2011 (weak) very well.

On this robust basis the processes that drive the variability of the glacier-wide MB could be
analysed independently (Fig. 4.4). In general, global (S]) and incoming long-wave radiation
(L)) dominate energy input, while reflected shortwave (5T) and outgoing longwave radiation
(L1) are the major energy sinks at the surface. Sensible and latent heat fluxes (QS and QL) are
more important in winter and spring, respectively. A salient feature of the variability is the
period of April-June both in 2010 and 2011, when St developed into an equally strong energy
sink as L1 . The pattern was different in 2009, when anomalously low albedo weakened this
process of energy removal. This, in combination with the highest L] in the record, resulted in
exceptionally high availability of melt energy in June—July 2009.

It appears that the role of the Asian monsoon in the SEB and MB processes is most important
during the monsoon onset phase. A series of systematic differences in the MB components is
evident in (Fig. 4.5): the later the onset of the ISM, the (i) less accumulation by solid precipitation,
(ii) more sublimation, (iii) more melt at the surface, and (iv) more subsurface melt as well. The
higher latent energy flux of melting is controlled by low albedo and reduced reflection of solar
radiation. Thus, the timing of monsoon onset leaves a clear footprint on the glacier through the

!for the surface height changes, a special instrument was used (Sonic Ranger SR50, see Appendix A).
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4 A Tibetan Glacier case study: Zhadang

albedo effect, which leads to higher mass loss on the glacier the later the ISM is established in
a particular year. The ISM footprint at the end of the monsoon season is of little importance
(Paper III Fig. 9). Surprisingly, atmospheric variability over the ISM area does not seem to
directly influence the Zhadang region during the core season either (Paper III Fig. 10).

These analyses provided a first evidence that the atmospheric processes occurring during the
onset phase of the ISM (i.e. approx. June) were determinant in controlling annual mass balance.
Further, the individual contributions of the energy fluxes at the surface could be analysed
precisely, which is rare in this region. The results from Paper I1I were extended and confirmed
by a further study (Zhang et al., 2013a) and call for further research on longer time scales and
including other large scale dynamic processes (Molg et al., 2014).
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Chapter 5

Lakes and endorheic basins on the Tibetan Plateau

— sensors and actors of the climate system

In this Chapter, I will discuss two functions of the lakes in the climate system. First, we use
lakes as sensors of climate variability by linking observations of lake ice phenology to climate
variables extracted from HAR (Section 5.1, Paper IV). Second, we study the role of lakes in
the climate system by analysing the influence of the presence of a lake on local precipitation
spatio-temporal variability (Section 5.2, Appendix B).

5.1 Lake ice phenology and its relation to climate

Using a snow cover product derived from satellite data, Jan Kropacek (TU Dresden and Uni-
versity of Tuibingen) and co-authors derived the ice phenology of 59 lakes during the period
2001 to 2010 (Paper 1V). The lake ice phenology for each winter is described with the timing
of following events: Freeze Onset (FO, when ice is detected), Freeze-up (FU, when the lake is
fully ice-covered), Break-up (BU, appearance of a detectable ice-free water surface and no more
total freeze-up occurs), and Water Clean of Ice (WCI, when no more ice could be detected). Two
more variables describe the duration of ice cover: Duration of Ice cover (DI, which is the time
span between FO and WCI), and Duration of Complete Ice cover (DCI, which is the time span
between FU and BU). The average ice phenology durations for each lake are shown in Fig. 5.1
(Left).

Ice cover duration varies greatly between lakes. Some geographical features can be recognized,
for example in the North where temperatures are lower and the ice durations longer. In order to

find which lake characteristics influence lake ice duration, the ice phenology variables for each
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5 Lakes and endorheic basins on the Tibetan Plateau — sensors and actors of the climate system

DCI DI FO FU BU WCI
longitude 0.28 029 —0.33 0.18 011  —0.63
latitude 0.46 045 —0.63 0.52 0.16 —0.63
altitude 0.75 073  —0.54 0.36 0.31 0.50
mean temp. —-0.80 —0.81 085 —-0.73 —-0.47 0.64

thawing index —0.74 —0.75 081 —-0.72 —-0.46 0.66
freezing index —0.82 —0.83 085 —-0.73 —-0.47 0.61
H Lo perimeter/area 0.79 049 —-0.49 0.43 026 —0.05
B curaton of breakcup period ' area —-032  —0.27 031 —0.07 0.14  —0.08

Il curation of complete ice cover.

duration of freeze-up period

"
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T T
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Figure 5.1: Left: Ice cover duration for the studied lakes on the TP showing duration of freeze-up period, duration of
complete ice cover (DCI) and duration of break-up period as heights of the respectively coloured sections of
bar symbols, whereas the total size of the bar represents the duration of ice cover (DI). Right: Correlation
of ice phenology dates with climate and local parameters calculated for lakes larger than 300 km? (18
largest lakes). Statistically significant values at the level of significance 0.02 are bold. Figure and Table from
Paper IV, acronyms are explained in the text.

lake were correlated with local parameters such as latitude, altitude, perimeter/area index, area,
and three temperature indicators (annual average temperature, thawing and freezing index)
extracted from HAR (Paper IV Table 4). To reduce noise, the same analysis is reproduced for
the 18 largest lakes only (Fig. 5.1 Right). The air temperature and related indexes appear to be
the most important predictors for the ice phenology metrics. The high correlation of phenology
metrics with latitude indicate the decrease of temperature and solar radiation towards north.
However, as discussed in the paper, many other parameters other than climate can influence ice
phenology. Lake bathymetry and salinity, for example, probably play an important role which
is not possible to quantify due to the lack of data.

Paper IV contains further discussion about trends and grouping of the lake according to their
characteristics. This study was the first of this scale for the TP and showed that lake ice
phenology is an important indicator of climate change and climate variability. Inter-annual
variability was only superficially addressed in the paper, because methodological aspects and
presentation of the climatologies did not leave enough room for more analyses. This aspect
should be addressed in a future study.

5.2 Influence of lakes on local climate — a case study with HAR

While temperature affects lake ice phenology, the lake ice regime can in turn influence local
climate. Freeze-up and break-up processes lead to an abrupt change of lake surface properties
(e.g. albedo, roughness), affecting mass and energy exchange between the water surface and the
atmosphere. The lakes basically act as heat sinks in summer and heat sources in autumn and
winter (Wilson, 1977) before freezing. In Appendix B (manuscript in preparation) we run an
idealized experiment where the Nam Co lake has been replaced by grasslands to quantify the
influence of the presence of the lake on precipitation spatio-temporal variability. Furthermore,
we investigate the influence of assimilating satellite-derived lake surface temperatures (ST)
instead of using the standard WREF initialization approach used currently in HAR.
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5.2 Influence of lakes on local climate — a case study with HAR

We find that assimilating lake ST has a
positive impact on the simulated cloud 1
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clude that future versions of HAR, espe- Figure 5.2: Decadal mean of the Nam Co lake daily SST, according
to the WRF Standard parametrization (blue) and to

cially the 2 km prOdUCtS/ should assim- the ArcLake dataset (red). Shaded areas indicate the
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here.

According to our simulations, the presence of the lake reduces precipitation averaged over
the Nam Co drainage catchment of about 8% (Fig. 5.3 right). This percentage becomes larger
when considering the neighbouring regions on the eastern (lee) side of the lake. This result is
interesting in the context of glacier extent on the Nyaingentanglha range (Paper V). There is a
much larger area of ice on the southern than on the northern range. In Paper V we argued that
this difference could be due to rain-shadow effects on the monsoonal south-easterly moisture
flow. Our results suggest an alternative explanation: the presence of the lake can be responsible
for less precipitation on the northern side and therefore less accumulation and lower albedo.

This should be quantified using a glacier model forced with the idealised simulation.
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Figure 5.3: Left: Differences in cloud frequency for each month and time of day (CST) between the WRF ArcLake and
NoLake experiments over the lake surface. Brown colours indicate that there are less clouds over the lake
than over land. Right: Monthly precipitation (mm d~!) averaged over the Nam Co basin for the three WRF
experiments Standard (HAR), Arclake (with assimilated ST), NoLake (lake removed).
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Figure 5.4: (a) frequency of snowfall events (> 0.1 mm d ') during the October to December period for the ArcLake
experiment. (b) Difference between the ArcLake and the Standard experiment during the same period

(positive values indicate that there are more snowfall events in the ArcLake experiment).

We also observe lake-effect snowfall events in autumn and early winter (Fig. 5.4). These occur

when cold and dry air passes above the warmer lake and lead to more frequent precipitation on

the lee side of the lake. The influence of these events on yearly precipitation amounts is less

significant than the dampening of precipitation in summer. However, it plays an important

role for local nomadic populations, who have to move their tents, family and animals to the

north-side of the lake each winter.
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Chapter 6

Conclusions and outlook

In this thesis, several issues related to a better description and understanding of components of
the atmosphere, cryosphere and hydrosphere on the TP have been addressed. A central tool
developed for this purpose, the High Asia Reanalysis, has been presented.

Crucial steps were the optimisation of the WRF model set-up used to produce HAR and
the evaluation of the meteorological products. This task was made difficult by the scarcity
of meteorological observations and issues related to their unknown accuracy and their low
spatial representativeness. Furthermore, several tools had to be developed and tested for the
operational production of the HAR data products. In this regard, the present thesis provides
a robust scientific and technical framework for related projects, at the TU Berlin or elsewhere.
On this basis the update of HAR to later periods (i.e. 2012, 2013, up to a almost instantaneous
retrieval) is an easy task and will offer new possibilities, for example for monitoring applications.

So far, the HAR alone helped to improve our understanding of the TP precipitation climate
(Papers I and II). The analyses showed the strong spatial variability of precipitation seasonality,
and revealed possible implications for the interpretation of glacier changes. Regions with higher
inter-annual variability and/or prone to extremal precipitation events were identified. Further
studies will follow and will address detailed aspects of the drivers of precipitation variability.
Current work focuses on atmospheric water fluxes to trace the origin of atmospheric moisture
over the TP (Curio et al., 2013), as well as on linking large scale influences to the precipitation

anomalies. These studies will rely on the work realised in this thesis.

In combination with other datasets (e.g. satellite or in situ observations) and impact models,
HAR contributed to advances in various disciplines. For example, in Paper IV we determined
the climatic factors of ice phenology acquired from remote sensing products. In Paper I1I, HAR
precipitation and cloud products replaced observations that were missing or incomplete at the
Zhadang Glacier. The physically based model chain applied at Zhadang helped to rethink the
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6 Conclusions and outlook

possible drivers of glacier changes advanced in Paper V. Dietze et al. (2014) could use wind
shear stress data from HAR for comparison with the particle size distributions extracted from
sediment cores at several lakes on the TP, in order to describe sediment transport processes.
This kind of integrated approaches are rare, and were made possible thanks to interdisciplinary
and international projects such as the DFG-TiP and the BMBF-CAME Programmes. Within the
WET project, several studies related to the TP hydrology will follow: Huintjes et al. (2013) tested
HAR in the remote region of the Purogangri where no observations at all are available except
for a decadal glacier surface elevation change acquired from satellite based digital elevation
measurements (Neckel et al., 2013), and Biskop et al. (2013) drove a hydrological model with
HAR at lake Nam Co and developed new methods adapted to the specificity of glaciated basins
on the TP.

While the two latter studies were able to apply HAR successfully they also pointed out certain
issues regarding its accuracy, especially a possible over-estimation of precipitation by the model
(also discussed in Paper III). No overestimation could be detected in comparison to observations
in Paper I and II. This enlightens the necessity to evaluate HAR accuracy by other means but
also suggests possible omissions of processes (e.g. snowdrift) of a model chain. The HAR is a
downscaling effort based on a numerical model, which has unavoidable shortcomings. Some
of them are known and discussed in this thesis, and others will be detected in further stages.
The new GPM system (Global Precipitation Measurement, Hou et al., 2013) or innovative cloud
detection algorithms (Riithrich et al., 2013) may help to improve the evaluation in the future.

Using Monte Carlo and ensemble strategies, Paper 11l and Molg et al. (2014) proposed a method
to deal with uncertainty while using HAR as “replacement” for in situ observations at Zhadang
during an eleven years period, providing one of the longest surface energy and mass balance
time series in the region. The Molg et al. (2014) study illustrates well how to use HAR in a
meaningful and robust aspect: the study of variability and its large scale drivers. Using indices
extracted from large-scale datasets unrelated to the HAR production, the study shows how and
to which extent the intensity of Indian Summer Monsoon onset and mid-latitude dynamics
affect mass balance variability at Zhadang. The analysis is complemented by inter-annual
anomaly analyses extracted from HAR30 and HAR10, proving a physical interpretation to the
statistical correlation between circulation indices and annual mass balance. This study provides
a prototype for further analyses and opened new research directions.

The advances reported in this thesis were made possible thanks to international collaborations,
and to the support and involvement of people on the field, at the TU Berlin and at partner
universities. The vast majority of the tools and datasets used in this thesis are made freely
available by their developers. The HAR follows this philosophy and will be available to any
interested users.
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Abstract. Meteorological observations over the Tibetan model strategy applicable for the high-altitude TiP, its fring-
Plateau (TiP) are scarce, and precipitation estimations oveing high-mountain areas of extremely complex topography
this remote region are difficult. The constantly improving ca- and the low-altitude land and sea regions from which much
pabilities of numerical weather prediction (NWP) models of- of the precipitation on the TiP is originating. The choice of
fer the opportunity to reduce this problem by providing pre- the physical parameterisation scheme will thus be always a
cipitation fields and other meteorological variables of high compromise depending on the specific purpose of a model
spatial and temporal resolution. Longer time periods of yearsimulation. Our study demonstrates the high importance of
to decades can be simulated by NWP models by successivarographic precipitation, but the problem of the orographic
model runs of shorter periods, which can be described by théias remains unsolved since reliable observational data are
term “regional atmospheric reanalysis”. In this paper, we as-still missing. The results are relevant for anyone interested
sess the Weather Research and Forecasting (WRF) modeils carrying out a regional atmospheric reanalysis. Many hy-
capacity in retrieving rain- and snowfall on the TiP in such drological analyses and applications like rainfall-runoff mod-
a configuration using a nested approach: the simulations arelling or the analysis of flood events require precipitation
conducted with three nested domains at spatial resolutionsates at daily or even hourly intervals. Thus, our study of-
of 30, 10, and 2km. A validation study is carried out for fers a process-oriented alternative for retrieving precipitation
a one-month period with a special focus on one-week (22-fields of high spatio-temporal resolution in regions like the
28 October 2008), during which strong rain- and snowfall TiP, where other data sources are limited.
was observed on the TiP. The output of the model in each
resolution is compared to the Tropical Rainfall Measuring
Mission (TRMM) data set for precipitation and to the Moder- 1 |ntroduction
ate Resolution Imaging Spectroradiometer (MODIS) data set
for snow extent. TRMM and WRF data are then compared toThe Tibetan Plateau (TiP) is the source of many major rivers
weather-station measurements. Our results suggest an ovéf Central Asia, thus affecting hundreds of millions of peo-
all improvement from WRF over TRMM with respect to ple in the surrounding regions. Its glaciers are characteris-
weather-station measurements. Various configurations of théic elements of the natural environment, forming water re-
model with different nesting and forcing strategies, as well assources of great importance for both ecosystems and local
physical parameterisation schemes are compared to propog@pulation. Yao et al.(2007) underlined the importance of
a suitable design for a regional atmospheric reanalysis ovethe Tibetan and Himalayan glaciers on the hydrological con-
the TiP. The WRF model showed good accuracy in simulat-ditions in Asia. Several studies have shown the strong con-
ing snow- and rainfall on the TiP for a one-month simulation trol of orography and boundary-layer structure of the TiP on
period. Our study reveals that there is nothing like an optimalthe Asian monsoon system (e.Gao et al. 1981, Hahn and
Manabe 1975.

Focusing on the monsoon history over the past, present
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Forschungsgemeinschaft (DFG) to develop a multidisci-of time integration of days to weeks. We will subsequently
plinary approach dealing with the complex processes and inuse the term “regional atmospheric reanalysis” for this kind
teractions taking place between the major driving forces onof NWP-model application. A good example of a regional at-
the TiP. This study took place within this frame. mospheric reanalysis is given Box et al.(2004 who used
Located in a transition zone between the continental cli-the Atmospheric Research Mesoscale Model MM5 for gen-
mate of Central Asia and the Indian Monsoon system, theerating a contiguous multi-year weather data set for Green-
Nam Co drainage basin including the western Nyaingentaniand by dynamical downscaling of 2&perational analyses
glha Mountains has been pointed out as a key research ardeom the European Centre for Medium-Range Weather Fore-
in Tibet, and is also investigated in this study. The recent risecasts (ECMWF) by a sequence of daily model rurigox
of the lake level of Nam Co, one of the largest and highestet al.(2006 used the MM5 output for driving a surface mass
lakes on the TiP (year 2000: 1980 kiarea, 4724 ma.s.l. lake balance model of the Greenland Ice Sheet.
level altitude), has been attributed to glacier retreat as well as Caldwell et al.(2009 simulated the climate of Califor-
to an increase of precipitation in recent decades (8., nia for a 40 yr period by the Weather Research and Forecast-
and Zhy 2008 Krause et al.2010. Precipitation increase ing (WRF) model, which has been re-initialised every month.
in central TiP during this period has also been reported byThe latter simulation is, however, not driven by assimilated
Liu et al. (2009. However, the TiP remains a sparsely ob- observational data but by the output of a General Circula-
served region, and there is limited availability of meteoro- tion Model (GCM), which makes it impossible to validate
logical data. This is especially true for long-term weatherthe model results also on an event-basis. Dynamical down-
records necessary for reliable climatological studigaen-  scaling of GCM simulations required for climate reconstruc-
feld et al, 2005 Kang et al, 2010. In particular, no long-  tions or projections could also be done by Regional Climate
term data from weather stations are existing at elevationdModels (RCM).Lo et al.(2008, for example, discussed dif-
above 4800 ma.s.l. Generally, the geographical distributiorferent strategies for time integratiori-owler et al.(2007)
of weather stations is biased towards lower altitudes, flat arand Laprise et al (2008 presented in-depth discussions of
eas and specific land-cover types excluding high-mountairapproaches and challenges including e.g. hydrological appli-
regions covered by glaciers. The question of the respectiveations.
contributions of glacier retreat and precipitation increase to The approach oBox et al. (2009 is of special interest
rising lake levels on the TiP remains unanswered, so far, foralso for the TiP. However, the capacity of the models in re-
these reasons. trieving snow- and rainfall in complex terrain is still dis-
Besides air temperature, precipitation is considered to be&ussed. Using higher horizontal spatial resolution of less
a key variable for understanding recent environmental varithan 10 km has been advanced as a substantial improve-
ability and trends on the TiP. Unfortunately, precipitation is ment, as it allows more accurate representation of mountain
strongly influenced by terrain, and can hardly be retrievedregions. Mountain-valley structures in the Nyaingentanglha
from existing gridded precipitation data sets, especially inMountains are often showing elevation differences of 1 to
mountainous regions. This has been discussed e.§irby 2 km within short distances of less than 10 km, which is com-
et al. (2008 for problems in using remotely sensed precipi- mon for high-mountain regions all over the worldaeng|
tation data sets derived from the Tropical Rainfall Measuring(2007) shows that increased spatial resolutions in areas of
Mission (TRMM), and also for global atmospheric reanalysis complex terrain can be highly beneficial for simulating pre-
data (e.g.Ma et al, 2009. cipitation fields. However, higher spatial resolution does not
The constantly improving capabilities of numerical automatically improve a NWP models skill in predicting pre-
weather prediction (NWP) models offer the opportunity to cipitation in mountainous regions. Studies like the one from
reduce this problem by providing precipitation fields and Zaengl(2007 have shown that increasing the spatial reso-
other meteorological variables at high spatial and temporalution does not improve the model quality for precipitation
resolution. Generally, NWP models are suitable not only forcaused by embedded convection.
weather forecasting but also for dynamical downscaling of The effect often cited as orographic bias is described as
large-scale atmospheric processes. NWP models can be instrong over-prediction of precipitation rates along windward
tialised and laterally forced by assimilated observational datesslopes while predicted snowfall lie under measured values
describing the large-scale atmospheric conditions throughoute.g.,Leung and Qian2003. This bias stems from a vari-
the simulation period, thus keeping the model results closeety of sources, buCaldwell et al.(2009 argue that models
to observations also at finer spatial scales. This approacthemselves may be the dominant cause, for instance due to
enables validation of the model output for single events butinappropriate physical parameterisation schemes. However,
does not allow forecasts, since the assimilated observationaince observations of precipitation in high-mountain areas
data have to be available not only for the time of model ini- are generally sparse and accuracy of observations is limited
tialisation but for the whole simulation period. (especially for snowfall), quantitative analyses of orographic
Longer time periods of years to decades can be simulatetdias are rarely carried out and missing for the TiP. There
by NWP models by successive model runs of shorter periodss, so far, no general answer how to quantify precipitation
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Fig. 1. WRF domains and model topography. Left: large domain (LD); the medium (MD) and small (SD) are indicated by black frames.
Center: medium domain. Right: small domain. Black dots represent the locations of the available weather stations.

in high-mountain drainage basins, prerequisite to subsequeralso aims at a quantitative analysis of the effects of using dif-
hydrological studies. ferent strategies for time integration.

Only few studies employed the Weather Research and In this study, we address two main research questions:
Forecasting (WRF) model on the TiP, by that tinké et al.
(2009 investigated the sensitivity of the WRF model to sur-
face skin temperature of Nam Co for simulating a precipita-
tion event. Sato et al(2008 analysed the sensitivity of the

WRF model to horizontal grid spacing with respect to sim- 5 |5 3 gpecific set-up of the WRF model able to reanal-

ulate the diurnal cycle of precipitation. Their results show yse precipitation fields in the mountainous and sparsely
that the finest spatial resolution (7 km) is more efficient in observed region of the TiP?

representing diurnal cloud formation than coarser grids. So
far, no study used the WRF model for a regional atmospheric The first question is less frequently addressed in similar

1. Which validation methods and data sets are suitable for
assessing the accuracy of simulated precipitation fields
of high spatio-temporal resolution over the TiP?

reanalysis. model studies since observations are usually taken as an ab-
solute reference to assess the performance of a model. How-
1.1 Objectives ever, the particularities of the TiP do not ensure the applica-

bility of validation approaches that have been proven to be

The main objective of our study is optimising the design of suitable in other regions. Especially without knowing the
a modelling strategy including a suitable model configura-limitations of the validation data sets the second question
tion for producing a weather data set of high spatio-temporaimay not be answered appropriately.
resolution for the study region by a regional atmospheric re- The WRF model, like other NWP models, offers a broad
analysis. This is particularly relevant for subsequent hydro-spectrum of options for setting up and forcing simulations,
logical and glaciological studies, e.g. requiring detailed pre-including various parameterisation schemes for sub-scale
cipitation fields as input data in hydrological and glaciolog- processes. We present a sensitivity study following the gen-
ical models. In this paper, we therefore concentrate on theeral ideas as discussed e.g.Rgkesh et al(2007) or Yang
capacity of the WRF model in retrieving data on solid and and Tung2003 to quantify the uncertainty in the model out-
liquid precipitation. For this purpose, we focus on a specificput caused by the model itself.
precipitation event over the TiP (see SekB) including its The study region and the simulation period are described
contribution to monthly precipitation amounts. in Sects.1.2and 1.3 respectively. The design of the refer-

While dynamical downscaling studies employing RCM ence experiment, as well as the validation data sets and meth-
use integration periods from months to years or even manyds are described in Seét. The results of the study, i.e., the
decades, the objective of our study is to analyse the capabinalidation of the reference experiment by three observational
ity of the WRF model as a NWP model to be employed for data sets, and those from the sensitivity study, are presented
a regional atmospheric reanalysis, enabling direct compariin Sect.3. The results are further discussed in Sdc¢t give
son of model results with observations. By using a contin-answers to the main two research questions. Finally, we draw
uous sequence of short time integration periods, we preventonclusions from our study.
the model deviating too much from large-scale observations.
After two days of simulation we expect the model to be less
accurate than during the first two days. Therefore, our study
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100 ‘ of Sciences (CAS), makes it one of the most intensively stud-
| ied regions on the TiP, and thus an ideal test bed for our study.

801 f 1.3 Simulation period

| ] Focusing model-validation studies on short simulation pe-
60— f riods enlightens some particularities and issues that are not
| visible in long-term validation studies. Short-term validation
| studies enable evaluation of precipitation rates and cumu-
. lated amounts on a process-oriented basis. Individual strong
1 precipitation events are well suited for this kind of analysis,
| also due to the fact that relative errors in simulated precipi-
f tation are generally larger in these cases, and thus easier to
1 detect and quantify.
1 The complex terrain of the high-mountain fringe of the
‘ — TiP and its blocking effect on moisture transfer coming from
0 11 32 50 100 150 . o S
Number of days the Indian and Pacific Oceans has a characteristic impact on
the formation of orographically induced storn@hen et al.
Fig. 2. Contribution (%) of accumulated daily precipitation to the 2007) causing strong precipitation events. The tropical cy-
annual precipitation in the year 2008 for the 19 available weatherclone Rashmi formed in the Bay of Bengal on 24 Octo-
stations. The daily precipitation values are sorted in decreasing orher 2008, reaching the coast on late evening of 26 October.
Qer. The numbgr c_>f days in which 50 % of the an_nual precipitationStrong winds and heavy rainfall occurred over Bangladesh
is reached are indicated for the two extremal stations. and India causing substantial damages and fatalities (the In-
dia Meteorological Department made a comprehensive de-
scription of the event inMD, 2008. The system weakened
rapidly after landfall, carrying along further precipitation,
) _mainly as snowfall, on the Himalayas and the TiP. This pre-
The study region and the set-up of the three nested domaingpitation event happened after the monsoon period, and is
used by the WRF model are presented in Big. challenging the model by its complexity: cyclonal formation
The large domain (LD) covering an area of gverseas and snowfall over the TiP.
4500x4500kn? is used to capture large-scale processes on 27 October 2008 daily precipitation amount averaged
and to avoid model artefacts near the lateral boundariesgyer the 19 operational weather stations used in our study
The studied precipitation event originated from the Bay of (see Sect2.4) is the absolute maximum of the last decade.
Bengal, which is fully covered by the LD. The event was also one of the strongest snowfall events in
The medium domain (MD) covers an area of the autumn season affecting large areas on the TiP that have
1500% 1500 knf comprising large parts of the TiP including been snow-free prior to the event, which allows a quantitative
the western and eastern Nyaingentanglha Mountains. Thanalysis of the simulated snowfall. Thus, October 2008 was
southern-eastern part of the TiP is strongly influenced by thechosen for the study as simulation period. A one-week pe-
summer monsoon, and has generally lower altitudes, thusiod between 22 and 28 October 2008 was used for detailed
maritime (temperate) glaciers are present, while glaciers iranalysis of the precipitation event.
the central, northern and western parts of the TiP are mostly Using a simulation period of one month offers the opportu-
continental (cold or polythermal) (s&hi and Liy 200Q for ity to include weather situations without or with only light
a detailed description). precipitation in the validation study. In addition, monthly
Detailed analyses are carried out for the small domainprecipitation is frequently used in climatological studies, and
(SD) covering an area of 36B00kn?. The SD is cen- many gridded climatological data sets are available on a
tred on Nam Co and its drainage basin. The highly glaciatednonthly basis. Strong precipitation events are often main
western Nyaingentanglha Mountains (8#ch et al, 2010, contributors to monthly or even annual precipitation, as
reaching elevations of more than 7100m a.s.l., are fullydemonstrated in Fig2. Thus, it is of high relevance for cli-
contained in the SD. Nam Co and the other lakes sig-matological purposes to understand a NWP models capabil-
nificantly influence local climates and atmospheric mois- ity to simulate an individual weather system, especially when
ture content llaginoya et al. 2009. The presence of the model shall be employed for a regional atmospheric re-
the well-equipped Nam Co Monitoring and Research Sta-analysis. Figur@ shows that all the stations on the TiP used
tion (346 N, 90°59 E, 4730 m a.s.l., located in the south- in this study received half of the annual precipitation in 2008
eastern shore of the lake; see Hi.operated by the Institute within 12 and 32 days. The studied precipitation event con-
of Tibetan Plateau Research (ITP) of the Chinese Academyributed up to 20.75% of the annual precipitation in 2008

N iy 4

40—

Contribution to annual precipitation (%)

20

1.2 Study region
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(Deqgen), but some of the stations far away from the cycloneTable 1. Design of the reference experiment (RE).

track (see SecB) showed almost no precipitation at the same

time.

Map and grids

2 Methodology
2.1 Design of the reference experiment

The NWP model used in this study is the community WRF-
ARW model, version 3.1.1, developed primarily at the Na-

Lambert conformal
28.80N,89.57E
28
30km, 10km, 2km
15150, 1506<150, 1506<150
USGS standard dataset at
10, 5, 30" resolution

Map projection

Centre point of domain
Number of vertical layers
Horizontal grid spacing
Unstaggered grid points
Static geographical fields

tional Center for Atmospheric Research (NCAR) in collabo-

ration with different agencies like the National Oceanic and
Atmospheric Administration (NOAA), the National Center
for Environmental Prediction (NCEP), and many others. The

WREF is a limited-area, non-hydrostatic, primitive-equation
model with multiple options for various physical parameter-
isation schemesSkamarock et a12008.

Timing
Simulation period October 2008
Time step 120s, 40s, 8s
Nesting strategy
Nesting Two-way nesting in cascade

simulations

The three nested domains described in Se@and dis-

Forcing strategy

played in Fig.1 are used in all the experiments of this study.
Spatial resolutions of the different model grids covering the
three WRF domains are 30 km for the LD grid, 30 and 10 km
for the two MD grids, as well as 30, 10 and 2 km for the
three SD grids. WRF model output in the three different spa-
tial resolutions (30, 10 and 2 km) will be named WRF30,
WRF10 and WRF2 to avoid confusions between model do-
mains and spatial resolutions (e.g. WRF30-SD indicates the
WREF results for the 30 km grid of the SD).

We have designed a reference experiment against which
a series of further experiments are performed and analysed

Boundary conditions NCEP/FNL from GFS Operational
Model Global Tropospheric
Analyses (2, 6 hourly)
NCEP/MMAB real-time, global,
sea surface temperature (RIS5T)
analysis (0.5, daily)
derived from MODA11
8-DAY 1KM L3 LST

Sea surface temperature

Lake surface temperature

Initialisation Daily
Runs starting time Daily, 12:00 UTC
Runs duration 36h
Spin up 12h

to understand how and why simulated precipitation fields
change with modified nesting and forcing strategies, as well

Physical parameterisation schemes

as with modified physical parameterisation schemes. The de-
sign of the reference experiment is resumed in Tabl€he
choices for the design of the reference experiments have been
following three principles:

1. The reference experiment should incorporate expe-
rience gained from comparable numerical modelling
studies as far as possible, such that its design is expected
to be one of the most suitable candidates for a decadal
regional atmospheric reanalysis.

Short-wave radiation
Long-wave radiation

Dudhia scheni2udhia 1989

Rapid Radiative Transfer Model
(RRTM) (Mlawer et al, 1997)
New Grell-Devenyi 3 shemeZrell
and Devenyi2002 (exept for 2km
domain: no cumulus)

Modified Thompson scheme
(Thompson et al2008

Noah Land-surface Model (LSM)
(Chen and Dudhig2001)
Mellor-Yamada-Janjic TKE
scheme Janjic 2002

Cumulus
parameterisation

Microphysics
Land-surface model

PBL

. The nesting and forcing strategy of the reference ex-
periment shall not only enable reanalysing precipita-
tion fields but also be suitable for further model ex-

perimgnts, e.g. for simulations using modified boundary\yay versus two-way nesting. Some authdtsutis and Dur-
conditions. ran, 2010 argue that two-way nesting increases the predic-
éive skill of a NWP model within the child domain, while oth-
ers (e.g.Bukovsky and Karoly2009 could show that two-

way hesting generates artefacts in the parent domain near the
borders of the child domain. We are therefore using a cas-
cade of three simulations:

. The reference experiment shall preserve the predictiv
skill of the model providing the large-scale forcing

fields while concurrently allowing the WRF model to

utilise its predictive skills at the resolved scales.

The nesting strategy of the reference experiment is based
on a novel method, solving a scientific conflict currently dis-

1. Results for the LD are obtained from a simulation with-

cussed concerning the advantages and disadvantages of one- out nesting.

www.hydrol-earth-syst-sci.net/15/1795/2011/
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2. Results for the MD are obtained from a simulation of the tion of the percentage of convective precipitation to total pre-
LD as parent domain and the MD as a child domain us-cipitation. The parameterisation of micro-physical processes
ing the two-way nesting capability of the WRF model. (MP), the land-surface model (LS) and the parameterisation

of processes in the planetary boundary layer (PBL) are forced

3. Results for the SD are obtained from a nested simulatiorby WRF to be identical in all nested domains. The parame-
of the three domains using the two-way nesting capabil-terisation schemes for short- and long-wave radiative fluxes
ity of the WRF model. were kept constant in all model experiments (Table

This approach allows benefiting from the two-way nest- 2.2 TRMM precipitation
ing approach in the respective child domain while concur-
rently avoiding the artefacts in the respective parent domainh€ WRF model output is compared to the precipitation
The reference experiment is based on a forcing strategy using@ta set of the TRMM, providing precipitation estimates de-
daily re-initialisation. The simulation comprises 31 consec-ved from a combination of remote sensing observations cal-
utive model runs of 36 h time integration. Each run startsibrated against a large number of rain gauges on a monthly
at 12:00 UTC (all times are further specified in UTC). The basis. In this study the 3B42 version 6 product is uséafft
WRF model (as any NWP model) requires some spin-upman et al. 2007). The data sets is covering the regions be-
time to reach a balanced state with the boundary conditionstween 50 N to 50° S with a spatial resolution of 0.25with
We have therefore discarded the first twelve hours from eaclPutputs at 3 hintervals. The three—hourly data are aggregated
model run, thus the remaining 24 h of model output provide© daily, one-week and one-month values for the validation.
one day of the one-month simulation. This forcing strategy 1he TRMM data sets were projected to the map projec-
has been analogously usedBgx et al.(2004). tion used by WRF (see Tablj and resampled by nearest-
Meteorological input data sets are the standard final analf€ighbourhood interpolation to grids for each WRF domain
ysis (FNL) data from the Global Forecasting System (GFS)°f 30 km spatial resolution.
with additional sea surface temperature (SST) input (see Ta:
ble 1). The employed version of the WRF pre-processingz'3 MODIS snow extent

system (WPS) does not properly handle initialisation of IakeMODIS refers to two instruments currently collecting data

temperatures. The WPS sets the water temperature either Q. part of NASA's Earth Observing System (EOS) program.
an arbitrary value or, when SST fields are available, to the-l-he MODIS/Terra Snow Cover Daily L3 Global 500 m Grid
SST value. In our case, this leads to drastic errors in Simu'(MODlOAl) contains data on snow extent. snow albedo
lated precipitation. Water temperatures of the high-altitudefractional snow cover, and Quality Assessment (QA). The
lakes on the TiP are simply extrapolated from the SST of theMODlOAl data set consists of 62600 kn? granules of

Bay of Bengall_without considering the huge slevatigg di*- 500 m spatial resolution gridded using a sinusoidal map pro-
ference, resulting in water temperatures of abolt@@or  o.iion  MODIS snow cover data are based on a snow-

Nam Co in October 2008. ,AS proposedifiyet al. (2009 we mapping algorithm that employs a Normalised Difference
used remotely sensed skin temperatures of the Nam Co foénow Index (NDSI) and other criteria teskg(l et al, 2006).
retrieving the initial lake temperature. We used the Moderate The MODIS data sets used in this study (F3yare mo-
Resolution Imaging Spectroradiometer (MODIS) eight-day ¢5icq of four adjacent granules acquired around 05:00 UTC
Iand-surface_temperature product (MODAL1 8-DAY 1KM on 22 and 29 October 2008, corresponding to mid-morning
L3 LST, version 5, 23-30 October 2008). Mean temperaturgq, ., go|ar times. We selected MODIS data for a day prior

of éhe, v;/]atgr—coveoredsgrld cells wabs computed fokr_ the day- anqg a second one after the precipitation event to compare
an mgf t-tlmefM k?l .scelne.s too Fa:jn a ?ean IS In eMPerine ohserved changes in snow extent with WRF snowfall pre-
a.ture 0 4_9(: or the simulation period. This va U€ IS CON- " yictions. Because cloud coverage does not allow retrieval of
sistent with the lake-temperature climatology lééginoya snow data from optical sensors, only MODIS data of sparse

et al. EcZI\(I)OS),Cand v(\j/as useddt_o |n|t|aI|sebtr(le w?ter terrr:per:- cloud coverage are suitable for validation, preventing more

ture of Nam © and surrounding Water_ Oodi€s Tor éach moc e!JIetaiIed analyses for regions that have never been cloud-free
run. The positive effect of this correction is clearly seen in during the one-week simulation

daily precipitation amounts at the Nam Co research station The MODIS data sets were reprojected to the map projec-

on 27 October 2008: the observed precipitation amount istion used by WRF (see Tablg and resampled by nearest-
8 mm, while the model computed 117 mm before the correc-

X ~~'neighbourhood interpolation to grids of 500 m spatial resolu-
tion of the lake temperature, and 30 mm after the correction

o ! tion covering the MD and the SD, respectively.
The parameterisation of convective processes and related

formation of cumulus clouds (CU) was only applied to the
30 and 10 km model grids. Precipitation computed by the
CU parameterisation scheme is stored separately from the
precipitation resolved by the grid, enabling the quantifica-
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MODIS Categories

Snow
Cloud

Water

30N 30N

Land
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25N 25N

90E 95E 90E 95E

Fig. 3. MODIS snow extent before (22 October 2008) and after (29 October 2008) the Rashmi precipitation event in the MD.

2.4 Weather stations Table 2. Contingency table used in the validation and sensitivity

. . . tudies.
Data from weather stations used in this study are from theS uaies

“Global Summary of the Day”Http://www.ncdc.noaa.gov/

oa/ncdc.htmlprovided by the National Climatic Data Center Event Ob?:stvatll\cl)g
(NCDC) for download free of charge. The stations included

in this data set follow the recommendations of the World Me- WRE &8 A B
teorological Organization (WMO), and data are undergoing No C D

quality control before being published.

The weather stations selected for this study follow two
criteria: they must be located within the MD, and must be
situated above 3000m a.s.l. Data from just 19 operationaPbserved. This score is an indicator of how well the model
weather stations fulfilling these criteria are available for therecovers the number of occurrences of an event, regardless of
simulation period, showing how much the TiP still lacks of the spatio-temporal distribution.
observations. The weather stations are not homogeneously The False Alarm Rate (FAR) computes the fraction of pre-
distributed over the study region, since they are concentrateglicted events that where not observed:
in more densely populated regions in the southern and eascjf _B_ B @
ern parts of the TiP. In addition, precipitation data measure T F A4B

at the Nam Co Monitoring and Research Station were usegrhe Probability Of False Detection (POFD) is the fraction of

to validate the WRF model (see Fip. predicted events that have not been observed relative to the
- . total number of unobserved events:
2.5 Scores for statistical evaluation
POFD= > — B (3)
Scores are commonly used for validation purposes to statis- " NO B+D

tically assess the performance of a model simulation relativeLike the FAR the POFD is not a perfect indicator for valida-
to observations (validation) or to results of other model sim-tion since it depends on the number of unobserved events, but
ulation (inter-comparison). Some of them are derived fromis convenient for inter-comparison since it does not depend
a 2x2 matrix called “contingency table” (e.gVilks, 1995, on the number of unpredicted events.

where each of the elementd,(B, C, D) holds the num- Similarly to the POFD the Probability Of Detection (POD)
ber of combinations of model prediction and observation inis the fraction of predicted events relative to the number of
a given statistical population (see TaBe In this study, five  observed events:

different scores are used. A A
The bias score (BIAS) is defined as: POD= YES™T A+C (4)
BIAS = F _ A+B (1) Einally, the frequently used Heidke Skill Score (HSS) is de-
0O A+C fined:
where F is the number of cases where the event was pre- S — SRef

dicted, andO is the number of cases where the event was = —Spe i— SRef (®)
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where S is the simulation scorefres the probability of de-  over Bangladesh on 27 October than the WRF30 predicts for
tection by chance anflpeif the score obtained by a perfect that day. Over the Himalayas and the TiP, precipitation pat-

simulation: terns are generally comparable. Two precipitation maxima
H A+D are seen in both data sets, which were induced by the block-
§= NN (6) ing effect of the Himalayas over the slopes of Bhutan and

by the eastern Nyaingentanglha Mountains. Also, both data
_(A+B)(A+C)+(B+D)(C+D)

S 7 sets show the precipitation front propagating over the TiP in
N a similar way.
Sperf=1 (8) Generally, WRF30 daily precipitation is larger than ob-

Histh ber of hits. i.e.. th ber of h served by TRMM, as indicated by the BIAS and FAR scores
' 1S the number or hits, 1.€., the number of cases Where prey, Fig. 4. The two different threshold values used for com-
diction and observation are in accordance, whiles the size

I~ . L ... putation of the scores in Figt show that a higher thresh-
of the statistical population. The HSS indicates the capablhtyOld lowers both the POD and the POFD. The HSS indicates
qf a simulation to be better or worse than a random SImUIa'that predictions based on small threshold values are generally
tion, and ranges from-1 to 1 (1 for a perfect and 0 for a

better in accordance with TRMM than those based on high
random case).

In addition 1o th based on th i tabl threshold values.
n addition 10 e scores based on e contingency fable, - ry,q spatial patterns presented in Fig.reveal that

t/?:tisotsrzgal\/rldsl\Dﬂ)e :Pe%llgfsi,rfgﬂdB;snd the Root Mean Square DeWRFSO—MD generally predicts more events, especially on

the northern part of the TiP. Nevertheless, weather-stations

1 measurements suggest that this northern limit is properly
MB = NZ(PD_ Po)i (9  predicted. The two data sets are still in good agreement at
i-1 20 mmweek?!, but the HSS constantly decreases as the FAR
LN increases.
RMSD= —Z(Pp—Po)iz (10) _ Both TRMM and WRFBO—MD_ show preC|p|tat|0r_1 max-
N~ ima of more than 60 mmweek in the eastern Nyaingen-

) ~ tanglha Mountains and in north-eastern India, but more than
wherePp and P, are the predicted and observed precipitation 7g o4 of the 60 mm weekd events predicted by WRF30-MD
values. were not observed by TRMM. However, the maximum in
weather-station measurements on the eastern Nyaingentan-
glha Mountains (138 mmweek) suggests that the actual

3 Results L ; !
precipitation pattern may extend further in the western TiP
3.1 Validation of the control experiment than observed by TRMM. The reason behind this finding is
probably the insufficient capability of the TRMM to detect
3.1.1 Validation of predicted precipitation by TRMM snowfall and light rain.
observations WRF30-MD RMSD (54.3mmweek) and MB

(24.3mmweek!) with respect to TRMM indicate gen-
WRF30 and TRMM daily precipitation fields during the cy- erally higher values predicted by WRF30 than observed
clone life are presented for a subset of the LD in BigThe by TRMM. The one-week HSS are higher than the daily
cyclonal precipitation patterns can be recognised in both datgcores presented in Fid, most probably due to two major
sets. The cyclone is traceable by the high daily precipitationreasons: (1) possible discrepancies due to timing shifts
following its movement. In the WRF30 output the centre of gre withdrawn when looking at the one-week precipitation

the cyclone shows a local precipitation minimum on 24 Octo-amounts, (2) the considered spatial subset is different with
ber indicating that an eye has formed, which is, however, notespect to precipitation patterns.

presentin the TRMM observations. On 25 October, the max-

imum of daily precipitation amount observed by TRMM is 3.1.2 Validation of predicted snow depth by MODIS
following the centre of the cyclone. The eye is no longer vis- observations

ible in the WRF30 output of this day. Both data sets accord-

ingly show that strong precipitation caused by the cycloneThe goal of this test is to analyse where snowfall has been
occurs in the eastern and southern parts of Bangladesh. Gsimulated by the WRF model in comparison to observational
26 October the cyclone reaches the coast in the late evenindata.

hours. The precipitation maximum of this day is still over- The two MODIS data sets do not contain data on snow-
seas for TRMM, whereas the WRF30 already predicts maxi-fall directly. Thus, we selected areas from the MODIS data
mum precipitation over Bangladesh. This discrepancy is exset that were snow-free prior to and snow-covered after the
plainable by the difficulties in allocating the strong precipi- event. Other areas that have been snow-covered prior to the
tation to the correct day. TRMM observes less precipitationevent or snow-free after the event (e.g. lakes) are excluded
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22.10.2008 23.10.2008 24.10.2008
| | | | | {
T
w
T= 1mm
T=20mm
T
w
BIAS | FAR | POD |POFD| HSS BIAS | FAR | POD |POFD| HSS BIAS | FAR | POD |POFD| HSS
T= 1mm |1.205[0.320/0.819/0.269|0.534 1.560]0.425)0.89710.2710.537 1.59410.527|0.753]0.211]0.443
T=20mm|[1.459]0.590(0.599]0.117]0.402] |2.694|0.774]/0.608[0.115]/0.274| |6.477/0.969[0.198|0.054[0.039

Fig. 4. Daily precipitation fields (mm/day) fronfT) TRMM and (W) WRF30 over a subset of the LD for the period 22 to 28 October 2008.

from the test, although snowfall might also have been occurered to be covered by snow when the computed snow depth
ring there. Unfortunately, large areas have been covered bgfter one-week exceeds a certain threshold. Spatial distribu-
clouds either in one or both of the two MODIS data sets, andtions of predicted snow extent were computed for threshold
thus have also to be marked as areas of no data. values between 0.2 and 20 cmweék Five grid points at

We concentrated the validation on snow depth derived bythe border of the domains are removed to avoid artefacts, and
the model from predicted snowfall. A grid point is consid- Predicted snow extent was resampled to the respective 500 m
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T=10 mm/week T=20 mm/week T= 60 mm/week

Score

0 20 40 60 80 100
Threshold (mm/week)
—HSS —FAR - POD —POFD
TRMM
es

no

: yes
BIAS | FAR | POD |POFD| HSS | [BIAS | FAR | POD |POFD| HSS | |BIAS | FAR | POD |POFD| HSS WRF
1.157]0.157]0.976/0.190 | 0.789] [1.307]0.253|0.976 |0.221]0.719| [3.437|0.783]0.747[0.221 |0.248

no

Fig. 5. Left: Spatial patterns of the contingency tables for three different thresholds (10, 20 and 60 nintamied to the one-week
precipitation of WRF30-MD and TRMM, together with values from ground observations at the weather stations. Right: WRF30-MD scores
with respect to TRMM for the threshold range from 1 to 100 mm week

WRF1
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0-MD, T=7.2cm WRF10-SD, T=2cm

0.8
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0.6} \ i
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\
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‘ \ ~ -
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0.0 1 | 1 - NS T oo 3 s ot s
0 S5 10 15 20 [Bias | FAR | POD | POFD | HsS BIAS | FAR | POD | POFD [ HSS
now depth threshold (cm)
1.011 | 0.251 | 0.757 | 0.069 | 0.685 1.072 | 0.109 | 0.956 | 0.604 | 0.415
— WRF30-MD—WRF10-MD WRF30-SD, T=2cm WRF2-SD, T=2cm
~ ~WRF30-SD - - WRF10-SD - ~WRF2-SD W ¢ i

BIAS | FAR | POD | POFD | HSS BIAS | FAR | POD | POFD | HSS
1.022 | 0.107 | 0.913 | 0.559 | 0.370 1.075 | 0.105 | 0.962 | 0.601 | 0.431

Fig. 6. Left: HSS curves for snow depth predicted by WRF simulations for thresholds between 0.2 and 20 cm with respect to snow extent
observed by MODIS. Right: spatial patterns of the contingency tables for the snow depth threshold of 7.2 cm for WRF10-MD and 2cm
WRF10-SD, WRF30-SD and WRF2-SD.
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Table 3. Observed precipitation (mmweek) at each weather station (19 NCDC stations and the Nam Co weather station) in comparison
to the TRMM, WRF30, WRF10 and WRF2 results. The observed type of precipitation is indicated by R (rain) or S (snow). Root Mean
Square Deviation (RMSD) and Mean Bias (MB) are indicated for each grid with respect to the NCDC data.

Id  Station Lon Lat Alt.(m) Type NCDC TRMM WRF30 WRF10 WRF2
01 BAINGOIN 90.02 31.37 4701 S 6.1 5.7 11.2 18.0 111
02 DEGE 98.57 31.80 3185 R 12.2 38.8 44.3 38.2
03 DENGQEN 95.60 31.42 3874 S 36.6 40.4 57.5 45.7
04 DEQEN 98.88 28.45 3320 R 138.4 44.1 166.4 122.0
05 LHASA 91.13 29.67 3650 R 6.9 26.4 44.3 29.8 28.9
06 LHUNZE 92.47 28.42 3861 S 251 33.2 25.0 15.7
07 MADOI 98.22 34.92 4273 S 6.1 5.2 54 5.8
08 NAGQU 92.07 31.48 4508 S 221 22.7 19.3 18.8 27.0
09 NYINGCHI 94.47 29.57 3001 S/R 46.2 34.3 75.2 46.3
10 PAGRI 89.08 27.73 4300 S 65.0 55.9 114.9 107.9
11 QAMDO 97.17 31.15 3307 S/IR 25.9 24.4 20.3 325
12 QUMARLEB 95.78 34.13 4176 S 11.9 7.2 28.2 155
13 SOG XIAN 93.78 31.88 4024  SIR 30.2 60.0 31.3 318
14 TINGRI 87.08 28.63 4300 0.0 16.4 0.0 0.0
15 TUOTUOHE 92.43 34.22 4535 S 0.8 0.7 3.3 3.5
16  XAINZA 88.63 30.95 4670 S 2.0 9.3 1.6 0.8
17  XIGAZE 88.88 29.25 3837 S 5.8 10.1 34.0 16.6
18 YUSHU 97.02 33.02 3682 S/IR 26.9 6.2 27.6 31.3
19 ZADOI 95.30 32.90 4068 S 17.3 34.8 41.6 32.8
20 NAMCO 90.98 30.77 4730 S 15.9 11.3 25.8 30.0 37.1
Total 501.5 487.3 777.2 643.0
RMSD 24.80 20.98 14.63 13.3
MB -0.71 13.79 7.08 10.6

grids for the test (see Se@.3). The area available for the geneous situation in the SD. In the Himalayas, the snow to
test is finally reduced to 47.8 % in the MD and to 45.3 % in rain limit is caught accurately by both WRF10 and WRF30
the SD. Snowfall was detected by MODIS on 21.6 % of the (not shown). Higher HSS for the simulations for model grids
test area for the MD and on 83.9 % of the test area for theof higher spatial resolution, especially for higher thresholds,
SD. indicate the advantage of improved spatial resolution for pre-
Wang et al(2008 evaluated MODIS snow extent in north- dicting snowfall, particularly in the SD. The maximum HSS
ern Xinjiang, China, and they found that MODIS has high for the SD is reached at a smaller threshold than for the MD.
accuracies (93 %) when mapping snow at snow deygtlem This difference is attributed to the fact that altitudes in the
but does not have a proper accuracy for thinner layers. Thi$SD are generally higher than in the MD, thus the percent-
threshold can be considered as physically reasonable: at thege of areas affected by snowfall is higher as observed by
station Baingoin (north-west of Nam Co), 6 mm precipitation MODIS due to generally lower air temperatures. Snow melt
was recorded (6 cm of snow assuming a standard snow-tas less frequently occurring in the SD than in the MD, and
liquid-equivalent ratio of 10), and the pixel was classified astherefore even small amounts of snowfall will increase the
snow by MODIS. snow extent. This argument is also supported by the contin-
The evolution of the HSS with the threshold applied to the gency maps displayed in Fif, which reveal that most of the
WRF simulated snow depth with respect to MODIS is shown WRF2-SD snow extent not observed by MODIS is located in
in Fig. 6 (left) along with the spatial patterns of the contin- the lower-altitude valleys south of the western Nyaingentan-
gency tables for two optimal thresholds for WRF10-MD and glha Mountains.
WRF-SD in the three resolutions. The HSS curves for the The higher HSS obtained by the simulations for the MD
MD simulations are very similar, especially for lower thresh- compared to the SD are resulting from the higher percentage
olds, while there are more differences between the HSSf unobserved snowfall in the MD, increasing the number
curves for the SD. This is interpreted as an effect stemmingof hits of the WRF simulations in the MD due to the high
from the higher spatial variability of snowfall in the MD due number of correctly predicted no-events. Fig@ihows that
to large altitudinal variations compared to the less heterothe transitional zone between areas affected by snowfall and
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Table 4. Design of the sensitivity experiments. 0'55 } ]
F . WRF30-TW - WRF30-OW (RE) ]
Name Experiment  New parameterisation 0.4F o WRRIOTW e WRF10-OW 1
F N~ WRF2-TW (RE) - - - - WRF2-OW ]
Nesting strategy g N ]
F RN ——— WRF10-RE E
TW Nesting Two-way nesting (all domains) 0.3F uh .
ow Nesting One-way nesting (all domains) 2 F ) f ) ]
F | ]
Forcing strategy - 0 27 } \ - E
Wi Initialisation  Single initialisation and one- “E [ | N\
week continuous autonomous run F } ' RN o N
WIN  Forcing Single initialisation and one- 0.1 & } \r\—%;?\\ E
week continuous run with TE } 7777777 T
analysis nudging F | - E
C | . |
Physical parameterisation schemes 0'0(; : é : 1‘0 EE— 1‘5 éo
CUl  Cumulus Betts-Miller-Janjic (BMJ)Betts Snow depth threshold (cm)
and Miller, 1986 Janjic 1994
cu2 Cumulus Kain-Eritsch Fig. 7. Sensitivity to the nesting strategy: HSS curves for snow
(Kain and Fritsch1990 depth predicted by WRF simulations (TW, OW and RE) at all reso-
MP1  Microphysics WRF Single-Moment lutions for thresholds between 0.2 and 20 cm, with respect to snow
6-class (WSM6) extent observed by MODIS on the SD.
MP2  Microphysics Goddard Cumulus Ensemble
(GCE) (Tao et al, 2003
LS1  Landsurface  Rapid Update Cycle (RUC) be explained by errors in one or the other data-set (at Lhasa,
(Smirnova et a.2000 TRMM and WRF are in good agreement and at Degen, sta-
LS2 ~ Landsurface  Pleim-XiRleim and Xiy 1999 tion observations and WRF are concordant) and for some
PBL1  PBL J_?::;g;;v%so'g (Ysu) stations the three data-sets differ substantially. Generally,
PBL2  PBL Asymmetrical Convective Model WRF10 has a lower RMSD than TRMM, but a higher MB.

2 (ACM2) (Pleim 2007) Unfortunately, no in-depth evaluation for WRF2 could be
made, because only four stations are situated in the SD. The
results for these stations suggest a small but overall improve-
ment to WRF10, again indicating the advantage of using
énodel grids of higher spatial resolution.

show-free areas is situated in the north-western part of th
SD, and is well detected by the WRF2-SD for the thresholdg 5 Sensitivity study

of 2cm. Increasing the threshold shifts the transitional zone

to the South-west in all WRF simulations for the MD and |n this section, we investigate the sensitivity of the WRF
SD, such that the contingency maps show a switch from falsenodel to the nesting strategy, the forcing strategy, and var-
alarms to unpredicted events for all areas where predictionous physical parameterisations schemes (PPS). Tginie-

and observation are not concordant. vides an overview on the sensitivity experiments carried out

in this study, while TableS§ and 6 present the results.
3.1.3 \Validation of predicted precipitation by

observations at weather stations 3.2.1 Sensitivity to the nesting strategy

Table3 shows observed precipitation at each weather statiolfwo experiments have been carried out for analysing the ef-
in comparison to precipitation observed by TRMM and pre- fect of the nesting strategy on simulated precipitation. In
dicted by WRF30, WRF10 and WRF2. Results from the grid contrast to the nesting strategy in the reference experiment,
points nearest to the weather stations are used in the compadie results of the simple two—way nesting (TW) experiment
ison. are not only used for the SD (as in the RE, i.e., the WRF2

Differences between the WRF simulations are generallySD results of the RE and TW experiments are identical) but
small except for two stations: Nyingchi and Degen, the lateralso for the MD and LD, such that these results also contain
showing a large improvement from WRF30 to WRF10, il- some artefacts at the borders of the respective child domains.
lustrating the strong terrain dependency of precipitation inA second nesting experiment was performed using one-way
mountainous terrain. The RMSD and MB scores show a sig-nesting (OW) for a nested simulation of the three domains.
nificant improvement from WRF30 to WRF10. Some dis- Thus, the results of the RE and OW experiments for the LD
crepancies between station observations and TRMM couldre identical, but differ for the MD and SD.
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Table 5. Scores used for statistical evaluation of the reference, nesting and forcing experiments. The scores that differ of more than 10 %
from the RE are marked in bold, and put between parentheses if they have a lower skill than the RE.

Reference WRF Score Period RE T™W ow 7D 7DN
TRMM WRF30 BIAS,T =10 mmweekl week 1.16 1.18 1.16 058 1.10
TRMM WRF30 BIAS,T =60 mmweekl week 3.44 3.37 3.44 0.63 3.20
TRMM WRF30 HSST =10 mmweekl week 0.79 0.79 0.79 048 0.86
TRMM WRF30 HSST =60mmweek? week 0.25 0.24 0.25 0.28 0.30
TRMM WRF30 RMSD week 54.3 55.3 543 225 441
TRMM WRF30 MB week 24.3 255 24.3 —7.4 19.1

TRMM WRF30 BIAS,T=10mmmontirl  month 1.15 1.19 1.15
TRMM WRF30 BIAS, T =60mmmontitl  month 1.93 1.93 1.93
TRMM WRF30 HSST=10mmmontitl  month 041  0.3)) 0.41

TRMM WRF30 HSST=60mmmontirl  month 0.44 0.48 0.44

TRMM  WRF30 RMSD month 10521 111.92 105.21

TRMM  WRF30 MB month 5820 @559  58.20

MODIS ~ WRF10 HSS max week 0.69 069 068 020 0.70
MODIS ~ WRF10 HSST=4cm week 0.65 066 065 009 0.69
MODIS ~ WRF2  HSS max week 0.43 043 040 0.Qq) 0.43
MODIS ~ WRF2  HSST=4cm week 0.39 039 036 000 041
NCDC WRF10 RMSD week 14.6 140 136 312 108
NCDC WRF10 MB week 7.1 7.1 6.6 —20.0 6.7
NCDC WRF2  RMSD week 13.3 133 11.4 133 (7.9
NCDC WRF2  MB week 10.7 107 82 (-11.3 (143
NCDC WRF10 RMSD month  27.8 26.1  29.0

NCDC WRF10 MB month 181 158  19.1

NCDC WRF2  RMSD month 13.1 131 108

NCDC WRF2  MB month 1.95 1.95 0.70

The results of all validation analyses applied to the TW 3.2.2 Sensitivity to the forcing strategy
and OW sensitivity experiments are presented in Talite
gether with those of the reference experiment. Generally;Two experiments were carried out to analyse this element of
the differences in the overall scores between the sensitivitthe experimental design. In contrast to the other experiments,
experiments are small, indicating that this element of theonly the one-week period of the precipitation experiment was
experimental design is not highly sensitive for reanalysedcovered by the simulations. In contrast to the reference ex-
precipitation fields. periment, the model runs were only initialised once (incl. the

The most suitable analysis for assessing the performance2 h spin-up). The weekly initialisation (WI) experiment is
of the nesting experiments is presented in Figwhere de-  only forced at the lateral boundaries during integration time,
tection of snowfall in the SD is validated by the MODIS while in the second experiment (WIN) weekly initialisation
data on snow extent. Only in the SD the three different spais combined with the analysis nudging option of the WRF,
tial resolutions can be compared to each other. A threshold.e., the WRF30-LD simulation is nudged towards GFS in-
value of 4 cm is used for comparing predicted snow depthput data both horizontally and vertically using a point-by-
with MODIS observations since this value is considered topoint relaxation term for temperature, pressure and specific
be physically reasonable regarding the capability of MODIS humidity.
for detecting snow (see Se@1.9. HSS curves of the TW  The results of all validation analyses applied to the Wi
experiments for detecting snowfall in the SD are generallyand WIN sensitivity experiments are presented in Takf®
higher than those of the respective OW experiments. Figgether with those of the reference experiment. The scores
ure 7 shows two major features of the two-way nested ap-indicate the lower performance of the WI forcing strategy.
proach: the skill of the coarser resolutions is improved, andrhis is also seen in Fig8 (right) where the daily scores
the higher-resolution results are also Sllghtly meliorated bystrong|y decrease over time of the simulation, and the re-
the step-wise feedback mechanism. Thus, the use of thgion on the TiP affected by rain- and snowfall is not cap-
two-way nesting option is recommended, although not beingtyred accurately when compared to the TRMM observations.
decisive for the overall performance. The WRF as a limited area model is not capable of making
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the same subset.

Table 6. Scores used for statistical evaluation of the reference and the eight PPS experiments. The scores that differ of more than 10 % from
the RE are marked in bold, and put between parentheses if they have a lower skill than the RE.

Reference WRF Score Period RE Cul cu2 MP1 MP2 LS1 LS2 PBL1 PBL2

TRMM  WRF30 BIAS,7=10mm week 1.6 112 112 114 114  1.19 118 113 1.10
TRMM  WRF30 BIAS,7=60mm week 3.44 389 376 338 377 355 345 351 3.78
TRMM  WRF30 HSST=10mm week 079 082 080 080 08L 076 077 081 082
TRMM  WRF30 HSST=60mm week 025 029 030 026 024  0.25 024 026 0.26
TRMM  WRF30 RMSD week 543 765 (687 554 561  54.3 554 535 67.9
TRMM  WRF30 MB week 243 359 (320 244 267 256 254 238 313
TRMM  WRF30 BIAS,7=10mm month 1.15  1.19 118 117 119  1.26 114 110 1.09
TRMM  WRF30 BIAS,7=60mm month 193  1.81 192 190 198 219 193 178 1.77
TRMM  WRF30 HSST=10mm month 041 Q30 (0.39 (0.3 (033 (0.1 044 052 054
TRMM  WRF30 HSST=60mm month 044 049 045 045 044 @36 045 049  0.49

TRMM  WRF30 RMSD month 10521 11231 10553 106.82 106.89 107.49 112.80 9570 102.34
TRMM  WRF30 MB month 5820 61.73 60.03 58.86 58.47 674§ 6276 50.30 52.97
MODIS  WRF10 HSS max week 069 069 068 068 068  0.70 069 069
MODIS  WRF10 HSST=4cm week 065 065 066 063 064  0.70 0.67  0.66
MODIS  WRF2  HSS max week 043 041 040 040 040 045 0.420.33(
MODIS  WRF2 HSSI=4cm week 039 @33 (029 (039 0.36  0.40 0.35 (0.22
NCDC WRF10 RMSD week 146  13.7 119 158  (@9.0) 142 142 117 111
NCDC WRF10 MB week 7.1 52 6.7 1.9 (137 (87 75 7.1 6.7
NCDC WRF2  RMSD week 133 9.7 (16.9 120 (17.9 127 140 115 (17.0
NCDC WRF2  MB week 107 7.0 103 8.0 (13.9 107 101 89 116
NCDC WRF10 RMSD month 27.8 245 242 259 291 841 27.4 224 247
NCDC WRF10 MB month 18.1 133 185 124  (22.) (274 178 147 171
NCDC WRF2  RMSD month 13.1 157 11.8§ 125 (153 123 136 104 (172
NCDC WRF2  MB month 1.95 —044 (259 (4.35) (7.0) (6.2 -112 177 188
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accurate predictions when the large-scale forcing is missingpbtain an ensemble-mean realisation at a given time and lo-
thus WI without analysis nudging is not a suitable forcing cation, while the other two schemes are triggered on vari-
strategy. ous conditions on the vertical uplift within an atmospheric
In contrast, the WIN experiment performs as good as thecolumn. Our results are in accordance wiflnkhopadhyay
reference experiment as the scores in Takdad the results et al.(2009 who compared convective parameterisations for
displayed in Fig8 indicate. Although there are some minor RCM simulations during the monsoon season, and found that
deficiencies at 2 km spatial resolution, these are compensatdgtie PPS used in the CU1 and CU2 experiments underesti-
by some minor advantages at the lower resolution of 30 kmmate the observations for lighter rain rates, and overestimate
(and partly also of 10 km). for higher rain rates, while the PPS used in the RE shows
The applicability of the WIN forcing strategy is thus de- an overestimation for lighter rain rates. The predictive skill
pending on the specific purpose followed by a model exper-of the CU1 and CU2 PPS in the LD with respect to TRMM
iment. If precipitation fields of high spatial resolution are a observations is lower than that of the RE (not shown in Ta-
major objective then daily re-initialisation remains the bet- ble 6), thus the New Grell-Devenyi 3 scheme used in the RE
ter choice. Also, the flexibility of the daily re-initialisation could be recommended.
with respect to parallelisation of model runs is better than in The scores of the MP1 and MP2 experiments presented
the WIN strategy. In the RE design, daily model runs arein Table6 reveal that the PPS of the MP2 experiment is not
completely independent from each other, and there are onlguitable for the TiP. The MP1 results show similar effects in
minor jumps between the results of two consecutive daysFig. 9 as discussed for the CU1 experiment: high sensitivity
which may be more problematic in the WIN strategy (al- of this PPS in the regions of convective precipitation and low
though this aspect was not analysed in this study). A furthersensitivity on most parts of the TiP where advection dom-
argument for the forcing strategy followed in the RE designinates. We argue that the choices of the CU and MP PPS
is the fact that the WRF model is able to better utilise its pre-should also consider combinatory effects, but are less influ-
dictive skills within the resolved scales, while analysis nudg-ential for simulations in regions where advection is prevail-
ing strongly dampens the mesoscale processes resolved 9. These findings are interesting since the MP schemes are

the WRF model. rather new and thus not extensively discussed in the scientific
literature, so far.
3.2.3 Sensitivity to the PPS The two experiments regarding the LS model underlying

the WRF simulations show less pronounced effects when

In this part of the sensitivity study eight experiments were compared with the CU and MP PPS. The scores of the LS1
carried out, applying two different schemes for any of the experiment reveal that larger differences to the RE are neg-
CU, MP, LS and PBL parameterisation schemes (Tdple ative, thus this PPS would have to be rejected from these

The results of all validation analyses applied to the PPSfindings. However, there are also minor improvements in the
sensitivity experiments are presented in Tédlegether with  simulation of snow processes, which may give reason for us-
those of the reference experiment. While a comparison of théng this PPS when snow-hydrological investigations are in
scores mainly serves to show the effects of the different PP$he focus of a model study. The LS2 experiment, in con-
and to assess the overall performance, the spatial distriburast, shows that no stronger negative effects are arising from
tions of the differences between the PPS experiments and thiis PPS, but unfortunately, it does not include an explicit
reference experiment displayed in Figorovide insightinto  parameterisation of snow processes, and thus makes it in-
the mechanisms responsible for the differences. appropriate for snow-hydrological investigations. FigQre

Comparing the CU1 and CU2 experiments, the latter oneshows that the effects of the two LS models are weak not
has a lower performance, not only with respect to the CUlonly on the TiP but also in the regions where the CU and
experiment but also to the RE. The CU1 experiment im-MP PPS show strong sensitivities. This can be attributed to
proves the predictions with respect to the observations athe fact that convective processes and related MP processes
weather stations while concurrently decreasing the predicare only weakly influenced by the underlying land surface,
tions with respect to the TRMM observations. Fig@e but mainly depend on the atmospheric dynamics and physics
shows that the sensitivity to the CU1 and CU2 experimentsthemselves. Over longer time periods, the choice of the LS
is very strong in the Bay of Bengal and the high-mountain model is expected to become more influential, but this aspect
fringes of the TiP, but is low on the TiP. Generally, the CU1 was not investigated in our study.
and CU2 experiments are wetter than the RE, especially in Finally, two different PPS for processes in the PBL have
these regions. The reason for this finding is the convecbeen analysed. The scores of the PBL1 and PBL2 experi-
tive nature of precipitation in the sensitive regions (as will ments presented in Tab&ereveal that the PPS of the PBL2
be discussed in Sect), while advection dominates large experiment is not suitable for the TiP. The PBL1 experiment
parts of the TiP. The three schemes work within different shows some improvement over the RE, but the skill for pre-
closure frameworks: for example, the PPS of the RE is adicting snowfall seems to be less than the skill of the RE.
cloud ensemble scheme that uses 16 ensemble members As enlightened byBraun and Taq2000, the sensitivity of
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Fig. 9. Sensitivity to the physical parameterisation schemes. Difference between the one-week precipitation (miofeké sensitivity
experiments and the RE for WRF30 over a subset of the LD.

NWP models to the PBL parameterisation is also in this casesynoptic forcing. Depending on the focus of an investigation,
stronger than to microphysics, at least for the regions souttslightly modified PPS combinations may be used, but gener-
from the TiP. Figuré® shows an interesting effect: the spatial ally, the PPS combination used in the RE seems suitable for
pattern of the differences between the PBL2 experiment andeanalysing precipitation on the TiP.

the RE are strongly coupled to both CU PPS, since it also

considers convective processes in the PBL. ) .
4 Discussion

In conclusion of the sensitivity studies for the PPS, we
could show that there is nothing like a perfect combinationIn this section we will give answers to the two main research
of PPS, since any model-based investigation of precipitatiomuestions formulated in Sect.1 The first question is dis-
on the TiP has to consider the oceanic regions where muclkussed using the results presented in Seatwhile the dis-
of the water vapour and the convective systems influencingussion of the second question is based on the results shown
the southern, central and eastern parts of the TiP are formedh Sect.3.2and additional analyses of the simulations of pre-
Yang and Tung2003 also concluded that it was not pos- cipitation fields in October 2008.
sible to define a best performing cumulus parameterisation
since each of the investigated cumulus schemes performed
very differently for precipitation prediction under different
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4.1 Validation methods and data sets We applied a combination of different validation methods
since none of the observational data sets could be unambigu-

In this study, we proposed three data sets (TRMM, MODIS, ously identified to serve as an absolute reference for model

NCDC weather stations) and several statistical methods t@alidation. Despite the discussed differences between the

assess the WRF model simulations. Several climatologicamodel experiments and the observational data sets (including

studies used the TRMM products, and it has been provenjifferences between the observational data sets themselves)

that TRMM 3B42 surface-rainfall rate is comparable to otherthe model predictions and the observational data are gener-

surface observation&éo et al, 2009, although the spatial ally concordant. Thus, we consider the validation methods

scale of the rainfall data makes direct comparison to gaugeind data sets principally suitable for this kind of studies.

data difficult. Our results also enlighten this issue: the WRF

model and precipitation data sets depicted some consider4_2 Reanalysis of precipitation fields over the TiP

able discrepancies when compared to point-by-point mea-

surements at weather stations. TRMM showed to be less ef‘i’h WRE model off | ber of fi .
ficient than WRF10. Estimation errors due to spatial resolu- € W model offers acount.ess humber of con Igurations,
and in this study there was no intent to realise a complete re-

tion may be reduced by statistical correction methods as de<, . S o
scribed byyin et al. (2008, but the authors also remind that view of the various poss!bllltles. We assessed the sensitivity
TRMM performs poorly during the winter months, because of the WRF model to o_hf_fere_nt PPS. In general, the |nflu_-
of the presence of snow and ice over the TiP, since snow an§nce on p_red|cted preC|p|_tat|on was_rather _small on the TiP
ice on the ground scatter microwave energy in a similar fashN comparison .to. thg forcing str.at.egles. This can be due to
ion as ice crystals and raindrops in the atmosphere. frequent re-initialisation constraining the model to stay close
At the same time, TRMM offers a way to assess the 0 the large scale observations given as input data.
mesoscale WRF30 output on a gridded spatial basis, and the The comparison with observational data sets showed that
two data sets are in good accordance for the spatial delinthe WRF model had a good accuracy in predicting snow- and

eation of the 10 mmweeK precipitation event. The com- rainfall of a single precipitation event. Tablésand 6 also
parison also showed differences in the occurrence of exPresent the scores for the one-month simulations carried out

treme events, for which WRF30 predicts h|gher amountsfor October 2008, which are ShOWing that the WRF model is

than TRMM observes. India’'s weather stations in the 9enerally able not only reanalysing precipitation over longer
north-eastern provinces recorded precipitation amounts upime periods including also times of no precipitation.
to 150 mmday?! during the eventIMD, 2008, which is Figure10 presents two results illustrating both the reason
lower than the highest values predicted by WRF (up tofor the applicability of our approach and the hydrological
500 mm week! for a few points at the high-mountain fringe relevance of individual precipitation events. The upper two
of the TiP) but higher than TRMM estimations (maximum maps display the contribution of convective precipitation to
values of 130 mm week). the total precipitation for the one-week simulation period of
One of the strengths of the WRF model is its ability to the Rashmi event. Except for the central and north-western
separate snow from rain. Since we are targeting on using theart of the TiP, advection prevails and enables to retrieve ac-
regional atmospheric reanalysis for hydrological and glacio-curate precipitation values within the error limits of the ob-
logical applications, snow data are of great importance, angervations. In regions of high contribution of convective pre-
the MODIS test that we developed proved to give valuable in-cipitation the sensitivity of the two CU and MP PPS, as well
formation on the models capacity to retrieve snowfall at highas the PBL2 PPS are much higher than in the other regions,
spatial resolution, as e.g. indicated by the positive effect ofwhich explains why the PPS schemes are not as important on
increasing spatial resolution and the use of two-way nestingthe TiP. The dominance of advection on the TiP also allows
However, snow extent could be detected only where no snoweanalysing precipitation fields at high spatial resolution of
prior to the event or clouds was present, preventing us draw2 km without using a CU parameterisation scheme that is re-
ing conclusions on high-mountain snowfall. Furthermore, it quired at the lower resolutions of 10 and 30 km.

is rather difficult to find a suitable event or to run this teston  Figure 10 also shows the hydrological relevance of the
a regular and automatic basis. Rashmi event, and reveals the complex spatial pattern of the
So far, no robust assessment of the WRF2 output is possiprecipitation fields on the TiP. High contributions of precipi-
ble with weather stations either, as they are too scarce. Moretation caused by the Rashmi Cyc|0ne to month|y precipitation
over, rain gauges do have a high sensitivity to wind and toin October 2008 reaches almost 100 % in some areas in the
the size of snow/rain particles: the snow under-catch of thesouth and south-east of the TiP, while the areas of highest
four most widely used gauges can vary up to 8086¢di-  precipitation amounts during the event show contributions to
son et al. 1998. On response to this problem, we installed monthly precipitation far beyond on third. This is in line with
a Laser precipitation monitor (Distrometer) at the Nam Co the findings shown in Fig2 where the importance of individ-
station for future validation studies. ual precipitation events was shown for annual precipitation in
2008 as observed at the 19 weather stations used in this study.
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Fig. 10. Top: contribution of convective precipitation to the total precipitation for the one-week simulation period of the Rashmi event.
Bottom: contribution of precipitation caused by the Rashmi event to monthly precipitation in October 2008.

Not only precipitation amounts but also the capture andWRF model is well-suited to retrieve precipitation dynamics,
timing of precipitation events is of high hydrological rele- including times of no precipitation. This holds true even for
vance. Figurd 1 presents time-series of accumulated precip-many of the cases where the precipitation amounts for Oc-
itation amounts for October 2008 from NCDC, TRMM and tober 2008 simulated by WRF10 differs from one or both of
WRF10 at the 19 weather stations to analyse the capabilitghe observations.
of the WRF model capturing precipitation events close to the Pgsitive mean bias values also found in other model vali-
time they are also observed. In addition, we indicate the exdation studies are often interpreted as an error produced by
plained variance-€) of the daily accumulated time-series for the model. However, since the problems in observing pre-
each pair of data sets. cipitation are well-documented, resulting in systematically

At five weather stations monthly precipitation amounts lower values especially for snowfall, we argue that this bias
predicted by WRF10 are close to ground observations, whilealso documents the observational errors. Our study could not
TRMM observations are close to ground measurements agbrove systematic, statistically significant over-prediction of
four weather stations. Similar values for monthly precipi- precipitation by WRF10, although there are certainly indi-
tation amounts are retrieved by WRF10 and TRMM at four vidual cases, where WRF10 values are actually too high.
weather stations, where ground observations strongly differ |In Fig. 12, the monthly precipitation fields from TRMM,
from these values. Ground observations are much highewvRF30, WRF10 and WRF2 on the SD are presented. The
than TRMM or WRF10 only at two weather stations, while general features of the precipitation pattern of October 2008,
much lower values are reported at six weather stations. Thesg.g. the generally high values in the south-eastern and east-
results are in general accordance with the findings that werern parts and the decrease in precipitation amounts towards
previously discussed for the single event. the north-western areas, are observable in each of the data

Generally, WRF10 is better in explaining the variance in sets. However, the well-known orographic control exerted
the ground observations than TRMM. With the exception of by the high-mountain areas on precipitation is only recognis-
three stations WRF10 is better correlated with ground obserable in the WRF10 and WRF2 results. The TRMM 3B42 es-
vations than TRMM. The generally very higl values of  timations do not represent the small scale changes that are to
WRF10 with the two observational data sets indicate that theexpect over this complex topography, due to its low spatial
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by the one-month WRF10 simulation. Explained varianeé}; gre given for each pair of the three data sets and each station, as well as the
meanr2 for all stations. X-axis values are the days in October, the grey band marks the one-week focus period 22—28 October 2008.

resolution. Bookhagen and Streck¢2008 analysed oro-

only TRMM 2B31 data, which has a high spatial resolution consistent with the results from other studies (eCgldwell

plicable to single events due to low temporal sampling rates
graphic precipitation along the eastern Andes, showing thatabout one acquisition per day). Our findings are generally

of about 5 km is able to depict the small-scale orographicet al, 2009 Bromwich et al, 2005.
influence on precipitation. However, these data are not ap-

www.hydrol-earth-syst-sci.net/15/1795/2011/

Hydrol. Earth Syst. Sci., 15, 18352011



1814 F. Maussion et al.: WRF simulation of a precipitation event over the Tibetan Plateau, China

TRMM WRF30

mm/month

1 10 20 30 40 50 60 70 80 90 100

Fig. 12. Spatial distributions of precipitation amounts in October 2008 observed by TRMM and predicted by the one-month WRF30, WRF10
and WRF2 simulations on the SD.

5 Conclusion perimental design traceable. Bias correction is only valid if
observational data are accurate, which is not the case for cur-
Our study reveals that there is nothing like an optimal modelrent observation methods available on the TiP. New remote
strategy applicable for the high-altitude TiP, its fringing high- sensing approaches will probably improve the situation as
mountain areas of extremely complex topography and thee.g.Bookhagen and Streck€2008 could demonstrate for
low-altitude land and sea regions from which much of the orographic precipitation detected by the TRMM 2B31 data
precipitation on the TiP is originating. The choice of the set. However, the same authors also discussed the limitations
physical parameterisation scheme will thus be always a comef this data set, in particular the low sampling frequency of
promise depending on the specific purpose of a model simuabout one overpass per day.
lation. Our study demonstrates the high importance of orographic
Many other model configurations could have been pro-precipitation, which is well captured as assessed on a qual-
posed and tested, but the comparatively small sensitivity tdtative basis. However, the problem of the orographic bias
the physical parameterisation schemes on the TiP suggestemains unsolved since reliable observational data are still
that further investigation should also focus on the modelsmissing.
response to the forcing data sets providing the initial and The results presented in this paper are relevant for anyone
boundary conditions. interested in carrying out a regional atmospheric reanalysis
In this study we do not apply bias correction for precipi- employing a NWP model. The benefits of NWP models over
tation, thus keeping the model results physically consistentusual gridded precipitation products are obvious: e.g. high
and the errors caused by the different elements of the exresolution in time and space, flexibility and reproducibility.
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The WRF model showed good accuracy in simulating snow- lar MM5 mesoscale model and in-situ data, J. Geophys. Res.,
and rainfall on the TiP for a one-month simulation period. 109, D16105d0i:10.1029/2003JD004452004. _
Our results encourage further investigations over longer simBox, J. E., Bromwich, D. H., Veenhuis, B. A., Bai, L.-S,,

ulation periods, and should also include further atmospheric Stroeve, J. C., Rogers, J. C., Steffen, K., Haran, T., and Wang, S.-
variables. H.: Greenland ice sheet surface mass balance variability (1988—

Many hydrological analyses and applications like rainfall- 2004) from calibrated polar MMS5 output, J. Climate, 19, 2783-

ff modelling or the analysis of flood events require not ., 2000, 200°
runcit moaeliing or the analysis or 1lood events requiré no Braun, S. A. and Tao, W. K: Sensitivity of High-Resolution Sim-

only precipitation accumulated over weeks and months but " ,jations of Hurricane Bob (1991) to Planetary Boundary Layer
also precipitation rates at daily or even hourly intervals.  parameterizations, Mon. Weather Rev., 128, 3941-3961, 2000.
Thus, our study offers a process-oriented alternative for reBromwich, D. H., Bai, L. H., and Bjarnason, G. G.: High-
trieving precipitation fields of high spatio-temporal resolu-  resolution regional climate simulations over Iceland using Polar
tion in regions like the TiP, where other data sources are lim- MM5, Mon. Weather Rev., 2005(133), 3527-3547, 2005.

ited. Bukovsky, M. S. and Karoly, D. J.: Precipitation Simulations Using

Nam Co research station, all data sets and the WRF mode] Clim-, 48, 2152-215%0i:10.1175/2009JAMC2186,2009
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ABSTRACT

Because of the scarcity of meteorological observations, the precipitation climate on the Tibetan Plateau and
surrounding regions (TP) has been insufficiently documented so far. In this study, the characteristics and basic
features of precipitation on the TP during an 11-yr period (2001-11) are described on monthly-to-annual time
scales. For this purpose, a new high-resolution atmospheric dataset is analyzed, the High Asia Reanalysis (HAR),
generated by dynamical downscaling of global analysis data using the Weather Research and Forecasting (WRF)
model. The HAR precipitation data at 30- and 10-km resolutions are compared with both rain gauge observations
and satellite-based precipitation estimates from the Tropical Rainfall Measurement Mission (TRMM). It is found
that the HAR reproduces previously reported spatial patterns and seasonality of precipitation and that the high-
resolution data add value regarding snowfall retrieval, precipitation frequency, and orographic precipitation. It is
demonstrated that this process-based approach, despite some unavoidable shortcomings, can improve the un-
derstanding of the processes that lead to precipitation on the TP. Analysis focuses on precipitation amounts, type,
seasonality, and interannual variability. Special attention is given to the links between the observed patterns and
regional atmospheric circulation. As an example of an application of the HAR, a new classification of glaciers on
the TP according to their accumulation regimes is proposed, which illustrates the strong spatial variability of
precipitation seasonality. Finally, directions for future research are identified based on the HAR, which has the
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potential to be a useful dataset for climate, glaciological, and hydrological impact studies.

1. Introduction

The Tibetan Plateau and adjacent mountain ranges
(TP)—Himalayas, Karakoram, Pamir, Kunlun, and Qilian
Shan (cf. Fig. 1)—play a crucial role for downstream hy-
drology and water availability in Asia (Immerzeel et al.
2010). Rainfall, snowmelt, and, to a lesser extent, glaciers
dominate the hydrological budget of the TP (Bookhagen
and Burbank 2010), but the relative importance of these
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factors varies largely between regions and watersheds
(Kaser et al. 2010). Most glaciers in the Himalayas (Bolch
et al. 2012) or on the Tibetan Plateau (Yao et al. 2012) are
retreating, but they show contrasting patterns of shrinkage
(Kaab et al. 2012). Local factors (e.g., exposition, topog-
raphy, and debris coverage) partly account for these dif-
ferences, but spatial and temporal heterogeneity of climate
and climate change (Palazzi et al. 2013) play a role that has
yet to be quantified, especially in the regions where in situ
measurements are nonexistent.

The TP climate is under the combined and competi-
tive influences of the East Asian and South Asian
monsoons (Webster et al. 1998) and of the westerlies
(Schiemann et al. 2009). The role of the TP as a con-
trolling factor for the Asian monsoon system and for
atmospheric circulation at hemispheric scale has been
studied for a long time (Hahn and Manabe 1975) and
continues to be a key research topic (e.g., Molnar et al.
2010; Wu et al. 2012). While the mechanical and thermal
effects of the highly elevated TP on global circulation
patterns has received much attention, the strength and
nature of the couplings between the various monsoon
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FIG. 1. Maps of the WRF model domains HAR30 (south-central Asia domain, 30-km resolution; 200 X 200 grid
points) and HAR10 (High Asia domain, 10-km resolution; 270 X 180 grid points). Glacier outlines from the
Randolph glacier inventory are drawn in blue, and the positions of the NCDC stations used for the validation are
indicated by white triangles. Geographical locations mentioned in the text are indicated.

systems and the westerlies and especially their effects on
TP precipitation variability remain less studied so far.

A substantial part of precipitation on the TP falls as
snow. Spring TP snow cover has been proven to be a
significant predictor for southwest Asian monsoon var-
iability (Immerzeel and Bierkens 2010). The variability
of snowfall frequency and intensity during spring/
summer and related surface albedo conditions on gla-
ciers also have a considerable impact on glacier mass
balance. The timing and amount of snowfall in the early
ablation (mass loss) season is a key process for the sur-
face energy balance of glaciers and anomalous events
(either dry or wet) initiate effects that can persist during
the entire ablation season (e.g., Molg et al. 2012; Yang
et al. 2011, 2013). Glaciers on the TP are diverse in type
regarding accumulation and ablation patterns, which are
largely tied to precipitation amount and seasonality
(Fujita 2008; Shi and Liu 2000).

The major reason for our lack of knowledge about
the TP climate is the paucity of meteorological data.
Permanent weather stations are scarce and confined to
lower altitudes (Qin et al. 2009) and therefore are not
representative of the high mountain climates. Global
reanalysis datasets have coarse resolution that limits
their representation of the mountainous topography.
Of all climatological elements affected by topography,
precipitation is probably the most complex and the most
poorly represented by coarse-resolution grids (e.g., You
et al. 2012; Bohner 2006).

Regional numerical weather prediction (NWP) models
can be used to simulate precipitation fields and other me-
teorological variables at a high-spatiotemporal resolution.

Longer time spans of years to decades can be simulated
by NWP models by successive reinitialized model runs
of shorter periods forced by large-scale observational
datasets (e.g., Lo et al. 2008). In this study, we present
a dataset generated using this method, that provides
a tool to study atmosphere-related processes on the TP
[the High Asia Reanalysis (HAR), described in section
2]. The HAR spans a period of more than 11 yr (October
2000-December 2011) and comprises two datasets with
different spatial coverage and objectives: a domain of
30-km resolution including most parts of south and
central Asia and a nested domain of 10-km resolution
covering the TP and most parts of High Asia (Fig. 1). For
simplicity, we use the acronym TP when referring to the
Tibetan Plateau and surrounding mountain ranges as
comprised in the 10-km-resolution High Asia domain.
The purpose of this study is twofold:

(i) describe the characteristics of precipitation (amount,
type, seasonality, and variability) on the TP at
monthly to annual time scales and obtain a more
spatially detailed pattern than is possible from the
few available observations (Fig. 1), as far as allowed
by the accuracy and the resolution of the HAR and

(ii) provide some insights into the factors that lead to
precipitation on the TP and propose perspectives
for future research based on the HAR.

Producing accurate precipitation data using an atmo-
spheric model is not trivial. Maussion et al. (2011, here-
after MA11) conducted a sensitivity analysis for a 1-month
period during which strong rainfall and snowfall occurred
on the TP and evaluated the model precipitation output
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with (i) eight different physical parameterization schemes
and (ii) several nesting and reinitialization configurations.
No physical parameterization scheme outperformed the
others for all the tests, but much effort went into choosing
the model setup that performs best to produce the dataset
presented in this study. In the first part of this paper, we
assess the HAR precipitation output for the 11-yr period
and evaluate its accuracy and potential errors. This
evaluation is carried out by all available means; that is, by
comparing the simulated precipitation with available
surface and satellite observations but also by analyzing
precipitation patterns and seasonality in the broader
context of our current knowledge about precipitation in
complex terrain and on the TP. The temporal resolution
and extent of the HAR allows the analysis of processes
from hourly to interannual time scales. In this study, we
will not analyze diurnal cycles of precipitation or single
stochastic weather events, although such aspects could
also be addressed with the HAR dataset (see MA11).
In the following section, we describe the methods used
to produce the HAR. The datasets used for the validation
of the precipitation data are described in section 3. In
section 4, we present and discuss the results. Section 5
shows an application example and provides a new map of
glacier accumulation regimes based on precipitation sea-
sonality. In section 6, we draw the conclusions of our study.

2. The High Asia Reanalysis dataset

To obtain gridded meteorological data at high-spatial
and high-temporal resolutions, one general approach is
to dynamically downscale a gridded global dataset that
has been produced by data assimilation of a multitude of
quality-controlled observations. Through data assimi-
lation on the global scale, the resulting analysis or
reanalysis dataset represents a physically consistent
“best guess’ of the state of the atmosphere at each time
(usually at 6-h intervals). One of the basic requirements
of our approach is that the downscaled data should rep-
resent as closely as possible the information that suitable
observations would have delivered. This implies that the
conditions at Earth’s surface influencing atmospheric
processes, particularly in the boundary layer, need to be
described in sufficient spatial detail.

Lo et al. (2008) analyzed different dynamical down-
scaling methods and showed that consecutive reinitialized
runs outperformed continuous long-term integrations
with a single initialization, in particular when the re-
initialization frequency was weekly instead of monthly.
Other studies (e.g., von Storch et al. 2000) have success-
fully applied spectral nudging to continuous long-term
integrations for dynamical downscaling, a technique that
prevents the model from drifting away from the driving
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large-scale states while concurrently allowing the devel-
opment of mesoscale processes. The major drawback of
the latter method for our purposes is that no reinitializa-
tion takes place during which assimilated observations
could possibly correct drifts in the land surface model or
near-surface atmospheric variables.

MAT11 tested different options for dynamical down-
scaling using reinitialization. Using almost the same
domain as in this study, they showed for a test case that
reinitialization sequences of daily runs outperformed
weekly simulations. Based on these findings, we decided
to follow a daily reinitialization strategy, which addi-
tionally prevents the land surface model from drifting
away from the states provided by the analysis data.
Several studies made use of this technique for regions
of comparable environment (complex terrain and scarce
observations): for example, Iceland (Bromwich et al.
2005), Greenland (Box et al. 2006), and the Arctic
(Wilson et al. 2011).

The NWP model used to generate the HAR is the
Advanced Research Weather Research and Forecasting
model (WRF-ARW; Skamarock and Klemp 2008). The
dataset consists of consecutive reinitialized model runs
of 36-h time integration. Each run starts at 1200 UTC.
The first 12h from each run are discarded as spinup
while the remaining 24 h of model output provide 1 day
of the 11-yr-long time series. The model configura-
tion used for the HAR is summarized in Table 1. The
model is forced with the GFS operational model global
tropospheric analyses [final analysis (FNL); dataset
ds083.2], which are available every 6 h and have a spatial
resolution of 1°. FNL data rely on numerous data sources,
such as remote sensing data from Earth observing
satellites assimilated together with surface and upper
air reports from global observation networks. The data
include pressure, geopotential height, temperature, dew-
point temperature, and wind direction and speed (National
Centers for Environmental Prediction 2014). In the de-
velopment phase of the HAR, the Interim European
Centre for Medium-Range Weather Forecasts (ECMWF)
Re-Analysis (ERA-Interim) dataset (Dee et al. 2011)
was evaluated as a possible forcing dataset. We found
that the accuracy of the HAR precipitation was im-
proved when driven by FNL (Figs. S1-S3; see supple-
mentary material). Moreover, initialization issues with
ERA-Interim related to the treatment of snow cover
in heavily glaciated grid cells' (Collier et al. 2013; Figs.
S4-S6) and a summer cold bias on the TP further sup-
ported the choice of FNL.

! In ERA-Interim, snow depth is arbitrarily initialized at 10 m for
grid cells with greater than 50% glacier coverage.
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TABLE 1. HAR model strategy.

Map and grids

Map projection Lambert conformal

Center point of domain 30.0°N, 87.0°E

Number of vertical layers 28

Horizontal grid spacing 30km and 10 km

Unstaggered grid points 200 X 200 and 270 X 180

Static geographical fields ~ U.S. Geological Survey (USGS)
dataset at 10’ and 5’ resolution,
glacier outlines from the RGI V1

Timing
Simulation period October 2000-September 2011
Time step 120s and 40s

Nesting strategy
Nesting Two-way nesting in cascade

simulations

Forcing strategy
Boundary conditions National Centers for Environmental
Prediction (NCEP) FNL from
Global Forecast System (GFS)
operational model global tropo-
spheric analyses (1°, 6 hourly)

NCEP Marine Modeling and
Analysis Branch (MMAB)
real-time global SST (RTG_SST)
analysis (0.5°, daily)

WRF model inland water module

Sea surface temperature

Lake surface temperature

(avg_tsfc)
Initialization Daily
Runs starting time Daily, 1200 UTC
Runs duration 36h
Spinup 12h

Physical parameterization schemes
Shortwave radiation Dudhia scheme
Longwave radiation Rapid Radiative Transfer Model
(RRTM)

Cumulus parameterization New Grell-Devenyi 3 sheme

Microphysics Modified Thompson scheme
Land surface model Noah land surface model (LSM)
PBL Mellor-Yamada—Janji¢ turbulent

kinetic energy (TKE)

In this study, a few minor setup changes with respect
to MA11 were made, including upgrading the WRF
model to version 3.3.1 and using the recently introduced
inland water surface temperature initialization module.
Since we expect the HAR dataset to be used as input
data for hydrological and glaciological modeling, an
adequate representation of ice-covered ground is im-
portant. Thus, we updated the original ice mask in the
geographical land cover data with the Randolph glacier
inventory, version 1.0 (RGI V1; Arendt et al. 2012).
Since these modifications have a limited impact on the
model output at regional scale (Collier et al. 2013), they
will not be discussed here. The two-way nested cascad-
ing approach defined in MA11 has been followed here
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too. First the 10-km-resolution domain is run within the
30-km domain using the two-way nesting option, and
then the 30-km-resolution domain is run alone to avoid
inconsistencies due to the presence of the child domain.
This allows us to consider the WRF model at 30km
(HAR30) and WRF model at 10km (HAR10) as two
different, complementary datasets.

Our approach using dynamical downscaling with short-
term integration and daily reinitialization can be called
“regional reanalysis,” following the ideas of, for exam-
ple, Kanamitsu and Kanamaru (2007) or von Storch
et al. (2000), who concluded that dynamical downscaling
using spectral nudging may be seen as an indirect data
assimilation technique. For the HAR we have not, how-
ever, performed data assimilation on the regional level,
as is the case with “true” regional reanalyses like the
North American Regional Reanalysis (NARR). Be-
cause of the scarcity of both surface observations and
radio soundings as well as their inaccessibility, varia-
tional data assimilation is not possible for the TP. To our
knowledge, such a comprehensive and process-based
dataset is currently unique for the TP, and therefore the
HAR is intended to fill a gap where other regional re-
analyses are not available.

For the potential users of the dataset (atmospheric
scientists, hydrologists, glaciologists, etc.), the WRF
model output has been postprocessed for easy use. We
provide separate data files per variable, per year, and per
time aggregation (hourly, daily, monthly, and yearly), as
well as vertically interpolated fields at standard pressure
levels in addition to the model sigma levels. A webpage
has been created for HAR users where the data can be
downloaded (available at http://www.klima.tu-berlin.de/
HAR). The range of applications of this dataset is rich
and unexplored. So far, the HAR has been used by Molg
et al. (2012, 2014), who employed the HAR as input for
a glacier energy and mass balance model; by Kropacek
et al. (2013), who quantified the relation of air temper-
ature and wind speed to the icing periods of large lakes
on the plateau; and by Dietze et al. (2014), who analyzed
sediment transport processes at four sites on the plateau.

We used the daily, monthly and yearly products from
HAR30 and HARI10 (version 1) for this study. We
consider the time span of October 2000-September 2011
but for simplicity we use the term ‘“‘decade” for these 11
hydrological years. For the seasonality analyses we use the
classical quarters: December—February (DJF), March—
May (MAM), June-August (JJA), and September—
November (SON). To avoid singularities we removed 10
and 5 grid points from the HAR30 and HAR10 domain
boundaries, respectively. Unless specified otherwise, all
figures and analysis are made using the original model
grids.
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3. Validation data and assessment methods
a. Weather stations

The HAR precipitation data are compared with rain
gauge precipitation records from the “Global Summary
of the Day” provided by the National Climatic Data
Center (NCDC). We conduct our evaluation for the TP
region. Thus, the weather stations selected for this study
must satisfy two criteria: they are located within the
HAR10 domain and are located above 2000 m MSL. We
built monthly aggregated time series of precipitation
rates (mmday '; day is abbreviated by d in figures)
based on daily values and discarded months where less
than 90% of the records were available. To ensure
a correct reconstruction of the seasonal cycle at each
station, we discarded the stations that did not include at
least three valid months of each calendar month during
the decade. After this filtering, 31 stations are left, of
which 26 provide a gap-free time series, four contain a
1-month gap, and one has 51 valid months. The weather
stations are not homogeneously distributed over the
study region (Fig. 1), since they lie in more densely
populated regions in the southern and eastern parts of
the TP. In fact, some climatic precipitation regimes are
not represented by this station population. To compare
gridded precipitation data with the rain gauges, the
nearest grid point is taken without interpolation (other
interpolation methods—bilinear and cubic—did not
change the results significantly). We use standard skill
scores statistics for the assessment: mean deviation
(MD; or mean bias), mean absolute deviation (MAD),
and Pearson correlation coefficient r. For the daily
precipitation occurrence statistics we use the Heidke
skill score (HSS; Wilks 1995), computed from a con-
tingency table (MA11, their Table 2). The HSS can
only evaluate the detection or nondetection of discrete
events; therefore, the tested events are defined as fol-
lows: precipitation exceeds a threshold 7. The HSS in-
dicates the capability of a simulation to be better or worse
than a random simulation and ranges from —1 to 1 (1 for
a perfect simulation and 0 for a random guess).

b. TRMM precipitation

Because of the uneven spatial distribution of the sta-
tions, we also compare the HAR precipitation output to
precipitation estimates from the Tropical Rainfall
Measuring Mission (TRMM). The TRMM precipitation
estimates are derived from a combination of remote
sensing observations calibrated against a large number
of rain gauges on a monthly basis. In this study, the 3B42
(daily) and 3B43 (monthly) version 7 products are used
(Huffman et al. 2007). The TRMM dataset covers the
regions between 50°N and 50°S with a spatial resolution
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of 0.25°. It has been previously used to study convective
activity on the TP (Yaodong et al. 2008) and in northern
India (Medina et al. 2010), to study the diurnal cycle of
precipitation over the TP (Zhou et al. 2008), and to
validate atmospheric modeling studies (Chow and Chan
2009; MA11). The resolution of the TRMM 3B43
product (~28km) allows a quantitative evaluation of
HAR30 precipitation only.

As indicated by its name, TRMM was primarily
designed for measuring tropical (i.e.: convective)
rainfall. It has been shown that its accuracy on the TP is
affected by sampling problems because of low grid
resolution (Bookhagen and Strecker 2008; Yin et al.
2008). The authors of the latter study emphasize that
TRMM performs poorly during winter, because of the
presence of snow and ice over the TP (snow and ice
on the ground scatter microwave energy in a similar
fashion as ice crystals and raindrops in the atmo-
sphere). Therefore, TRMM estimates in winter and
more generally over the TP region should be analyzed
with care.

Additionally, we used the 1998-2009 rainfall cli-
matologies from Bookhagen and Burbank (2010).
This dataset is processed from the TRMM 2B31
product and is a rainfall estimate at higher resolution
than the TRMM 3B43 product (~5km). Only the
mean decadal climatologies are freely available, and
they are computed for a slightly different period than
the decade we consider. Therefore, we use the TRMM
2B31 dataset to qualitatively compare orographic
precipitation with the HAR10 precipitation product.

4. Results and discussion
a. Seasonal climatologies at the synoptic scale

An overview of DJF and JJA climatologies derived
from HAR30 is provided in Fig. 2. In DJF (left panel),
a geopotential height (GPH) gradient produces strong
westerly winds (Figs. 2c,e) over much of the domain
(the GPH maximum, hidden by the color scale, is lo-
cated at ~13°N). The winter monsoonal land to sea
breeze (e.g., Qian and Lee 2000) characterizes the
surface wind regime in the tropics (Arabian Sea, Bay of
Bengal, and South China Sea; Fig. 2a). On the TP the
westerlies dominate while in the north, surface winds
are heterogeneous. The DJF season is mostly dry (Fig. 2a):
precipitation occurs over land 1) in central Asia and
western TP as a result of the orographic uplift of the
westerly flow, 2) at coastal areas under moist sea-
breeze flow (e.g., Vietnam, Malaysia, Sri Lanka), and
3) in southern China.

In JJA, the core Asian summer monsoons (ASM)
season, the circulation patterns change dramatically.
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FIG. 2. Decadal (2001-11) seasonal means in the HAR30 dataset for (left) DJF and (right)
JJA. (a),(b) Total precipitation and 10-m wind vectors (every fifth grid point). (c),(d) Geo-
potential height and horizontal wind vectors at the 500-hPa level. Note that the color scale
represents a different range for winter (low: 5.24 km; high: 5.89 km) and summer (low: 5.67 km;
high: 5.90km). (e),(f) Horizontal wind speed (ms™!; gray shades) and potential temperature
(K; dashed color contours) along a latitude—pressure transect at 90°E. Dashed gray contours

represent negative zonal wind.

The reversal of surface winds over oceans and coasts is
characteristic of the monsoonal climate (Fig. 2b). The
westerly flow is weaker and the main jet axis is shifted to
the north (40°N; Fig. 2f) as a result of the summer hemi-
sphere heating. Simultaneously, the tropical easterly jet

forms in the upper troposphere. The warmest air in the
free atmosphere is now located south of the TP as evi-
dent from the potential temperature field, as a result of
both surface and convective heating. Two midtropo-
sphere low pressure systems characterize the mean
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FIG. 3. Comparison of monthly precipitation rates (mmday'; 2001-11) with NCDC stations observations (31 stations; 4007 valid
months). (top) Scatterplots of HAR30, HAR10/30, HAR10, and TRMM 3B43 and statistical scores », MD (mmday '), and MAD
(mmday~'). HAR10/30 is constructed by spatially averaging HAR10 on the HAR30 grid. (bottom) Monthly precipitation time series

(mm day ") averaged for all stations.

atmospheric circulation patterns at 500 hPa (Fig. 2d;
Wang 2006): the monsoonal depression over India
(which extends from the surface up to ~400 hPa) and the
thermal low over the TP (confined to the TP boundary
layer). Surface winds over the TP and partly over India
follow the 500-hPa flow, with the exception of the Ara-
bian Sea where surface winds are flowing in the opposite
direction (they follow the Somali jet at ~850 hPa; not
shown). The combined blocking effects of topography
and of the Tibetan low seem to divide the 500-hPa
westerly flow reaching the TP in a south and north
stream. As a result of the ASM circulation, precipitation
is observed at the Indian southwest coast, in Bangladesh,
in the Indochinese peninsula, and in southeast China
(Fig. 2b). The blocking effect of the Himalayas on the
low-level atmospheric flow is clearly visible, as well as
the orographically induced precipitation spells at the
mountain ridges. The Pamir and Karakoram mountain
ranges are mostly dry, but the Tien Shan is wetter than in
DJF.

b. Comparison with observations

1) MONTHLY PRECIPITATION

We compare HAR and TRMM monthly precipita-
tion with station observations in Fig. 3. The top panel
shows the scatterplots and skill statistics for all sta-
tions and months. The results indicate an improvement

between HAR30 and HARI10, as the former tends to
overestimate precipitation and shows larger scatter. This
confirms the findings of MA11 and other studies (e.g.,
Heikkila et al. 2011) that demonstrated the positive ef-
fect of higher resolution in complex terrain on simulated
precipitation. The added value of higher resolution is
also evident when spatially averaging the HAR10 da-
taset on the HAR30 grid (HAR10/30). The HAR10/30
still shows an improvement to HAR30 and has even
slightly better correlation values than HAR10, while the
other HAR10 scores remain better. The TRMM 3B43
product better explains the variance at the stations
(higher correlation and lower MAD) but has a larger
positive bias (MD).

Precipitation seasonality and interannual variability is
well reproduced by the HAR (Fig. 3, bottom panel).
Anomalous events on the TP, such as the driest year
2006 or the wet winter of 2008, are well represented. For
the averaged time series, HARI10 is closer to observa-
tions than the TRMM 3B43 product (MD of 0.089 and
0.26mmday ' and MAD of 0.23 and 0.26mmday*,
respectively). However, the HAR diverges from the
station data after 2007 in the summer months. The
reasons for the disagreement are unclear, but the shift
could be related to changes in the FNL assimilation
system that occurred in 2007 (K. Manning 2013, per-
sonal communication). We compared HAR30 with the
TRMM 3B43 product over the HAR30 domain and
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FIG. 4. (a) Histograms of daily precipitation amounts in the NCDC stations, HAR10, and
TRMM data (note the logarithmic scale of the y axis) and (b) HSS for daily precipitation.

found that the statistical metrics are regular and con-
stant throughout the decade, and no singularities could
be detected (see Fig. S7 in the supplemental material).
Similarly, we reproduced the analysis presented in
Fig. 3 for all stations available in HAR10 (not only on
the TP, thus doubling the number of stations) and
found that (i) the updated scores confirms the results of
Fig. 3 and (ii) the period 2007-11 does not appear to be
singular (Fig. S8). Therefore, we argue that this shift
either is only occurring on the TP or is an artefact re-
sulting from the small number of stations used for the
validation.

In Fig. S9 of the supplemental material, we present
further validation analysis, this time by considering the
mean seasonal cycle at each station location. Most sta-
tions have a characteristic summer precipitation regime
but there are variations in both shape and magnitude
that are captured by the HAR. It is worth noting that
both TRMM and HAR show inconsistent deviations
(positive or negative) at stations located close to each
other. Since both datasets are produced with a spatially
consistent methodology, these discrepancies are proba-
bly related to spatial sampling problems.

2) DAILY PRECIPITATION

One of the key objectives of the regional reanalysis is
to represent past weather and therefore to be able to
trace precipitation events (see MA11 for a day-by-day
analysis of a severe precipitation event on the TP).
Figure 4a shows the histograms of daily mean precip-
itation at the station locations for HAR10 and TRMM
3B42. The three histograms are close to each other for
lower precipitation amounts (about 92% of all days are
found in the 0-5S mm day ! bin), but TRMM 3B42 over-
estimates the frequency of higher precipitation amounts
(Zhou et al. 2008 also report that TRMM overestimates
the frequency of precipitation in the diurnal variation).

The HARI1O0 histogram is close to the stations, even for
the extreme events. The HSSs of TRMM 3B42 and
HAR10 are displayed in Fig. 4b. The HAR is closer to the
stations for small thresholds, a feature that could be
a result of the known problems of TRMM in detecting
small raindrops and other issues related to irregular sat-
ellite overpasses (Kidd and Levizzani 2011). The HSSs
decay rapidly for larger thresholds and faster for HAR10
than for TRMM 3B42. For higher amounts HAR10
performs better again, in accordance with the histograms
presented in Fig. 4a.

c. Precipitation over the TP and orography

Figure 5a shows the decadal mean of HAR10 annual
precipitation over the TP. There are large regional con-
trasts, from less than S0mmyr ' in the Tarim basin to
more than 6000 mm yr ' (35 grid points) in the southeast
Himalayan foothills. As shown in Fig. 2b, the moist flow
originating in Bay of Bengal is blocked by the Himalayas
and redirected northwest following the range, generating
an east—-west precipitation gradient. The uplift caused by
the Himalayan range generates an orographically in-
duced “‘precipitation barrier,” leaving the regions north
of the range with drier air masses and less precipitation.
On the TP, there is a clear southeast-northwest gradi-
ent, which is often attributed to the fact that most of
the moisture is transported from the southeast by the
monsoonal flow (e.g., Feng and Zhou 2012).

For completeness, we plotted TRMM 3B43 mean
precipitation for the same period (Fig. 5b) and the 1998-
2008 rainfall decadal mean from TRMM 2B31 (Fig. 5¢).
Similar features are observable in all three datasets: for
example, the location of precipitation maxima, the gra-
dients, the precipitation belt along the Himalayas, and
the dry Tarim and Qaidam basins. However, HAR10
and TRMM 2B31 are more in agreement for detailed
patterns such as the dry spell in the lee side of the
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FIG. 5. Decadal means of annual precipitation for (a) HAR10 and (b) TRMM 3B43, (c) annual rainfall for
TRMM 2B31, and (d) percentage of HAR10 precipitation falling as snow. Note that the decadal mean for TRMM
2B31 (1998-2008) covers a different period than HAR10 and TRMM 3B43 (2001-11).

Himalayas. The influence of orography is less pro-
nounced in TRMM 3B43 on the TP, while it plays an
obvious role in triggering precipitation in TRMM 2B31
and HARI10. The largest differences at regional scale
between HAR10 and TRMM 3B43 are found in the
Pamir and Karakoram regions and in northwestern Ti-
bet. These regions experience mostly winter pre-
cipitation (Fig. 2a), with the majority falling as snow
(Fig. 5d). The regions with large snowfall contribution to
the total precipitation are the high mountains and the
northwestern part of the TP, where temperatures are
lower.

Interestingly, regions with larger discrepancies between
TRMM and HARI10 correspond to areas with higher
snowfall percentages. This is corroborated in Fig. 6,
which shows the relative difference between TRMM
3B43 and HAR10 plotted against snowfall contribution
at each grid point. There is a clear relationship between
precipitation difference and snowfall, which is consis-
tent with results of previous studies of possible TRMM
detection errors of frozen precipitation (e.g., Yin et al.
2008). Although it is generally difficult to quantify the
accuracy of the HAR snowfall data, there is support
from studies in high mountains that the WRF model is
able to reproduce observations (e.g., Molg and Kaser
2011; Molg and Scherer 2012). We repeat the analysis of
Molg and Scherer (2012) at one station location where

snowfall information was available (Fig. S10 in the
supplemental material) and found that the HAR cap-
tures well the phase of the precipitation compared with
observations.

Bookhagen and Burbank (2010) suggested that two
topographic classes can be defined along the Himalayas:
either (i) the mean topography rises more or less steadily
to an average elevation of 5km (one-step topography)
or (ii) it follows a two-step morphology in which the
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outer step corresponds to the Lesser Himalayas and the
inner step to the Higher (Greater) Himalayas. The au-
thors showed that precipitation in TRMM 2B31 mimics
these two classes of topographic profiles. Such patterns
are expected and known from the underlying processes
of mountain-airflow interactions (e.g., Colle 2008). To
evaluate HAR10 precipitation in this context, we com-
puted the mean transect precipitation along several
profiles and show examples of the two classes in Fig. 7.
The HAR precipitation profiles follow similar features
as the profiles in Bookhagen and Burbank (2010, their
Fig. 7) but seem to slightly underestimate precipitation
maxima, perhaps because of the coarser resolution of
the HAR. This analysis underlines the importance of
topography and snowfall for precipitation patterns on
the TP and the added value of high-resolution modeling
in this region.

Altogether, these results give confidence in the accu-
racy of the HAR with respect to the requirements of this
study and indicate that it is free of a systematic pre-
cipitation error. Previous studies reported that the WRF
model overestimates precipitation in mountainous ter-
rain (e.g., Caldwell et al. 2009), but we find no evidence
for this. Area averaged over the whole HAR10 domain,
the model produces 15% more precipitation than TRMM
3B43 (734 versus 636 mm yr ', respectively), which we
assume to be partly related to problems of TRMM
snowfall retrievals.

d. Precipitation timing and seasonality on the TP

Figure 8 shows the contribution of each season to
annual precipitation during the last decade. The Kar-
akoram and Pamir regions form one coherent unit, with
most precipitation falling in DJF and MAM and almost
no precipitation in JJA. Precipitation in MAM shows

two bands (north and south of the TP), indicating that
these two spells have different origins. Most precipi-
tation in the domain falls in JJA, especially in India and
central TP but also in the northeasterly Qilian Moun-
tains. In SON the patterns are fairly uniform, repre-
senting 10%-20% of the annual precipitation.

We analyze the seasonal cycle of precipitation in Fig. 9,
this time by showing the contribution of each month to
the annual precipitation, together with mean horizontal
wind vectors at the 500-hPa level. With a height of ap-
proximately 5700 m, this level is a good indicator for the
TP boundary layer flow. We start the description of the
annual cycle in October, beginning of the hydrological
year and end of the monsoon period. Low precipitation
occurs in the southeast of the domain, and the winter
precipitation season in the northwestern TP is starting.
The seasonal cycle of precipitation in the northwest is
tied to the location of the jet stream (Schiemann et al.
2008). Moisture is brought by southwesterly cyclones
from the east of the Mediterranean and the Arabic Sea
but under the stable winter conditions precipitation is
mostly triggered by orography (e.g., Jiang 2003). From
November to March, the 500-hPa zonal flow is constant
and hardly perturbed by the mountains. The maximal
winter precipitation intensity is reached in February. In
March, the westerly jet starts to shift to the north,
marking the beginning of the precipitation season in
northern TP, which culminates in May—June. The first
disturbances of the winter zonal flow occur in April,
and the first indications for the formation of the Ti-
betan low appear in May. The center of this cyclonic
system is not located in the south of the TP as one might
expect because of stronger solar heating. Its location
could be related to a combination of thermal and dy-
namical effects (Sugimoto and Ueno 2010).
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FIG. 8. Contribution (%) of DJF, MAM, JJA, and SON to the HAR10 mean annual precipitation.

The cyclonic circulation on the plateau is established
months before the monsoonal circulation, characterized
by a reversal of the flow south of the Himalayas. The
circulation patterns on the TP during the transition phase
(May—-June) suggest a combined influence of southerly
and westerly flows on precipitation on the TP. The cir-
culation conditions remain stable in July and August, and
the wet spell on the TP originates from its southern and
eastern parts. There is an abrupt transition between the
dry Pamir—Karakoram region and the wetter Pakistan
lowlands. Finally, in September the Tibetan low decays
and the remainder of the summer precipitation is evenly
distributed over the TP.

e. Precipitation frequency and role of convective
precipitation

Figure 10a shows the average number of precipitation
days (>1 mmday ) per hydrological year. The number
of precipitation days is related to precipitation amounts
(cf. Fig. 5a), but this relationship is neither constant nor
linear, as shown in Fig. 10c. As indicator for the occur-
rence of strong precipitation events, we count the small-
est number of precipitation days needed to reach 50% of
the yearly precipitation amounts (on average) and we
divide it by the number of precipitation days shown in
Fig. 10a to obtain Fig. 10b. A location with constant and
regular precipitation days will then have a value of 50%,
and a location with mostly light precipitation days but
with a few strong precipitation events will have a lower

value. We see in Fig. 10c that the number of days needed
to reach 50% of the yearly precipitation is less dependent
on the precipitation amount than precipitation frequency:
it quickly reaches a value of approximately 25 days.

Most locations subject to strong precipitation events
are located south of the TP. The most critical regions
(where less than 15% of the precipitation days suffice to
reach 50% of the annual precipitation amount) are not
located in northeastern India, where most precipitation
occurs, but in Pakistan and northwestern India, regions
known to have experienced severe floods in the last de-
cade (Webster et al. 2011) or cloud bursts (Kumar et al.
2012). On the plateau, Figs. 10a and 10b indicate less
strong but more frequent precipitation events, in accor-
dance with observational studies that documented the
regularity of summer precipitation in central TP (Ueno
et al. 2001) and a pronounced diurnal cycle related to
frequent local convective activity (Liu et al. 2009).

The contribution of convective precipitation as di-
agnosed by the model physics to the annual precipitation
is shown in Fig. 11. Precipitation is mostly convective in
India, in the south ridge of the Himalayas and in large
valleys, but barely any convection is triggered in higher
mountains and in areas with frequent snowfall. An-
other large area of convective precipitation is found in
central TP, in accordance with the results of several
studies (e.g., Fu et al. 2006). Interestingly, the location
of the center of the summer low pressure system on the
TP (Fig. 9) does not match with the maximum occurrence
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FIG. 9. Contribution (%) of each month to the HAR10 mean annual precipitation and mean monthly 500-hPa wind vectors (plotted
every eighth grid point).

of convective precipitation, which is located more to the
south. The location of the two areas of convective pre-
cipitation in Fig. 11 (central and eastern TP) matches
well observations by Sugimoto and Ueno (2010, their
Fig. 1).

f- Precipitation interannual variability

In addition to precipitation amount and regime, the
variability of precipitation is important in characterizing
a region’s hydrological features. In Fig. 12, we describe
interannual variability during the last decade consider-
ing hydrological years. We use the coefficient of varia-
tion ¢, of annual precipitation, which is defined as the
ratio between the standard deviation and the mean
of precipitation. This metric provides more useful

information than the standard deviation alone, since the
latter is strongly related to precipitation amounts. The ¢,
is high in western and central TP and in northwestern
India and is rather low in elevated areas and in the east
(Fig. 12a). The relationship between the ¢, and annual
precipitation is shown in Fig. 12b. The ¢, is, on average,
only slightly related to precipitation for high amounts
but much more for small amounts (e.g., Tarim and
Qaidam basins). As proposed by Jurkovi¢ and Pasari¢
(2013) based on the earlier work of Conrad (1941), we
define the theoretical expected ¢, as a decreasing hy-
perbolic function,

B
ec =_—+A, (1)
P+
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FIG. 10. Precipitation frequency and occurrence of large precipitation events. (a) Average number of precipitation days (>1 mm day ')
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precipitation amount and the number of precipitation days per year. (¢) Number of precipitation days (blue) and number of precipitation
days needed to reach 50% of the annual precipitation amount (red) vs mean annual precipitation. The curves represent 0.1-m-wide binned

means with =10 error bars.

where P is the mean annual precipitation and A, B, and
C are parameters to be obtained by least squares fitting.
We obtain 17.17% for A, 5.99myr ' for B, and
0.10myr ! for C. Our constant A (representative of ec,
for high precipitation amounts) is similar to the one
from Jurkovi¢ and Pasari¢ (2013) of 15.37%. Unlike
Jurkovi¢ and Pasari¢ (2013), who computed ec, for the
whole globe, our ec, is representative for the HAR10
region only. We use this theoretical curve to compute
the ¢, anomaly c,a, which is defined as the difference
between the ¢, and the ec, at each grid point. The re-
sulting purple (brown) areas in Fig. 12¢ correspond to
areas with higher (lesser) variability than “expected” in
the domain. For instance, it appears that the relatively
dry Qaidam basin has a high ¢, but a negative c,a, which
means that it has a smaller interannual variability than
expected from the annual precipitation amounts. North-
western India and Pakistan show the strongest positive c,a
(these regions correspond to the positive difference be-
tween the binned mean curve and the ec, around 1 myr "
in Fig. 12b). The central and western TP also show more
interannual variability than their neighboring TP areas.

In Fig. 13, we reproduce the analysis for the three
precipitation seasons, DJF, MAM, and JJA. Precipitation
in DJF has a spatially regular interannual variability, of
about 20%-25%. The areas with higher variability are
located at the southern edges of the Karakoram, where
the influences of western disturbances that drive winter
precipitation may be less continuous in this season. In
MAM, the highest interannual variability is observable
in the northwestern Tarim basin and, importantly, in
the southeastern Himalayas (here the variability of the
Indian summer monsoon onset probably accounts for
a larger than average interannual variability of pre-
cipitation). The patterns of ¢, and c,a in JJA resemble
those of annual precipitation (Fig. 12¢), which means
that most of precipitation interannual variability is ex-
plained by summer precipitation variability.

5. An application example: Classification of glacier
accumulation regimes

As discussed in the introduction, the TP hydrological
cycle is strongly dependent on precipitation amounts
and on seasonality. The works by Fujita (2008) and Molg
et al. (2012) emphasized the high sensitivity of glaciers
on the TP to precipitation seasonality. Shi and Liu (2000)
proposed a classification of the glaciers on the TP ac-
cording to their continentality (maritime, subcontinental,
and continental). Rupper and Roe (2008) proposed
another grouping into three classes (western, eastern,
and northern) according to the differences in spatial
and temporal variability of the glaciers during the last
glacial cycle.

In Fig. 14, we further propose a new classification
based on precipitation seasonality, computed using an
objective clustering approach. We used k-means clus-
tering (e.g., Wilks 1995) to define five distinct classes
that we named after the characteristics of their cluster
centers. We recognize two dominant classes with winter
(DJF) and summer (JJA) accumulation types and a third
class with less elements having the maximum precipita-
tion in MAM. Finally, we named two intermediate classes

FI1G. 11. Contribution (%) of convective precipitation to the total
annual precipitation.
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FIG. 12. Precipitation interannual variability for the 11 hydrological years (October 2000-September 2011). (a) Coefficient of variation
(%) of annual precipitation. (b) Coefficient of variation vs annual precipitation. The blue curve represents 0.1-m-wide binned means with

*10 error bars. The red curve is the expected coefficient of variation obtained by fitting a hyperbolic curve to the data points [Eq. (1)].
(c) Anomaly of the coefficient of variation, defined as the difference between the coefficient of variation and the expected coefficient [red

curve in (b)].

that tend to experience either winter (MAM/DIJF) or
summer (MAM/JJA) precipitation but with less pro-
nounced centers. The mean seasonal cycles of each class
are presented in Fig. 15. We recognize the three peaks of
the DJF, MAM, and JJA classes and see that the two
remaining classes have a less pronounced seasonality
but different tendencies (MAM/DIJF displays a February
precipitation peak and precipitation almost all year-
round; MAM/JJA experiences precipitation in MAM
and JJA but less in winter). All classes but DJF have
their minimum in November—December, while the DJF
class has a minimum in June-July.

One striking feature is the clear difference between
DJF (west) and JJA (central TP) regimes. The MAM
cluster is mostly located in northern TP but a few gla-
ciers can be found in southeast TP, together with a large
region of mixed type glaciers, which correspond to the

DJF

MAM

“maritime zone” defined by Shi and Liu (2000) or the
“spring-accumulation type” zone proposed by Yang
et al. (2013). Along the Himalayan range, we find gla-
ciers of varying types over very short distances, which
can be explained by the variability of precipitation re-
gimes in the Himalayas. For example, Kansakar et al.
(2004) identified as many as four different precipitation
regimes for Nepal alone. The orientation of the glaciers
and their location on the windward or lee side of the
range also play a significant role, illustrating the im-
portance of high spatial resolution in determining cli-
matic influences on glaciers.

6. Conclusions

The TP precipitation regime is influenced by both the
westerlies and the monsoons, as well as their interplay.

FIG. 13. Seasonal precipitation interannual variability for the 11 hydrological years (October 2000-September 2011). Coefficient of
variation ¢, and anomaly of the coefficient of variation c,a are shown, areas (i) where less than 25% of the annual precipitation occurs in
the considered season and (ii) with less than 25-mm average seasonal precipitation are masked in gray. Precipitation in SON is too low and
not presented here.
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F1G. 14. Classification of glacier accumulation regimes according to precipitation seasonality. A k-means clus-
tering algorithm is run on three input variables (percentage of precipitation falling in DJF, MAM, and JJA) and
with five output clusters. We focus on glacierized grid points only. (bottom left) Histogram plot showing the relative
occurrence of each class in the map with the color legend is described below. (bottom center),(bottom right) The
clusters are named after their cluster centers characteristics. Since SON is a linear combination of the three other

variables, it was not included in the clustering procedure.

The circulation dynamics create a complex puzzle for
geophysicists or palaeoclimatologists attempting to re-
construct and understand the signals in various climate
proxies. Furthermore, this task is made more difficult by
our incomplete understanding of the present-day cli-
mate dynamics (e.g., Molnar et al. 2010). In this study,
we did not attempt to explain and unravel all processes
that drive precipitation on the TP, but we described the
observed patterns and gave a framework for a better
understanding of spatial and temporal variability. We
showed that dynamical downscaling approaches like the
HAR provide a way to resolve the full process chain of
synoptic to regional dynamics for features such as pre-
cipitation and can provide details that are not repre-
sented in coarser datasets.

A crucial step was the evaluation of HAR precipitation
in section 4. We demonstrated an improvement when
increasing horizontal resolution from 30 to 10km,
quantitatively (by comparing to observations) as well
as qualitatively (in the reproduction of documented
orographic precipitation features). Further qualitative
indices consolidated our confidence in the reliability of
the HAR: for example, its realistic reproduction of
both (i) the known relationship between the coefficient
of variation and precipitation and (ii) the documented
characteristics of precipitation on the TP (weak, fre-
quent, and convective precipitation events). However,
these considerations are qualitative and do not allow
us to provide a quantitative uncertainty value of the
HAR precipitation outputs. In this regard, integrated
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approaches such as hydrological or glaciological mod-
eling will aid evaluation at the basin scale. Further-
more, since validation and benchmarking are made
difficult by scarce and imperfect observations, the new
global precipitation measurement (GPM) system (Hou
et al. 2014) or innovative cloud detection algorithms
(Riithrich et al. 2013) may help to improve the validation
in the future.

In general, the annual cycle of precipitation on the
TP is characterized by a winter precipitation regime
in the west, a spring precipitation regime in northern
and southern TP, and a summer precipitation regime
elsewhere. This led some authors such as Shi (2002) to
define the drivers of precipitation according to pre-
cipitation seasonality. In Fig. 1 of Shi (2002), the au-
thor draws a line along a southwest—northeast diagonal
on the TP, symbolizing the limit between ‘“monsoonal
precipitation” and ‘‘westerly precipitation.”” The use
of these designations is interpreting ‘‘synchronicity’ as
“‘causality.”” Our results do not contradict this view, as
shown by the large domination of summertime pre-
cipitation on the TP. However, with a closer look at the
seasonal cycle of precipitation on a monthly basis, we
obtain more complex patterns than commonly as-
sumed, especially on the central and northern TP,
where spring precipitation represents a substantial
part of the annual amounts. Recycling (moisture that
originates and stays on the TP) could play a non-
negligible role in the TP hydrological cycle and should
be quantified more precisely in the future. Recent studies
that quantify moisture transport and provenance on
the TP (e.g., Feng and Zhou 2012; Chen et al. 2012)
focused on summer months and used atmospheric data
from coarse-resolution global reanalysis. These studies
could be complemented by similar approaches based on
higher-resolution atmospheric datasets such as the
HAR.
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We identified regions with higher precipitation vari-
ability, either by analyzing the occurrence of strong
precipitation events or by showing regional anomalies of
the annual coefficient of variation. We see that both
indicators are high for some regions: for example, in
Pakistan and northwestern India. Located at the con-
fluence zone of the westerly and monsoonal flows, this
region may be more sensitive to variability of the syn-
optic atmospheric circulation. On the TP, precipitation
days are of rather constant intensity during summer but
the interannual variability in central and western TP is
larger than in the neighboring TP regions. The drivers of
interannual precipitation variability on the TP will be
the subject of a future study.

Glaciers in different precipitation regimes will re-
spond differently to changes in climate and shifts in
precipitation seasonality. In this study, we proposed
a new map of glacier accumulation regimes as one pos-
sible application for the HAR. Our analysis illustrates
the high spatial variability of precipitation seasonality
and provides a first approach for glacier energy and mass
balance considerations. The map resulting from this
cluster analysis emphasizes that glaciers on the TP
cannot be considered as one entity with uniform mass
balance sensitivity.
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1. Sensitivity experiments: ERA-Interim as forcing dataset

The ERA experiment is designed as follows:

Time period: four years (2002/03 and 2010/11).

Domain: HAR30

Forcing data: ERA-Interim (Dee et al., 2011), 0.75° resolution, 6-Hourly.

Model physics: unchanged
The validation is realized for seasonal means (DJF and JJA) using all NCDC stations
available in the HAR30 domain.

1.1 Comparison with weather stations: precipitation

Precipitation FNL DJF Precipitation ERA DJF Diff prcp ERA-FNL DJF

Figure S1: Upper panel: 4-yr averaged precipitation in winter (DJF) for FNL and ERA and their
difference over the HAR30 domain. Lower panel: mean deviations (bias, %) at each station
location for FNL and ERA, and closest dataset at each station (the closest dataset is indicated
when one experiment outperforms the other with at least 10 % difference). In total, 628 stations
are available for the validation. FNL has the smallest MD at 190 stations, ERA at 118. The patterns
of precipitation (and therefore of biases) are very similar (e.g. south to north band of positive and
then negative band over China), indicating that most of the differences are related to either WRF
or the same errors in both global datasets. On the TP in winter, ERA is wetter than FNL, with the
latter being closer to observations for the majority of stations.
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Precipitation FNL JJA Diff prcp ERA-FNL JJUA

Figure S2: Same as Fig. S1 but for summer (JJA). FNL (ERA) has the smallest MD at 196 (185)
stations. As for DJF, the patterns of biases in JJA are very similar, indicating that most of the
differences are related to either WRF or the same errors in both global datasets. On the TP the
performance of both forcing datasets is similar.
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Figure S3: Box plots of Annual Mean (Absolute) Deviation for all stations over
the HAR30 domain (628 stations) in % for FNL (blue) and ERA (red). The two
periods (2002/03 and 2010/11) are plotted separately. The whiskers are drawn
for the 05%, 25%, 50%, 75% and 95% percentiles. ERA has a marked positive
bias on average, but in absolute value both datasets have comparable
accuracies (FNL is slightly better).
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1.2 Comparison with weather stations: temperature

Temp at 2m FNL DJF Temp at 2m ERA DJF

o

0 E3 %E 100E

Mean Deviation FNL DJF

Figure S4: Upper panel: 4-yr averaged 2 m air temperature in winter (DJF) for FNL and ERA and
their difference over the HAR30 domain. Lower panel: mean deviations (bias) at each station
location for FNL and ERA, and closest dataset at each station (the closest dataset is indicated
when one experiment outperforms the other with at least 0.5 K difference). In total, 747 stations
are available for the validation. FNL (ERA) has the smallest MD at 150 (188) stations. The patterns
of temperature biases are very similar (e.g. too cold over the TP and most parts of the Indochina
peninsula, too warm in the north), indicating again that most of the differences are related to either
WRF or the same errors in both global datasets. On the TP in winter, ERA is significantly warmer
than FNL, and closer to observations.
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Temp at 2m FNL JJA

Temp at 2m ERA JJA Diff temp ERA-FNL JJA

ion FNL JUA

Smallest Mean Deviation JJA
VTG S e,

Figure S5: Same as Fig. S4 but for summer (JJA). FNL (ERA) has the smallest MD at 84 (93)
stations. The differences between the datasets are smaller in summer than in winter. There is an
obvious artefact in ERA over the Karakoram, which is due to the snow cover initialization in ERA
land surface model for gridpoints with more than 50% glacier area (Collier et al, 2013). Another
(unrelated) cold bias is visible in Pakistan and over the TP (approx 0.5 to 1 K).
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Figure S6: Box plots of Mean Deviation for all stations over the HAR30 domain
(747 stations) in winter (DJF, left) and summer (JJA, right). The whiskers are
drawn for the 05%, 25%, 50%, 75% and 95% percentiles. Temperatures are
much closer to observations in summer. Again, the performances of both
datasets are similar.



Supplemental information to Maussion et al., DOI: 10.1175/JCLI-D-13-00282.1 Journal of Climate

2. Supplementary validation of HAR data with TRMM
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Figure S7: HSS of HAR30 for different months/thresholds using TRMM3B43
as reference in the full HAR30 domain (N=39990). The upper plot represents
the spatially averaged monthly precipitation timeseries from HAR30 and
TRMM3B43, together with the maximum HSS for all thresholds at a given
month. The right plot represents the HSS evolution with varying thresholds for
all pairs. Grey color occurs when no precipitation event was detected by
TRMM3B43.

The objective of this domain-wide analysis is to detect potential systematic
divergences or inconsistencies in the HAR dataset during the decade.
TRMM3B43 and HAR30 are in good agreement for the spatial distribution of
precipitation, as indicated by constant high scores for small thresholds. The
best scores are reached during the summer months, when most of the
precipitation is occurring. HAR30 predicts more precipitation than TRMM3B43,
but the two datasets agree well on precipitation seasonality and variability.
Seasonality aside, the scores are regular and constant throughout the decade
and no singularities can be detected. There is no evident outlier or
discrepancy, indicating that the HAR dataset is of constant quality.
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3. Supplementary validation of HAR data with NCDC
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Figure S9: Mean decadal seasonal cycles of NCDC stations,
TRMM3B43 and HAR10 (X-axis units: months, Y-axis units: mm d™).
The map shows the station locations, with grey points when HAR10
is closer to observations, white points when TRMM3B43 is closer.

The majority of the stations exhibits a characterized summer
precipitation regime but there are large variations in shape and in
magnitude. The westernmost station, Murree (01), has two
pronounced precipitation peaks. The second westernmost,
Shiquanhe (10), has a less-pronounced winter precipitation mode
that is captured by both TRMM3B43 and HAR10. The stations in the
Qaidam Basin (02 to 08) are the driest, with substantial variations in
shape. The stations in central TP have generally dry winters, but are
different with respect to the length of the precipitation period or to the
precipitation  magnitude (see for example 16-Tingri and
21-Qumarleb). For 16 of the 31 stations, HAR10 is closer to
observations than TRMM3B43.
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Figure S10: Snowfall as a function of air temperature at the station WUDAOLIANG (see Figure S9
for the station location). The elevation difference between the HAR10 grid elevation and the station

is 47m.

(a) Daily NCDC frozen precipitation flag (1 or 0) for precipitation days (> 1 mm d™') as a function of
daily temperature measured at the station (grey crosses). 1°C sized binned modes (blue squares)

(b) Daily HAR10 frozen precipitation (%) for precipitation days (> 1 mm d”') as a function of daily
temperature measured at the station (grey crosses). 1°C sized binned means (red circles) and

modes (blue squares)

(c) Daily HAR10 frozen precipitation (%) for precipitation days (> 1 mm d”') as a function of daily
HAR10 air temperature (grey crosses). 1°C sized binned means (red circles) and modes (blue
squares)

Frozen precipitation is reported at the station for a wide range of temperatures and the mode
(majority of reports) changes at 3°C. Snowfall from the HAR is given as percentage of total
amounts and the mode (where the majority of days with > 50% snowfall) also changes at 3°C. The
results are similar when plotted against NCDC temperature (b) or HAR10 Temperature (c).
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Abstract. Determinations of glacier-wide mass and energy1 Introduction

balance are still scarce for the remote mountains of the Ti-

betan Plateau, where field measurements are challenging.

Here we run and evaluate a physical, distributed mass balChanges in the Asian monsoon climate and associated glacier
ance model for Zhadang Glacier (central Tibet B)based  responses have become predominant topics of climate re-
on in-situ measurements over 2009—2011 and an uncertaint§e@rch. Their importance is founded on, e.g. (i) the effect of
estimate by Monte Carlo and ensemble strategies. The modéponsoon activity on the livelihood of millions of people (e.g.
application aims to provide the first quantification of how the Tao et al., 2004), (i) the effect of glacier change on regional
Indian Summer Monsoon (ISM) impacts an entire glacier water supply and global sea level rise (Kaser et al., 2006,
over the various stages of the monsoon’s annual cycle. W&010), and (iii) the role of the monsoon in gobal telecon-
find a strong and systematic ISM footprint on the interannualN€ctions, which was discussed by Webster et al. (1998) and
scale. Early (late) monsoon onset causes higher (lower) accontinues to be a research focus (e.g. Li et al., 2010; Park et
cumulation, and reduces (increases) the available energy fd» 2010). o . .
ablation primarily through changes in absorbed shortwave ra- Understanding the direct influence of atmospheric condi-
diation. By contrast, only a weak footprint exists in the ISM tions on glacier mass requires quantitative knowledge of the
cessation phase. Most striking though is the core monsoogurface energy balance (SEB) and its relation to the mass bal-
season: local mass and energy balance variability is fully de@nce (MB) of a glacier. Compared to mid and high latitudes,
coupled from the active/break cycle that defines large-scaldhere are few detailed SEB/MB studies for the high Asian
atmospheric variability during the ISM. Our results demon- mountains. This scarcity was emphasized more than a decade
strate quantitatively that monsoon onset strongly affects thé@d0 by Fujita and Ageta (2000) and it has only slightly im-
ablation season of glaciers in Tibet. However, we find no di-proved due to the difficulty of field data collection. A number
rect ISM impact on the glacier in the main monsoon sea-Of such studies are available for the Himalaya at the border
son, which has not been acknowledged so far. This resulfégion of Nepal and China (Kayastha et al., 1999; Aizen et
also adds cryospheric evidence that, once the monsoon is il 2002), including glacier-wide analyses. Other examined

full swing, regional atmospheric variability prevails on the regions are the interior of the Tibetan Plateau in the Tanggula
Tibetan Plateau in summer. Mountains (Fujita and Ageta, 2000) and the plateau’s north

margin (Jiang et al., 2010), where distributed quantifications
have been conducted, and the maritime southeast of the Ti-
betan Plateau, where point SEB studies were performed (Xie,
1994; Yang et al., 2011).

In the Nyain@ntanglha Mountains on the south-central
plateau section, Caidong and Sorteberg (2010) modeled the

Published by Copernicus Publications on behalf of the European Geosciences Union.
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SEB/MB of Xibu Glacier. However, the authors themselves
noted that their study only revealed basic features, sinc g
no direct measurements from the glacier were available .
For Zhadang Glacier in the same mountain chain, Zhou e
al. (2010) investigated the runoff variability in relation to lo- [N
cal air temperature and precipitation and made conceptu
SEB considerations. In this paper we calculate the glacier
wide SEB/MB of Zhadang Glacier in detail with the help of |*" —
in-situ measurements. We therefore extend the knowledge ”E\\ ——
SEB/MB processes on the Tibetan Plateau, which meets th g
need to better understand the heterogeneous glacier changao'47 ‘} ¥
on the plateau (e.g. Yao et al., 2012). However, we also pur
sue a specific application: to investigate the SEB/MB link to
Asian monsoon dynamics. The study goals are therefore (i) tc | (
reveal the SEB/MB terms and their space—time variability; 3046/ )
and (ii) to analyze these terms in relation to specific periods | ‘ o\ ) x ;ﬁiﬁf’pﬁgg‘fg :&Z‘f
that reflect both intra- and interannual monsoon variability U N ) a— 1 Kilometer
(the “monsoon footprint” on the glacier), since glacier fluc- s I -
tuations in the high Asian mountains have traditionally been 20 206 S0
linked to Asian summer monsoon conditions (e.g. Fujita andFig. 1. Zhadang Glacier (grey shading) in the digital terrain model
Ageta, 2000; Yang et al., 2011). used for mass balance modeling. The locations of available mea-
Our study is unique due to theombinationof a multi- surements are indicated, and contours are in meters a.s.l. (100m
year data set (vs. single-season investigations), the use Spacing). Note that the glgcier is debris-free. The inlally shows the
distributed analysis (vs. point studies), and, most especially?imospheric model domain and the two nested domains as smaller
the focus on the linkage of SEB/MB to multi-temporal mon- rectangles (Maussion et al., 2011). Horizontal resolution increases

. . . towards the innermost domain that contains the Zhadang area: 30,
soon dynamics (vs. focus on the monsoon onset, i.e. on inter:

e ) 10, and 2 km grid spacing.

annual variability alone). Despite the heterogeneous glacier

changes on the Tibetan Plateau, which result from interact-

ing large-scale atmospheric flows and local relief factors (Hey distinguish between different phases of monsoon activity

etal., 2003; Fujita and Nuimura, 2011; Scherler etal., 2011),gect.2.4).

a common feature is the strong sensitivity to climatic condi-

tions in summer (wet season). This was found by all previous2 1 In-situ measurements

SEB studies and stems from the regional climatic conditions,

which show peaks in the annual air temperature and precipThe pivotal observational data are the records from automatic

itation cycle at the same time. Of particular importance isweather station (AWS) 1 on Zhadang Glacier, which is sit-

the precipitation phase in response to air temperature varivated at 5665 m in the ablation zone (Fig. 1). Characteris-

ations (e.g. Kayastha et al., 1999; Fujita and Ageta, 2000tics and usage of available data are summarized in Table 1.

Caidong and Sorteberg, 2010), which has a double effect oAWS1 has been in operation since 2009, but unfortunately

MB through changes in accumulation by solid precipitation, has two data gaps due to the extreme environment. How-

and through changes in ablation by albedo. Thus, our goalgver, three periods of sufficient data coverage exist for our

build on the working hypothesis that local conditions in the study: 27 April-14 July 2009 (period 1), 1 October 2009—

monsoon season (boreal summer) govern the mass variabilit9s June 2010 (period 2), and 16 August 2010-15 Septem-

of Zhadang Glacier, which was also postulated from runoffber 2011 (period 3). This yields a total of 743 days, which is

observations downstream of the glacier (Kang et al., 2009the time frame for the MB modeling and the analysis of the

Zhou et al., 2010). monsoon impact. All data were post-processed according to
the instrument manuals, but also carefully screened follow-
ing the procedure described indlg et al. (2009a) in order to

2 Methods, data basis and climatic setting detect and correct measurement errors. Basically, this proce-
dure aims to identify periods when radiative sensor heating

A physically-based SEB/MB model (Se@.3) is the main  and/or riming of instruments may have occurred. Only 0.9 %

tool employed in this study. The forcing data are mainly pro- of wind data and between 0 and 0.7 % of the other variables

vided by on-site measurements (S&cl) and also partly by  needed correction, which indicates high data quality.

atmospheric model output (Se&.2), while measurements Note that we use accumulation recorded by the sonic

not used for forcing serve to evaluate the MB model's per-ranger (SR50) only for the months of October to April (Ta-

formance. We rely on large-scale reanalysis and satellite dathle 1), since air temperatur@y) at AWS1 in the summer

(|1, 2 automatic weather station |

11 |
90.65 90.66

The Cryosphere, 6, 14453461, 2012 www.the-cryosphere.net/6/1445/2012/
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Table 1. Measurement specifications for AWS1 located at 5665 m a.s.l. The height (depth) values refer to the initial distances to the surface
on 27 April 2009. Last column indicates the usage for the mass balance modeling: forcing (F), parameter setting (P), or model evaluation
(E). The two radiation components yield the measured albedo.

Variable Instrument Nominal accuracy Usage
Air temperature (1.9 m) Campbell CSA15 0.9°C (—40°Cto+70°C) F
Relative humidity (1.9 m) Campbell CSA5 4% (0-100 %) F
Wind speed (3.4 m) Young 05103-45 0.3mls F

Air pressure TH Friedrichs DPI 740 0.15hPa F
Winter accumulatiof Campbell SR50 1cm or 0.4 % to target F
Incoming and reflected shortwave radiation =~ Campbell CS300 5% (daily totals) P
Surface height change Campbell SR50 1cmor 0.4 % to target E
Glacier surface temperature Campbell IRTS-P 0.3°C E
Subsurface temperature (5.6 m) Campbell TP107 °0.3 E
Subsurface temperature (9.6 m) Campbell TP107 °0.3 P

aWith ventilated radiation shiel®. The months October to Aprif. Uses the principle of emitted radiation.

months clearly exceeds the melting point and therefore thegradients were considered for defining MB model parame-
SR50 does not capture the liquid fraction of precipitation. ters (Sect2.3).
However, total precipitation is a required input for the model Finally, data from a precipitation gauge (Geonor T-200B;
(Sect.2.9). Further, subsurface temperature measurementsensitivity < 0.1 mm) at AWS2 between 22 May 2010 and
at AWS1 were also performed at depths less than 5m, bul5 September 2011 are used to (i) constrain atmospheric
were obviously affected by radiative heating. Thus, we onlymodel output (SecR.2) and (ii) obtain winter precipitation
use data from the initial depths ef 5.6 and~ 9.6 m for for period 3 when SR50 data at AWS1 are unavailable. Also,
MB model evaluation and lower boundary condition defini- several ablation stakes on Zhadang Glacier serve in the MB
tion, respectively (Table 1). Regarding the latter, data from model evaluation. The locations of these measurement sites
9.6 m depth show an almost constant temperature of 268.6 Kare presented in Fig. 1. Stake readings performed by per-
(standard deviation 0.06 K). We initialize the MB model after sonnel from the Institute of Tibetan Plateau Research are
midnight on the first day of each of the three periods, and in-available for three intervals that overlap with each of the
clude measured surface temperature as well as data from thteree model simulation periods once, as will be detailed in
sensors atv 3 and~ 1.5 m depth since the heating problem Sect.3.1
during night is minimal.
The time-dependent height of thBy/relative humidity 2.2 Atmospheric modeling
(RH) and wind speed sensors, as well as the depth of subsur-
face sensors, can be estimated from the SR50 record. Withiave run the Advanced Weather Research and Forecast-
period 3, however, surface height change is not availabldng (WRF) numerical atmospheric model (Skamarock and
from 4 October 2010 to 30 June 2011 (68 % of period 3). ThisKlemp, 2008) with a domain that covers a large part of
gap was filled with SR50 data from nearby AWS2 (Fig. 1), Asia and the Northern Indian Ocean (Fig. 1) for the years
which has been operated since 2 October 2010 at 5566 m a009-2011. Multiple grid nesting in the parent domain yields
titude (wind instrument from 21 May 2011 onward). AWS2 a local-scale spatial resolution over Zhadang Glacier of 2 km
does not record ice ablation, as it is located slightly off the (Fig. 1), which reproduces the real terrain altitude well (see
glacier margin on a moraine. Nevertheless, the data gap cdselow). All details of the model configuration are presented
incides with a period of weak ablation, which will be shown in Maussion et al. (2011), e.g. the grid structure (their Fig. 1)
in the results section. Thus, we deem this correction to beand the chosen model options and forcing strategy (their Ta-
areasonable alternative to assuming a random sensor heighile 1). We initialize WRF every day from the Global Fore-
Wind speed andz/RH from AWS2 (same instruments as cast System’s final analysis (Maussion et al., 2011), which
at AWS1) were also used to examine vertical gradients, butliffers from the traditional regional climate model approach
only for intervals when AWS1 and AWS2 sensor heights where the model fields evolve over the entire simulation time.
agreed within 0.2m and when there was high enough windWRF output here, by contrast, is strongly constrained by the
speed for sufficient natural ventilation of tg/RH sensor  observed synoptic weather patterns and thus represents a re-
(Georges and Kaser, 2002= 1629 h for wind;n = 1340h  gional atmospheric reanalysis.
for To/RH). We find no gradients in wind speed and RH, as  Running WRF and producing a high-resolution reanalysis
differences are within the instrument accuracy. Typifal data set are part of a larger project, but for the present study
we are only interested in the simulation of two variables that
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are not available from measurements: local precipitation dur-
ing the monsoon season and cloud cover fraction at Zhadang
Glacier, both from the 2 km-resolution grid. The cloud cover
is determined for a 50km view field around AWS1 fol-
lowing the method of MIg and Kaser (2011), which diag-
noses saturated regions using the total condensate mixing
ratio. Simulated precipitation is extracted from one of the
four grid points surrounding AWS1 that has the least alti-
tude difference (only 8 m). However, we constrain the WRF
output with thex~ 16 months of measurements from the pre- 0 x x x x x x x x
cipitation gauge (Fig. 2a). Simulated precipitation shows an 23-May-10  20-Sep-10  18-Jan-11  18-May-11  15-Sep-11
excellent correlation with the measured seasonal evolution 3

(r =0.99; Fig. 2a), a point that is vital for this study. Also, b

the simulated diurnal cycle in the summer monsoon months . winter
with the main and secondary maximum during night and
early afternoon (Fig. 2b), respectively, agrees with observa-
tions on the Tibetan Plateau (Ueno et al., 2001). Thus, we
have confidence in the simulated variability, but apply a scal-
ing factor (Kwrr) of 0.56 for the amount of precipitation T T

(Fig. 2a). This does not necessarily mean that WRF overes- 2 4 6 8 10 12 14 16 18 20 22 24

timates precipitation almost two-fold. Rather, it most likely Beijing local time

reflects undercatch of the gauge (Goodison et al., 1998) or —

since the scaled precipitation proves to be useful for the MBFig. 2. Precipitation in the atmospheric modea) Accumulated
modeling (Sect3.1) — loss of snow on the glacier by wind precipitation between 22 May 2010 and 15 September 2011 at the

. : . . : precipitation gauge close to AWS2 (5566 m) and simulated at the
?erggl\\;\g:jlciz ?ha: I\t/l)eBerr:u()););e r\B/gShdpurgzgsﬂseelg Z\;%rrljo?ubtelsngaf_issociated WREF grid cell (5533 m). A scaling factor of 0.5§ for
o . : WRF equals the total measured sufin) Mean diurnal cycle in
tified a_t our S't_e and_ are there_zfore absorbed]stwRF <1 WRF at the same grid cell for the summer (May—September) and
There is a detailed discussion in S&xBabout the influence  inter (October—April) over 2009-2011.
of Kwre on the results.

Figure 3 presents the time series of all local variables that
are used to force the MB model, and indicates their source
(measurement or WRF output). We will repeatedly refer to These symbols signify incoming shortwave radiation
details of Fig. 3 later, but in general the plots nicely illus- (S |), broadband surface albede)( incoming and outgo-
trate the local climatic setting with the coincidence of sum- ing longwave radiation{ | andL 1), the turbulent sensible
mertime peaks in air temperature and the moisture variableand latent heat fluxes (QS and QL), the heat flux from pre-
(Fig. 3a—d). In principle, the MB model could also be forced cipitation (QPRC), and the heat flux from the ground (QG).
with atmospheric model output for the AWS1 grid cell alone, An energy flux has a positive (negative) sign when it induces
and in this context the modeling period could be extended asn energy gain (sink) at the surface. The sum of these fluxes
well. However, in this paper we attempt to use as many in-yields a resulting fluxt', which represents the latent energy
situ measurements as possible, so the study is limited to théor melting (QM) if glacier surface temperature is 273.15K.
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three years 2009-2011 (Fig. 3). QG consists of fluxes of heat conduction (QC) and penetrat-
. ing shortwave radiation (QPS), where the latter — owing to
2.3 SEB/MB modeling the energy conservation principle — is always an energy sink

at the surface.

) X At the upper boundary, the model is forced hourly by the
al. (2008, 2009a), thus we only give a brief summary. Theg;y \ariables shown in Fig. 3. Note that Fig. 3 presents daily

model calculates the specific MB from mass gains by Sondmeans, while the hourly forcing naturally encompasses a
precipitation, surface water deposition and refreezing of ”q'greater range than visible in the figure (e.g. houflycan

uid water in the snow pack, and from mass losses by surtica 1o 10-15C in summer). As stated in Sec&s1and2.2,

face melt, sublimation and subsurface melt. The following hage inputs are provided by local measurements or atmo-
SEB equation lays the foundation for calculating these Mas§pheric model output at one point on the glacier, and are dis-
fluxes: tributed over the entire glacier using vertical gradients (see
below) if the model is run in distributed mode. A fixed bot-
tom temperature is prescribed at the lower boundary in the
ice, which we chose at 9 m depth based on the measurements

The physical MB model is described in detail indl et

Sl-Q—a)+L|+L1+QS+QL+QPRC+QG=F (1)
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Fig. 3. Daily means ofa) air temperature(b) relative humidity,(c) cloud cover fraction(e) wind speed(f) air pressure, an¢ll) daily sums

of all-phase precipitation at AWS1 between 27 April 2009 and 15 September 2011. Ticks on the x-axes indicate the first day of the respective
month, and black (blue) signifies measurements (atmospheric model output). In(¢hanieé data gaps due the measurement failure are
indicated to distinguish them from zero precipitation, and the measurement source for surface accumulation in winter is indicated as well
(SR50 or gauge). For consistency, SR50 derived precipitation (actual height) has been converted to w.e. values by a densityb?.ZOO kgm

in this region (Sect2.1). The remaining subsurface layers are 2012), instead of abruptly by one air temperature thresh-
at0.1,0.2,0.3,0.4,0.5,0.8,1.4, 2, 3, 5, and 7 m depth, whiclold; (iv) a second stability correction for stable conditions is
yielded a stable solution in all runs. For these model layersavailable so the turbulence damping factor can be calculated
the initial temperature profile is specified from the available from either equation 11 or 12 in Braithwaite (1995); (v) the
subsurface measurements (Sect) by linear interpolation.  energy flux from precipitation may be included in the SEB
A digital terrain model at 60 m resolution (re-sampled from (standard equation; e.g. Bogan et al., 2003); and (vi) a sec-
the Shuttle Radar Topography Mission; Rabus et al., 2003pnd parameterization df | from air temperature, water va-
and the 2009 glacier extent (Bolch et al., 2010) constitute thepor pressure and cloud cover (Klok and Oerlemans, 2002)
topographic boundary (Fig. 1). A concise overview of the provides an alternative to the original formulation g et
MB model, to illustrate which atmospheric forcing variables al., 2009b).
affect each energy and mass flux in the model, is provided in In light of the main goal to unravel the “monsoon foot-
Table 1 in Mdlg et al. (2009a). print” in the glacier SEB/MB, we also attempt to quantify the
Since the last model version @ et al., 2009a) we model uncertainty. Thus, we perform a Monte Carlo simula-
added a few new features based on published work: (i) theion consisting of 1000 realizations, in which all important
local air temperature gradient can vary between day andnodel parameters, including the vertical gradients for ex-
night/morning to better capture the effect of katabatic wind trapolation of meteorological conditions, as well as selected
development (Petersen and Pellicciotti, 2011); (ii) snow set-structural uncertainties, are varied (Appendix A). This sim-
tling and compaction is simulated from the viscous fluid as-ulation is conducted for one point at the location of AWS 1,
sumption (Sturm and Holmgren, 1998), and together with re-since the computational expense for the distributed model is
freezing can contribute to snow densification. Specifically,too large. From the point results we select three combinations
we use Egs. (5)—(8) in Vionnet et al. (2012); (iii) the tran- of parameter settings that are maintained for running the full
sition solid—liquid precipitation is specified by a tempera- distributed MB model (Appendix A), i.e. the final ensem-
ture range using linear interpolation (e.gold and Scherer, ble size is 3. One of these combinations, henceforth called
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reference run (REF), reflects the best match with the mea- 90 —
sured surface height change. The other two settings are used 80 a
to spread the uncertainty range around REF (Appendix A). 70 13233‘3‘”9
All error estimates in the remainder of the text are based on %03

this method, unless otherwise noted. One advantage of the
method is that the uncertainty does not simply increase with
progressive simulation time like in classical sensitivity ex-
periments where one parameter is changed and all others are o
held constant. Instead, in the present method the uncertainty 0 30 60 90 120 150 180 210 240 270 300 330 360
range is mainly dependent on surface conditions (snow vs. 1004

ice), which is shown later in the model evaluation (S8ct) 0 — 2009

and in Appendix A. '100:\

2007 2010
-300 2011
-400 —|
-500:
The specific component of the Asian monsoon system that j$§33 )
B T T T T T T

affects the Tibetan Plateau is the Indian Summer Monsoon T
(ISM) (Ding, 2007). To relate glacier energy/mass fluxes to 0 30 60 90 120 150 180 210 240 270 300 330 360
the ISM we focus on (i) interannual variability associated 280 C
with the monsoon onset and cessation, and (ii) intra-seasonal —L/\/ A /A\
variability tied to the active/break cycle — both of which are 2607 \/
typical oscillations in the monsoon dynamics (Webster et
al., 1998; Ding, 2007). To characterize these dynamics we
follow Prasad and Hayashi (2007) in identifying active and
break periods of the ISM, since the authors showed that their i
method satisfies both precipitation- and circulation-based in- 180 TrTrTr T T T
dices used in previous research. A horizontal wind shear 0 30 60 90 120 150 180 210 240 270 300 330 360
index (HWSI) is defined as the difference in the 850 hPa day of year
zonal wind (from NCEP/NCAR reanalysis data: Kalnay et Fig. 4. (a) Accumulated active monsoon dayk) accumulated hor-
al., 1995) between a southern (521\5 40_8Q E)and nor.th' izgntal(wgnd shear index, ana) top-of-atmogl:))here outgoing long-
ern region (20—-30N, 70-90 E). Active periods are defined  ave radiation (14-day smooth) in the ISM region (65-1B55—
as days with HWSE 1o over 2009-2011, and break peri- 27.5° N: Ding, 2007) for 2009, 2010, and 2011.
ods as days- 1.5¢ in the northern region’s zonal wind (i.e.
strong westerlies).
Figure 4a shows that establishment of the ISM circulationnon-active periods, 10 days can be classified as break days,
in the examined years occurred between 1 June (2011) angthich will also be considered in the analysis (Se&kd).
21 June (2009), when the curves start to rise. The ISM ceaseflhese amounts of days are typical of the active/break cycle
between 16 September (2011) and 19 October (2010), wheimn the monsoon region (Webster et al., 1998).
the curves flatten. The former interval contains the mean on- Late monsoon onset and few active periods in 2009
set date in terms of convection and rainfall in the Zhadang(Fig. 4a) are in agreement with the weak cumulative strength
region (Webster et al., 1998). Thus, we define the yearly peof the ISM circulation in this year, as seen in Fig. 4b. To
riod of monsoon onsgmonsoon cessatipfrom 1-21 June  draw robust conclusions about monsoon activity, it is desir-
(16 September—19 October), which comprises the time win-able to supplement the circulation index with a convection
dows used in the subsequent analysis (S2d}. Only two indicator (Wang and Fan, 1999), for which we extract top-
years are available for the analysis of the cessation periodof-atmosphere outgoing longwave radiation (Liebmann and
as AWS data in 2011 ends before 16 September. HowevelSmith, 1996) over the ISM precipitation region. This second
both 2009 and 2010 contain the interval 1-19 October andndicator yields the same result (Fig. 4c): 2010 and 2011 ex-
cover the respective cessation dates (6 October in 2009 angeed 2009 in terms of ISM strength, which is particularly ob-
19 October in 2010). vious from day 200-270 (ca. July—September) where 2009
Between 22 June and 15 SeptemB8M core seasorthe  shows markedly reduced convection (i.e. higher values in
succession of active periods and the remaining non-activé-ig. 4c than other years).
(weak and break) periods characterizes the intra-seasonal
ISM variability (Prasad and Hayashi, 2007). Consequently,
we have 105 active days and 39 non-active (weak/break)
days during the core season in our data set. Amongst the

cessation
16 Sep-19 Oct

accumulated days
1

2.4 Characterization of monsoon dynamics
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Fig. 5.Measurements versus MB model (REF run) at AWS1 with correlation and root-mean-square sf@jgtosumulated surface height

change (error bars reflect model uncertainty as defined in 3&twhere every curve starts at O at the beginning of the per{djigjlacier

surface temperaturég) subsurface temperature, whereas observed depth varies between start and end from 5.6-3.2m in period 1, 5.3-5.1m
in period 2, and 4.4-4.1 m in period 3 (model values found by linear interpolation between layers; note a measurement gap within period 2
in May 2010);(d) global radiation. All data are daily mean values.

3 Results and discussion to uncertainties over glacier surface on the order of 2-2.5K
(e.g. Greuell and Smeets, 2001;0Md et al., 2008). The
3.1 MB model performance RMSD in Fig. 5b, however, is below 2K and corroborates

the model. Moreover, the temperature variability in the sub-

We first evaluate the model at the point scale against obsersurface (Fig. 5¢) indicates that penetrating shortwave radia-
vations at AWS1 in Fig. 5. The observations of a rather stabldion is simulated reasonably well, since no systematic model
surface height during the winter months and surface lowerbias is evident (Hoffman et al., 2008;d\ et al., 2008). Fi-
ing in summer are well reproduced (Fig. 5a). Regarding thenally we consider global radiation (an important driver of
latter, the model also captures the differential ablation bethe SEB) in Fig. 5d, which shows good agreement for vari-
tween 2009 (strong) and 2011 (weak) well. Figure 5a alsoability but a rather high RMSD. As soon as the two curves
illustrates that the model uncertainty is greatest when snovare a 5-day smooth, however, the RMSD drops below 10 %
cover is removed during periods of strong ablation (first half of the mean measured global radiation, and 10 % is indeed
of the 2009 curve). This is a reasonable finding since mod-a more realistic estimate for measurement uncertainty in re-
eling snow ablation, which is complicated by variable snow mote field places than the nominal accuracy (e.g. Michel et
density and refreezing processes, is more difficult than modal., 2008). Thus, incoming shortwave radiation generated by
eling ice loss (e.g. Nlg et al., 2009a). The root-mean-square the MB model can be interpreted reliably for means over five
difference (RMSD) in Fig. 5a is only a tiny fraction of the ob- or more days, an averaging period always used in this study
served amplitudext 3 m), and the explained variance is very for the monsoon analysis.
high. To evaluate the distributed output of the model, we calcu-

A similarly-good performance is evident for glacier sur- late the mean MB over the available ablation stakes as well as
face temperatureTis), where the model captures the vari- the associated gradient of the vertical balance profile (VBP)
ability between 245-250K mean dailfs in winter and  in Fig. 6a. Stake readings are available for three intervals,
melting point in peak summer well (Fig. 5b). Measufg ~ where the first one (June-July 2009) is contained in simu-
is based on emitted radiation (Table 1), which typically leadslation period 1, and the third one (August-September 2010)
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Fig. 6. (a) Mean mass balance (black) and vertical balance profile (VBP) gradient (grey) over the available ablation stakes (see Fig. 1) and
the associated model locations (found by bi-linear interpolation) for the three intervals indicated at the bottom. Error bars are defined as 1
for mass balance, and as 95 % confidence interval of the least-squares regression coefficient for the VBRlgytiheleied VBP over the

entire simulation period (743 days) and period 3 (16 August 2010-15 September 2011). Model@psmd{b) are from the mean model

(REF and two uncertainty settings, see S2@Q).

in simulation period 3 except for the last 13 days in Septem-examine only period 3, when ablation on Zhadang Glacier
ber 2010 (which are missing in the model). Since ablationwas rather weak (Figs. 5a and 6a), the “knee” in the VBP is
late in September is usually small, we neglect these daysalso shifted along the x-axis and above the ELA (Fig. 6b).
However, for the second interval of stake readings (3 SeptemThe single year studied by Fujita and Ageta (2000) was
ber 2009-17 May 2010) the model is missing the entirealso characterized by weak ablation and a slightly positive
month of September, since AWS data in period 2 starts orglacier-wide MB. In the pure modeling study by Caidong
1 October 2009. As ablation in early September can still beand Sorteberg (2010), the steepening of the VBP occurs at
large, we run the MB model for September 2009 with only ~ 5800 m. These findings suggest that a dual VBP gradient is
atmospheric model output as MB model forcing in order to a robust feature of glaciers in the central Tibetan Plateau, and
better evaluate the results for the second interval (withouis more determined by altitude (weak above 5600-5800 m)
September 2009, modeled MB has a positive bias). The onlyhan by the MB in a specific year. The result also fits with
discrepancy in Fig. 6a concerns the VBP in the 2010 interval theoretical work, as the shape/gradient in Fig. 6b is almost
where the model shows a higher gradient. However, there ig perfect mixture of the typical mid-latitude and subtropi-
agreement for the net mass flux in the same interval, whictcal VBP (Kaser, 2001). The explanation of the shape can be
is most important as the area-integrated mass is of primarjound in the energy fluxes: the VBP in Fig. 6b mimics the
interest in this study. In all other cases, model and measureprofile of QM (not shown), i.e. the energy available for melt-
ments agree within the error bounds (Fig. 6a), which gives usng diminishes clearly above 5700 m.

confidence that ablation processes are well simulated. Corre- What processes drive the variability of the glacier-wide
lation coefficients between the single stakes and the assocMB? In general (Fig. 7a; unit is Wn?), S | (260.4) and
ated model locations range between 0.5 and 0.81 in the threg | (200.9) dominate energy input, followed by QS (17.9),
intervals of Fig. 6a (significant at 5% based on a two-sidedQC (4.5), and very small QPRC (0.2). Reflected shortwave
t-test), so the model also captures the basic structure of okradiation S 1 (—187.7), L 1 (—2682), and QL (10.9),
served spatial variability. Note that strong mass loss in sum-QPS (3.4), and QM (13.7) are the energy sinks at the
mer 2009 affected the entire ablation area (Fig. 6a), not onlysurface. A salient feature of the variability is the period of

the AWS1 site (Fig. 5a). April-June both in 2010 and 2011, wh&n developed into
o an equally strong energy sink ast (i.e. when the two lower
3.2 SEB/MB characteristics curves converge in Fig. 7a). The pattern was completely

o , N different in 2009, when anomalously low albedo weakened
The altitudinal depgr)dence of MB is shown In Fig. 6b, this process of energy removal. This, in combination with
wh_ere areas of positive modeled MB are confined to e_le'the highestL | in the record, resulted in exceptionally high

vations > 5750 m. The most notable feature of the VBP is availability of melt energy in June—July 2009. Also note-

the chgng.e in slope between 5600 and 5700 m. The ,Onhévorthy is a continuously negative QL on the monthly scale
other distributed MB model study for a nearby region, which Fig. 7a), which is not unexpected owing to the generally dry
was also checked against stake measurements, is for Xi onditions in the central Tibetan Plateau

Dongkemadi Glacier in the Tahnggula lYIountams for Octo- The low reflectance of solar radiation in summer 2009 is
ber 1992-September 1993. There, Fujita and Ageta (Zoooélearly manifested in the MB components (Fig. 7b). First,

_also found steepening Of_ Fhe_ VBP a“’“?‘d 5600 m; howeVer’surface melt is much higher than in the simulated months of
it occurs above the equilibrium-line altitude (ELA). If we
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2009 to September 2011 in the REF run. Note the y-axis break and variable scdlglire to large melt amounts in 2009.

the ablation seasons 2010 and 2011. Second, the high emsite fits into the regional-scale pattern of ablation characteris-
ergy availability at the surface also caused more penetrattics suggested by simplified MB modeling (Rupper and Roe,
ing shortwave radiation and thus subsurface melt in 20092008).

which hardly occurs at other times. Due to the negative We can also give two annual MB estimates for Zhadang
QL discussed above, sublimation is also evident in the MBGlacier, from 1 October to 30 September of the subse-
record. It peaks in the months prior to monsoon onset (e.gquent year for consistency with previous studies (Kang et al.,
February—April 2010) when (i¥sic rises after the winter 2009). Glacier-wide MB based on the model for 2009/2010
minimum (Fig. 5b) but the atmosphere remains rather dry,(2010/2011) is—154+ 43 (—3824+ 41) kg nT2. The model
which favors a large surface-air vapor pressure gradient, andata gap from 26 June to 15 August 2010 can be accounted
(i) higher wind speeds (Fig. 3e) drive turbulence. Melting for fairly reasonably, since the initial condition for period 3
is absent from November—March, and in total 3.7 % of theon 16 August 2010 (based on observations) is a snow-free
modeled grid cell-scale melt happens at air temperatures beglacier (i.e. all the snow at the end of period 2 is assumed to
low 0°C. The latter was previously detected as a typical fea-be lost in the gap for the MB estimate). Still, 2009/2010 is
ture of glaciers in High Asia (e.g. Aizen et al., 2002). Re- more likely an over- rather than under-estimation, since ice
freezing of liquid water can occasionally be larger than ac-may have also ablated in this gap. For 2010/2011, the model
cumulation by solid precipitation, generally in spring/early ends 15 days earlier in September 2011, which must be ne-
summer (Fig. 7b). This feature affirms previous statementgylected. The values found here are within the range measured
that refreezing in the snow is an evident process on Asiarfrom 2005-2008;-1099 to 223 kg m? per year (Kang et al.,
high-altitude glaciers (Ageta and Fujita, 1996; Fujita and 2009).

Ageta, 2000). On average, 13% of surface melt refreezes,

which is less than the 20 % obtained for Xiao Dongkemadi3.3 Sensitivity to processes and forcing

Glacier (Fujita and Ageta, 2000). The glacier-wide MB esti-

mate from the REF run over the 743 modeled day5.63x e performed sensitivity runs for the REF configuration in
10°kg m~?) is composed as follows (same unit): solid pre- Taple 2 because little is known about the importance of par-
cipitation (1.02), refreezing (0.32), deposition (0.03), sur-ticylar physical processes for the Tibetan glaciers. For these
face melt (-2.52), sublimation {-0.28), and subsurface melt ryns, certain structural components of the MB model (phys-
(—0.20). The dominance of melt over sublimation at this jcal parameterizations) are deactivated, thus they differ from
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Table 2. Sensitivity of glacier-wide MB over the entire simulation period (with respect to REF settirlg63 x 10% kg m~2) to particular
processes or (last four lines) changes in the forcing. Relative changes in parentheses. Winter (W) and summer (S) half years are defined a
October—March and April-September, respectively.

Process MB change (3&gm—2)

no topographic shading —0.193 12 %)
no stability correction for turbulence —0.788 (—48 %)
no variation in surface roughness  —0.141 (-9 %)

no snow compaction/settling —0.421 (—26 %)
no refreezing in snow —0.199 (12 %)
no subsurface melt +0.339 (21 %)
no penetrating shortwave radiation —0.185 (—10 %)
ATa=+1°C —1.140 (—70 %); W:—0.053 (—3 %), S:—1.087 (—67 %)
ATq=-1°C +0.789 (48 %); W:+0.034 (2 %), S:+0.755 (446 %)
precipitation:+10 % +0.248 (415 %); W:+0.015 (-1 %), S:40.233 (14 %)
precipitation:—10 % —0.303 (—19%); W:—0.017 (—1 %), S:—0.286 (—18 %)

usual sensitivity studies that change the value of one inter*summer accumulation type glaciers” of Asia are extremely
nal model parameter. From the calculations, we find little sensitive to atmospheric conditions in the warm season, as
influence of using variable surface roughness lengths, whileliscussed in the introduction. Second, the general MB sen-
QPS, topographic shading and refreezing are on the ordesitivity is calculated from Table 2 as the mean of absolute
of the model uncertainty (21 x 10°kgm~2). Also impor- AMB for negative and positive perturbations before being
tant are snow compaction/settling due to the resultant effectsonverted to an annual value by multiplying with the fac-
on snow density and subsurface melt. Suppressing the lator 365/743, i.e. the number of days per year/days in model
ter in the model leads to a saving 038 x 10°kgm 2 in record. The annual value then amounts to (all units in the re-
the MB, which is a higher absolute value than the subsur-maining paragraph in kg m—2 =mw.e.) 0.47 pefC for
face melt term in the MB budget-0.20 x 103kgm~2; see  the T, perturbations, and to 0.14 per 10 % for the precipita-
Sect.3.2). This result indicates that the absence of subsurfacdion perturbations. These numbers can be compared to the
melt has a feedback potential (mostly through the influencdew available studies that also employed identical perturba-
on snow depth and thus albedo). The strongestimpact on MBions to a glacier-wide, SEB-based MB model run over at
is clearly from the stability correction of turbulent fluxes (Ta- least one year. A typical glacier in the European Alps (Klok
ble 2). A strong feedback process also operates here, sina@nd Oerlemans, 2002) seems to respond slightly stronger (
the increase in absorbed shortwave radiation (5.3W)m 0.67 per°C and~ 0.17 per 10 %), while the extremely mar-
from the initially turbulence-driven acceleration of snow ab- itime and high-precipitation glaciers in New Zealand (An-
lation is eventually larger than the increase in the turbulentderson et al., 2010) show a clearly higher sensitivity in the
flux itself (AQS + AQL = 3.6 Wn12). The stratification of  order of 2.0 pefC and 0.4 per 10 %. On the other hand, the
the surface layer, on the other hand, reduces the strength dfigh-altitude equatorial glaciers on Kilimanjaro ¢i\g et al.,
QS and QL to 54 % of their value in neutral conditions. Thus, 2009a) show a lower response in their dry climatic environ-
not accounting for stability effects can lead to a strong neg-ment (0.24 pefC and 0.09 per 10 %) than Zhadang Glacier.
ative MB bias, and Table 2 suggests that any physical MBOur calculations therefore support the generally accepted re-
model for Tibetan glaciers must include stability correction. lation of increasing MB sensitivity as the climatic conditions
Also, empirically-based models driven Iy and precipita- become wetter and warmer (e.g. Fujita and Ageta, 2000).
tion alone should incorporate parameterizations of refreezing Finally, we varyKwrg, which is the only parameter used
(e.g. Gardner et al., 2011) for Tibetan glaciers. Refreezingo scale MB model input (Sec2.2). This is done for period
only shows an intermediate effect in Table 2, but due to thel as it relies entirely on scaled summer precipitation as input
systematic seasonal importance in the MB (Fig. 7b) its ne{Fig. 3d), shows the highest mass amplitude (Fig. 5a), and
glect seems unwarranted as soon as seasonal variations drence is most sensitive to the scaling. In concert \Ki{trr
modeled and interpreted. we vary the density of solid precipitation, because (i) it is a
Furthermore we present in Table 2 classical, static MBfree model parameter (Appendix A) and together vkitjrr
sensitivity to constant changes in the two atmospheric forc-determines the actual precipitation height, i.e. the variable
ings T, and precipitation, using the typical perturbations of that enters the MB model (&g and Scherer, 2012), and
1°C and 10 %. First, in botlT; and precipitation perturba- (ii) this procedure helps to explore the physically meaningful
tions, the MB change is hardly affected by conditions in win- range of the scaling (see below). Multiplication &fyrr by
ter. Hence, our study complements other evidence that th&.25, 1.5 and 1.75 changes the glacier-wide MB in period 1
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Fig. 9. Glacier-wide(a) MB and(b) SEB components during mon-

. . . . soon cessation for 2009—2010. Error bars reflect model uncertainty
Fig. 8. Glacier-wide(a) MB and (b) SEB components during mon- as defined in Sec®.3 Note the different y-axis scaling if).
soon onset for 2009-2011. Error bars reflect model uncertainty as

defined in Sect2.3. Note the different y-axis scaling iib).

and the higher latent energy flux of melting is clearly con-
by 48, 96 and 143 kg 7 (4, 7 and 11 %), respectively. The trolled by low albedo and reduced reflection of solar radia-
density of solid precipitation multiplied by the same factors tion. Thus, the timing of monsoon onset leaves a clear foot-
increases from 225 to 281, 338 and 394 ky'nSince values  print on the glacier through the albedo effect, which leads to
> 300kgnT3 are rather unrealistic as seasonal mean (Ta-higher mass loss on the glacier the later the ISM is estab-
ble Al; Molg and Scherer, 2012), we can certainly treat thelished in a particular year.
Kwrr-1.75 case as the upper sensitivity of the scaling ap- The monsoon cessation period from 1-16 October is the
proach. However, 143kgn? is lower than the modeled un- theme in Fig. 9. The clearest signal again concerns surface
certainty for period 1 (217 kg ), so it can be ruled out that  melt (Fig. 9a), however, this time in the opposite way: the
the scaling procedure alters the interpretation of MB modelpresence of the monsoon coincides with both increased sur-

results. face melt and slightly higher sublimation, and therefore with
higher ablation on the glacier. Figure 9b illustrates that the
3.4 Impact of monsoon variability higher melt amount is mainly a response to more absorbed

shortwave energy. As differencessn|, L |, and solid pre-
The final important question in this study is as follows: what cipitation are all small (Fig. 9), the higher albedo in 2009,
is the role of the Asian monsoon in the SEB and MB pro- and therefore the MB in the cessation period, seems to be
cesses discussed so far? We begin with the monsoon onsstostly a delayed response to the snow cover evolution in the
period 1-21 June. A series of systematic differences in thepreceding core monsoon season: mean modeled snow depth
MB components, which are not affected by model error, ison 1 October is 0.26 m higher in 2009 than in 2010. Thus,
evident in Fig. 8a: the later the onset of the ISM, the (i) lesswhile it is difficult to elaborate the ISM impact during its
accumulation by solid precipitation, (ii) more sublimation, cessation phase from only two years of data, the most im-
(iif) more melt at the surface, and (iv) more subsurface meltportant conclusion from Fig. 9 concerns the amplitude of the
as well. The overwhelming signal is the sharp increase inMB response, which is almost an order of magnitude smaller
surface melt when the ISM commences late, as in 2009. Figthan during monsoon onset (cf. Fig. 8a). Hence, in general
ure 8b sheds light on the underlying SEB processes. Thehe ISM footprint at the end of the monsoon season is of lit-
stronger negative QL in 2009 drives intensified sublimation,tle importance.
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Figure 10 finally turns to the monsoon core season. The

. . . monsoon core season
amplitude of mass fluxes (Fig. 10a) is comparable to the

a solid prec.
monsoon onset phase (Fig. 8a), but a series of systematic 41 == refreezing
differences between active and non-active ISM days is not T (2): | ___ g deposition
evident. Surface melt is higher during break periods than dur- ? 2] sublimation ez
ing active periods, but this difference does not hold for active E o SUbrSnLg.ftace
versus non-active days (Fig. 10a). Solid precipitation, albedo 2 :Z:
andL | are higher during non-active and break periods than 2 o
on active monsoon days (Fig. 10), a surprising finding in the ; 12— T B cive
context of the core season given that monsoon air masses % L hon-active
carry abundant moisture. We discuss this result in the para- § jg: surface break
graph below from three angles, but wish to first note that in- 204, ™
troducing a lead/lag of one or two days to the analysis in b
Fig. 10 for the monsoon/local SEB and MB relation does not & 00w 80 _
change the results, since active and non-active periods occur 3 - 60
as clusters of several consecutive rather than isolated days 5 7 0]
(Fig. 4a). & 100 0]

First, Prasad and Hayashi (2007) analyzed the synop- Eo Al sl .I?_S oc oM
tic structure of the intra-seasonal ISM variability in de- S T g = o=
tail. Their Fig. 4 shows that convective centers are clearly % 00 -20 — QL ops
shifted away from the main ISM precipitation region (de- § - 40
fined by Ding, 2007, as 65-10%&, 5-27.8 N) during non- £ 2007 &) 60 ] 1
active periods, but little difference is evident over the Ti- E,’ 300 | . |

(]

betan Plateau. An analysis of WRF output as well as satellite-

based data (Fig. 11) supports the idea that the expected irifig. 10. Glacier-wide (a) MB and (b) SEB components in the

crease in precipitation during active monsoon days EXIStSmonsoon core season for active, non-active, and break composites
for the large-scale ISM area, but not for the Zhadang re-.

. ' M in 2009-2011. Error bars reflect model uncertainty as defined in
gion. Thus, atmospheric variability over the ISM area doesgect 2 3 Note the different y-axis scaling ifh).
not seem to directly influence the Zhadang region. Second,

Ueno et al. (2001) highlighted that precipitation on the Ti-

betan Plateau is dominated by weak but frequent events ingM variability does not advance as far north as onto the cen-
the monsoon season that typically originate from mesoscalgra| Tibetan Plateau. Therefore, local conditions may show
systems or local deep convective cells. Hence, the monsoog poor correlation to large-scale flow at this time of the year,
can be understood as the “background trigger”, but local toe g. as also found for measured precipitation at Lhasa from
mesoscale processes forced by the complex relief structureyay to September (Caidong and Sorteberg, 2010). In this
as well as by the numerous lakes (e.g. Lake Nam Co closgein, local SEB and MB on Zhadang Glacier do not follow
to the investigation site: Haginoya et al., 2009), modify the 3 systematic pattern in relation to large-scale ISM variability
large-scale flow and cause a unique precipitation regime ovefiuring the monsoon core season (Fig. 10).
the Tibetan Plateau. A recent study (Chen et al., 2012) also
shows that one of the moisture source regions for the Tibetan
Plateau in summer is situated on the plateau itself, and tha4 Conclusions
local water recycling is evident in the same season. Third,
it is well appreciated that mid-latitude flow impacts High Our state-of-the-art, distributed and physical mass balance
Asia in the non-monsoon season, but less is known aboutnodel (Mdlg et al., 2009a) reproduces the available measure-
mid-latitude intrusions during the monsoon. For instance,ments on Zhadang Glacier well, and a novel combination of
Ueno (2005) shows that mid-latitude flow anomalies affectthe Monte Carlo and ensemble approaches allows for a rea-
the Tibetan Plateau as late as in mid May, so it cannot besonable time-varying estimate of model uncertainty. Model
ruled out that mid-latitude circulation also modifies ISM ac- forcing is mainly based on field measurements, but also on
tivity in the core season, especially when the monsoon onsebutput from high-resolution atmospheric modeling — a strat-
occurs early. This should be investigated in more detail inegy that should become more common for data-sparse re-
future studies in the context of cryospheric changes in Highgions (e.g. Van Pelt et al., 2012). From the glacier model’s
Asia. output it is evident that interannual variability in mass bal-
In summary, the moisture regime on the Tibetan Plateatance has its physical origin in late spring/early summer, when
during the ISM core season seems to be controlled by locathe energy sink by reflected shortwave radiation is much
and regional circulations, and/or by the fact that large-scalaveaker in high-ablation years than in other years. Affected
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Fig. 11. Precipitation histograms in the ISM region (65-2@5 5—
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in the monsoon core season for active and break composites 200
2011. Data are from (left) the Tropical Rainfall Measuring Mission
satellite, product 3B42 (Huffman et al., 2007) and from (right) the .
WRF simulation (Sec.2). Appendix A

July to mid September (e.g. Ueno et al., 2001), which is cor-
goborated here from a cryospheric viewpoint.

MB model uncertainty

For the free MB model parameters, values are assigned
mass and energy fluxes can differ by almost one order opseudo-randomly from either published ranges or ranges
magnitude between such contrasting circumstances. constrained by on-site measurements and atmospheric sim-

This strong mechanism is closely linked to the onsetulations (Table Al). Figure Al shows the result for the first
period of the Indian Summer Monsoon from 1-21 June.period of forcing data coverage. A total 450 of 1000 pa-
Early (late) monsoon onset not only results in increased (derameter combinations yield a root-mean-square difference
creased) accumulation, but through the albedo effect pro{RMSD)< 10% of the measured amplitude and a devia-
vides less (more) energy for surface melt, sublimation, andion < 10 % from the measurement at the final data point in
subsurface melt. This local footprint shows that Zhadangthe time series. These runs pass the test and therefore are
Glacier senses the monsoon dynamics in the onset periodaccepted” (dark grey in Fig. A1l). Amongst them, the run
which has a profound impact on interannual mass balancevith minimum RMSD (blue in Fig. Al) is the reference run
variability as well. In the monsoon cessation period during (REF), while the two combinations that result in the largest
fall, however, the footprint on the glacier is relatively weak positive and negative sum of the deviation from the measure-
and also seems to be impacted by the snow cover evolution iment define the uncertainty (red). It is evident (Fig. Al) that
the preceding core monsoon season. During the core seasamcertainty is larger for the first part of the period when snow
we do not find any systematic relation in our data betweenis present (until day 51 in REF) and decreases afterwards. For
monsoon dynamics and glacier mass/energy fluxes. the second and third period of data coverage, the criterion

Coming back to the hypothesis from the introduction sec-of 10 % is increased to 20 %, since the measured amplitude
tion, our results do confirm that the Asian monsoon has a vi-of surface height change is clearly smaller (see Fig. 5a); 65
tal impact on the glaciers of the Tibetan Plateau. However, reand 62 parameter combinations pass the test in period 2 and
sults also demonstrate the need to differentiate in any hypoth3, respectively. The 10-20 % criterions are greater than the
esis/research question between the phase of the monsoomgminal accuracy of the SR50, but in order to detect a robust
onset vs. intraseasonal variability. The present results shownonsoon footprint the aim is to avoid an underestimation of
that in the core season of the monsoon, at least for 2009model uncertainty (thus we chose these rather large percent-
2011, the glacier mass and energy budgets obey local-scakege criterions), and also provide space for uncertainty/error
weather that is not related to large-scale circulation variabil-in the meteorological forcing data. Errors in the forcing data
ity. Thus, local and regional meteorological systems seem tdave been minimized as much as possible (S2ctand2.2)
control atmospheric variability on the Tibetan Plateau fromand are absorbed by the model parameters in our case. Even
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Table Al. Free parameters in the MB model. Base value (V) and uncertainty (U) are from the literature, or constrained by on-site field
measurements (meas. — S&f) and atmospheric model output (atmo. — S8c®). For assumptions (assum.), the uncertainty is chosen to

be relatively large (20 %). Bold parameters indicate structural uncertainty, others parametric uncertainty (e.g. Tatang et al., 1997). For the
Monte Carlo simulation, values are assigned randomly from a uniform distribution, except for case 13 (normal distribution) since the authors

provide uncertainty as one standard deviation (Gromke et al., 2011).

Parameter(ization)

Value

References

Note

1 vertical air temperature gradient (night/morning: —0.0035KnT1+10% V+ U: meas., Petersen and Pellicciotti (2011) @
> 21:00-13:00 local time)
2 vertical air temperature gradient (day: —0.0095KnT14+10% V+ U: meas., Petersen and Pellicciotti (2011) 2@
> 13:00-21:00 local time)
vertical precipitation gradient +0.038+£0.026 % 1 V: Li (1986), atmo.; U: atmo. b
upper threshold for precipitation phase (all liquid above) .5460.5°C V + U: Fujita and Ageta (2000), Zhou et al. (2010),
atmo.
5 lower threshold for precipitation phase (all solid below) +1°C V + U: Fujita and Ageta (2000), Zhou et al. (2010),
atmo.
parameterization of L | n.a. Molg et al. (2009b) or Klok and Oerlemans (2002)
layer thickness for surface temperature scheme t3.60% V+ U: Molg et al. (2008)
parameterization of stable condition effect on turbu- n.a. Egs. (11) or (12) in Braithwaite (1995)
lence
9 clear-sky diffuse radiation fraction @6+ 20 % V: Molg et al. (2009b); U: assum.
10 cloud effect in radiation scheme .56+ 10% V+ U: Molg et al. (2009b), meas.
11 roughness length ice (momentum) 7 1mm V: Cullen et al. (2007); U: Brock et al. (2006) ¢
12 roughness length ice (scalars) 7X1mm V: Cullen et al. (2007); U: Brock et al. (2006) ¢
13 roughness length fresh snow .20+ 0.05mm V+ U: Gromke et al. (2011) ¢
14  roughness length aged snow (momentum) +25mm V+ U: Brock et al. (2006) ¢
15 roughness length aged snow (scalars) +245mm V+ U: Brock et al. (2006) ¢
16  density of solid precipitation 25650kg i3 V+U: Sicart et al. (2002), Mlg and Scherer (2012)
17  initial snow depth two- or threefold V 4+ U: assum. d
increase towards peak
18 initial snow density 300 kg T8 + 20 % V+ U: assum.
19  superimposed ice constant .36:20% V: Molg et al. (2009a); U: assum.
20 fraction ofS | -(1— «) absorbed in surface layer (ice) .80 10 % V+ U: Bintanja and van den Broeke (1995) M
et al. (2008)
21  fraction ofS | -(1 — «) absorbed in surface layer (snow) .9 10% V+U: Bintanja and van den Broeke (1995), Van As
et al. (2005)
22 extinction of penetrating shortwave radiation (ice) 25 20 % V: Bintanja and van den Broeke (1995); U: assum.
23  extinction of penetrating shortwave radiation (snow) 171 20% V: Bintanja and van den Broeke (1995); U: assum.
24 fixed bottom temperature 268+ 0.2K V + U: meas. e
25 ice albedo B3+0.1 V 4+ U: meas.
26  fresh snow albedo .8+0.03 V+ U: meas.
27  firn albedo ®5+0.05 V4 U: meas. f
28  albedo time scale £ 3days V4 U: meas. f
29  albedo depth scale 486 cm V+U: meas. f

a Determined from AWS1 vs. AWS?2 data (Se2tl). ® The value 3.8 % per 10@ in the atmospheric model agrees well with the observations of Li (1986): 5% pen.100

Uncertainty is the 95 % confidence interval of the gradient in the atmospheric model uBaveral roughness lengths are specified because the MB model uses a scheme
for space/time-varying roughness, which is described @ig\t al. (2009a)d Between the measured initial snow depth at AWS1 and the highest altitude on the glacier in
the digital terrain model; there are no measurements other than at AWSL1, but field experience clearly suggests increasing snow depth With24tiisitiee amplitude

of the measurements at that level (Sect). f Optimal values of these three albedo scheme parameters are determined from measurements over period 2 (the only period
with a reliable snow depth record), as described in Oerlemans and Knap (1998). The uncertainty reflects varying choice of the parameters that are held constant in the
optimization procedure.
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if the Monte Carlo simulation is done with the point model, Braithwaite, R. J.: Aerodynamic stability and turbulent sensible-
vertical gradients influence the result due to the altitude dif- heat flux over a melting ice surface, the Greenland ice sheet, J.
ference between AWS1 and the associated grid cell in the Glaciol., 41, 562-571, 1995.

digital terrain model 4 20 m). Also, these gradients clearly Brock, B. W., Willis, 1. C., and Martin, M. J.: Measurement and
differ between the three chosen parameter combinations for Parameterization of aerodynamic roughness length variations at
the distributed runs (i.e. REF and two uncertainty settings), H2ut Glacier d'Arolla, Switzerland, J. Glaciol., 52, 281-297,

which allows us to capture uncertainty for the higher glacier 2006.
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Abstract. The Tibetan Plateau includes a large system ofl Introduction

endorheic (closed basin) lakes. Lake ice phenology, i.e. the

timing of freeze-up and break-up and the duration of the ice

cover may provide valuable information about climate vari- The Tibetan Plateau (TP) was identified as one of the most
ations in this region. The ice phenology of 59 large lakesSensitive regions in the world to changes in climate (Liu and
on the Tibetan Plateau was derived from Moderate Resolu€hen, 2000). At the same time, because of its unique prop-
tion Imaging Spectroradiometer (MODIS) 8-day composite €'ties, the TP has a strong impact on the global climate sys-
data for the period from 2001 to 2010. Ice cover durationt€m, acting as a large heat source and moisture sink during
appears to have a high variability in the studied region duethe summer (Ueno et al., 2001; Hsu and Liu, 2003; Sato and
to both climatic and local factors. Mean values for the dura-Kimura, 2007). Itimpacts the monsoon circulation as a bar-
tion of ice cover were calculated for three groups of lakesier to zonal and meridional air motion (e.g. Kurzbach et al.,
defined by clustering, resulting in relatively compact geo- 1993; Barry, 2008). Recently, many studies have been fo-
graphic regions. In each group several lakes showed anom&Using on various aspects of climate change impact on the
lies in ice cover duration in the studied period. Possible rea-TP: Yet our knowledge of its mechanisms and regional varia-
sons for such anomalous behaviour are discussed. Furthefons is still limited. An unbiased analysis of the impact of
more, many lakes do not freeze up completely during somdhe changing climate on the TP is often hindered by lack
seasons. This was confirmed by inspection of high resolu®f ground measurements. Sparseness of meteorological sta-
tion optical data. Mild winter seasons, large water volumetions, rough conditions, and difficult accessibility call for the
and/or high salinity are the most likely explanations. TrendsUSe of remote sensing methods. Variations in climate in this
in the ice cover duration derived by linear regression for allarea are reflected by several phenomena that are well docu-
the studied lakes show a high variation in space. A correla{nented by satellite records such as snow distribution (Shreve
tion of ice phenology variables with parameters describing€t al-, 2009; Xu et al., 2009; Kré@pek et al., 2010), changes
climatic and local conditions showed a high thermal depen-n glacier extent (Ye et al., 2006, Bolch et al., 2010), and
dency of the ice regime. It appears that the freeze-up tends tBuctuations in lake area (Bianduo et al., 2009), which can

be more thermally determined than break-up for the studiedherefore be seen as climate indicators. _
lakes. An important indicator of changes in climate derived from

satellite data is lake ice phenology. This has been proved by
a number of recent studies on regional (Ruosteenoja, 1986;
Barry and Maslanik, 1993; Duguay et al., 2006; Che et al.,

2009) and global scales (Walsh et al., 1998; Magnuson at al.,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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2000). Interannual variation in lake ice phenology allows es-BU/FU are highly sensitive to changes in air temperature.
timates of local climatic variability (Walsh et al., 1998). The Using the results of a numerical simulation, a delay of as
lakes on the TP are distributed mainly in the central and westmuch as 4 weeks in freeze-up and break-up dates has been
ern part, while meteorological stations are concentrated irfound by Liston and Hall (1995) for St Mary Lake in Canada
the eastern part of the plateau (Liu and Chen, 2000). Derivain reaction to an increase in air temperature 6£C4 They

tion of lake ice phenology of Tibetan lakes could therefore fill also attribute a sensitivity of ice phenology to a decrease in
a gap in our knowledge about the impact of climate changewind speed, which amounts to 2 weeks delay for Great Slave

in this remote region. Lake in Canada. Air temperature has been suggested to be
the most significant factor influencing the ice phenology, for
1.1 Lake ice phenology instance by Livingstone (1997) and Kouraev et al. (2007).

Analysis of ice phenology of numerous lakes and rivers in the

Ice phenology deals with periodic formation and decay of iceNorthern Hemisphere showed that & change in mean air
cover over water bodies and changes in its timing as a resuliemperature corresponds to a change of about 5days in the
of seasonal and interannual variations in climate. Formatiorduration of the ice cover season (Skinner, 1993; Magnuson
of ice cover affects water bodies in high latitudes and alti- et al., 2000). However Weyhenmeyer et al. (2004) suggested
tudes, where the temperature during cold season falls belowhat the relationship between temperature and break-up date
0°C for a sufficiently long time period. Appearance of ice is non-linear, leading to more sensitive reactions of ice break-
is initiated when the lake surface water temperature falls beup date, and to temperature changes in cold regions; however,
low 0°C. The date when detectable ice appears is referredt is not only temperature that determines the ice regime of
to as the Freeze Onset (FO) in this study. The ice formatiorakes. There are several factors that affect both the duration of
usually begins along the shore of shallow bays. Ice growth,jce cover and the timing of ice phenology events, which can
especially during the formation of a new thin ice, can be in- be divided into local and climatic factors. Apart from tem-
terrupted by strong wind events. The date of the end of theperature, climate-related factors include wind speed, radia-
freeze-up period, when the lake is fully ice-covered, is de-tion and snow cover, the latter acting as an insulating layer.
noted as Freeze-up date (FU). An increase in temperaturéhe absence of snow cover thus results in thicker ice cover,
of the air above and the water below the ice in spring leadsand leads in turn to later break-up (Kouraev et al., 2007).
to a thinning of ice, eventually resulting in the ice breaking Local factors that are related to the ice regime of lakes are:
up. Appearance of a detectable ice-free water surface, aftdake bathymetry, salinity, altitude, shape of the shoreline, and
which no more total freeze-up occurs, is called Break-up datdake area. The relative importance of particular factors for
(BU). Further deterioration of ice leads to an eventual disap-the lake-ice regime can be assessed using numerical models.
pearance of ice, denoted as Water Clean of Ice (WCI). For instance, Mnard et al. (2002) showed by using a one-

Since there are discrepancies in the definition of variableglimensional thermodynamic lake ice model that lake depth
describing the duration of lake ice cover, a comparison ofis a determinant factor of freeze-up date for Canadian lakes.
ice phenology records for different regions is often biased
(Brown and Duguay, 2010). Here we use two variables de-1.3 Effects of lake ice phenology on local or
scribing the duration of ice cover: Duration of Ice cover (DI), regional climate
which results from subtraction of the WCI and FO, and Du-
ration of Complete Ice cover (DCI), which is defined as the While the lake ice phenology is impacted by climate change,
period between BU and FU. Many lakes on the plateau freez¢he lake ice regime can in turn influence the local or even
up as late as January or February. A freeze-up in Decembehe regional climate. Freeze-up and break-up processes lead
or November is counted as ice cover for the following yearto an abrupt change of lake surface properties (e.g. albedo,
for sake of simplicity, since it belongs to the same ice cycle.roughness), affecting mass and energy exchange between the
The choice of lake-ice phenology variables as a climate indi{ake water and atmosphere. The lakes basically act as heat
cator varies among authors. Liston and Hall (1995) suggessinks in summer and heat sources in autumn and winter (Wil-
that FU and BU, together with maximum ice thickness, areson, 1977). The relatively cool/warm air above the lake will
useful indicators of regional climate change, while Latifovic inhibit/enhance convection in summer/winter. The variations
and Pouliot (2007) use the end of freeze-up and the end oifih ice phenology affect the amount of on-lake evaporation,
break-up in their analysis of lake ice phenology in Canadasince the lake-ice blocks the water—air interface, and subli-
instead; however, their choice was influenced by the avail-mation does not compensate this effect.

ability of comparable in situ data. A deep lake, such as Nam Co, can supply a large amount
of heat energy to the atmosphere in the post-monsoon pe-
1.2 Factors influencing the lake ice phenology riod (Haginoya et al., 2009). Air masses passing over a

large, relatively warmer open-water area during winter can
Sensitivity of lake phenology to climate variables has beenlead to heavy snow fall on the downwind shore. This so-
investigated by several authors, where it was proved thatalled lake effect is well-known in the case of the large
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Lurentinan Great Lakes (Eichenlaub, 1970). For the TP, lake J
effect has been described in the case of Nam Co, which is ilie.

a large saline lake in the central part of the plateau (Li et |
al., 2009), and has been analysed by remote sensing data b
Kropacek et al. (2010). This exchange process is obviously |
interrupted by lake freeze-up when no more warmer open-
water is available. The relationship between lake freeze-up |
and lake-effect-determined snow cover in Nam Co Basin has
been compared on time series of optical satellite and passive
microwave data by Kraggek et al. (2011a).

1.4 Objectives
Fig. 1. Climate properties of the Tibetan Plateau for the period
So far, little attention has been paid to the ice regime 0f2001-2010:(a) annual mean 2m temperatur@@) annual mean
lakes on the TP in comparison with high latitude lakes 10 m wind speed(c) mean 10 m wind speed for December, Jan-
in other regions. The comprehensive analysis of Northerrtary and Februaryd) mean 10m wind speed for June, July and
Hemisphere lake ice cover as a response to changing tempe?‘-UQUSt' Data points below 3000 ma.s.l. have been mgskeq out for
ature presented by both Magnuson et al. (2000) and Dibikea1y- Flow arrows are shown for every 7-th model grid point and
et al. (2011) (based on ground observations and mode”in%wdlc_ate average wind dlrec_tlon and wind speed. See Sect. 3.4 for
. . . etails on the reanalysed climate data set.
approaches, respectively), do not include the TP. Analysis o
the ice regime of two large lakes on the TP has been car-
ried out so far: the Qinghai Lake on the NE margin of the
TP by Che et al. (2009) using data from a passive microwaveslimate of the study region is under the influence of the west-
satellite instrument, and Nam Co in the central TP by Ye eterlies in winter and the Asian monsoons in summer, and is
al. (2011), using a combination of passive microwave andcharacterized by wet summers and cold, dry winters. The
optical satellite data. An overview of lake ice phenology of most relevant climate parameters for this study are given in
at least the largest lakes on the TP is, to our knowledge, stilFig. 1, which shows air temperature and wind speed/direction
missing. on the TP. The mean annual air temperature for 2001-2010
Ground observations of lake ice phenology on the remotgFig. 1a) features an evident dependency on orography, but
TP with harsh winter conditions are not available. Such cost-also a negative gradient from south-east to north-west. The
intensive observations are furthermore complicated in thecentral and southern part of the TP have a mean annual tem-
case of large lakes, where the surface of the whole lake carperature between 0 and°6, dropping to far below 0C
not be observed from a shore station (Walker and Daveyin the north-western part of the plateau. Only in the south,
1993). The number of such stations is globally decreasingaround Lhasa, does the mean annual temperature exceed
for instance in Canada, decreasing from 140 sites in mid5°C,
1970’s to less than 20 sites by the end of the 1990's. Obvi- The climate of the TP is typical with a pronounced air
ously the analysis of lake ice phenology on the TP has to relycirculation pattern driven by both the westerlies and the
on satellite observations. This study is focused on the derivamonsoon. Figure 1b, ¢ and d shows, respectively, the mean
tion of the time series of lake ice phenology events from10 m wind speed and direction for 2001-2010. Wind speed
MODIS 8-day snow composites, for a representative groupis also strongly controlled by orography, with significantly
of lakes on the TP, allowing for the calculation of the dura- higher wind velocities on mountain ridges. The dominant
tion of the ice cover period. The relation of ice phenology surface wind direction is west—east for most parts of the TP,
to (i) local factors and to (ii) climate variables is analysed in which is owing to the prevailing influence of the westerlies in
order to assess the potential of ice phenology as a proxy fowinter, with high velocities and a constant flow pattern. Dur-
climate variability. Additionally, trends in duration of the ice ing the summer months the picture is different, with lower
cover in the period from 2001 to 2010 for the studied lakeswind velocity and a cyclonic circulation forming in the low
are derived. levels of the atmosphere and at the surface. This well-known
low-pressure system is linked to the summer plateau heating
and associated air updraft (Gao et al., 1981).
2 Study area Analysis of meteorological records over the last decades
reveals that both temperature and precipitation show an in-
The TP has a mean elevation exceeding 4500 m a.s.l. and @reasing trend (Liu and Chen, 2000; Xu et al., 2008). This
is bordered by the high mountain ranges Karakorum and thgeneral climate trend appears to feature some regional dif-
Himalayas in the south and by Kunlun Shan in the north, ex-ferences across the TP. The south-eastern part of TP becomes
tending to a length of several hundreds of kilometers. Thewarmer and wetter, the south-western part follows the same
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trend but with smaller amplitude, while the north-eastern part3 Data and methods
of the TP turns warmer and drier (Niu et al., 2004).

There are a large number of lakes on the TP differing in3.1 MODIS instrument and data description
size, salinity, altitude and shape. Putting the limit of the min-
imum area to 0.1kf) their number reaches almost 6880, The study area features favourably low cloud cover during
covering a total area of around 43 000%nout of which  winter and spring periods, and the data acquisitions by opti-
1260 lakes exceed 1 KngJiang et al., 2008). This makes the cal instruments are not hindered by polar darkness, as is the
TP one of the largest lake systems in the world, unique incase for instances of high-latitude Canadian lakes (Howell et
the high-elevation conditions. There are 7 lakes larger tharal., 2009). Furthermore, the medium resolution optical data,
500 kn? distributed mainly in the SW part of the plateau, which have spatial resolution in the order of several hundred
out of which 4 exceed 1000 KinSo far, there is little known — meters, allow for derivation of ice phenology for tens of lakes
about the bathymetry of even the largest lakes (Wang et al.pn the TP. This is in contrast to passive microwave data, with
2010). spatial resolutions in the order of tens of kilometers, which

Most of the lakes on the TP are brackish or saline. Anare useful only for the largest lakes (Che et al., 2009). In this
overview of salinity in three classes is presented by the “Mapstudy, we used MODIS data for the derivation of lake ice
of the Lakes and Glaciers on the Tibetan Plateau” (Yao,phenology of Tibetan lakes.
2007), while zoning of Tibetan lakes according to their hy- The Moderate Resolution Imaging Spectroradiometer
drochemical type is described in Zheng and Liu (2009). Ad-(MODIS) instrument is carried by two polar orbiting satel-
ditionally, several figures on salinity of the Tibetan lakes arelites, Terra and Aqua. The system is able to acquire data
dispersed in literature. Nevertheless, a comprehensive dataf the entire Earth’'s surface every 1 to 2days in 36 spec-
set describing the salinity of lakes on the TP is not avail-tral bands by both Terra (in the morning) and Aqua satellites
able. Salinity, in the context of limnology, represents the total(in the afternoon). In order to keep the data amounts at a rea-
sum of ions dissolved in water. Most of the lakes on the TPsonable level in this study we used the MODIS snow prod-
represent a termini of inland drainage basins and are theredct MYD10A2 (Hall et al., 2007) instead of primary spec-
fore salty. Only a few lakes, e.g. Taro Co in the SW parttral bands. This product has a resolution of 500 m and is a
of the plateau, are through-flow lakes containing freshwa-composite classification image over an 8-day period, based
ter (salinity< 3gL~1). Lakes in highly arid basins with lit- on a Normalized Difference Snow Index (NDSI) and several
tle surface inflow may become hypersaline, which is, for in- other criteria tests that minimize the impact of cloud cover.
stance, the case of Chabyer Caka (Zabuye Lake) with salinityrhe classification scheme matches the needs of this study as
of its surface brine reaching up to 425g4(Zheng and Liu, it contains the following five classes: Snow, No snow, Lake,
2009), or Lagkor Co in the SW part of the plateau. Averagelce and Cloud.
salinity of five hydrochemical zones defined by Zheng and
Liu (2009) ranges from 135 to 352 giL. Such high salinity 3.2 Derivation of ice phenology dates from the MODIS
indeed influences the freezing temperature of the lake wa- 8-day composite data
ter. The magnitude of the freezing point depression decreases
with an increase of salinity. This in turn leads to a shorten-The frozen lake surface is represented by classes Ice and
ing of the ice cover period of salty lakes in comparison with Snow in the MODIS 8-day composites. We adopted the per-
freshwater lakes under the same conditions, i.e. climate, elecentage of pixels classified as class water as a measure for the
vation, etc. frozen status of the lake. This approach provides more accu-

Levels and extent of lakes on the TP experienced high osrate estimates than querying the number of pixels belonging
cillations as a reaction to changes in climate conditions into classes Ice and Snow, since it accounts better for miss-
the past (Zhang et al., 2011; Phan et al., 2012; Kteg et  registrations between MODIS scenes. For practical reasons,
al., 2011b). Furthermore, the lake shore may have shifted by threshold for the ice/water extent had to be set in order to
even hundreds of meters during the last 40 yr (Bianduo et al.detect the ice phenology dates. Factors 5% and 95 % for the
2009; Krom@cek et al., 2011b). These oscillations were re- area of open water were chosen as thresholds for the identi-
lated to an increased runoff, owing to the retreat of mountainfication of the ice phenology events in order to exclude the
glaciers, according to Yao et al. (2007), who analysed sevinfluence of noise. Such absolute thresholds would be sensi-
eral catchments in Tibet. There is a lot of confusion in thetive to various disturbing effects. Instead we used an adap-
terminology, caused by parallel usage of several versions ofive approach. The data set was first divided by a median
names for the same lake. Often more than two versions ar@to two parts: one below median corresponding to frozen
used in Tibetan, while different transcriptions from Tibetan lake, and the other one with the values above median cor-
(often via Chinese) increase the confusion. Here, we decidedesponding to unfrozen conditions. In the next step, mean
to adhere to a convention introduced by the Map of the lakessalues were calculated from both data sets. The thresholds
and glaciers on the TP (Yao, 2007) compiled by the Institute5 % and 95 % were then applied to the range limited by these
of TP Research, Chinese Academy of Science (ITP, CAS). calculated mean values, instead of the whole range 0—100 %.
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Fig. 2. Studied lakes are divided into three groups labeled as A, B and C: Group A: 1 Aksayqin, 2 Chem Co, 4 Longmu Co, 5 Gozha Co,
7 Bamgdog Co, 11 North Heishi, 12 Jianshui, 13 Bairab, 14 Yang, 52 Lixi’Oidaim Co, 55 Taiyang, 56 Hoh Xil Lake; Group B: 8 Lumagang-
dong Co, 9 Memar Co, 10 Aru Co, 18 Palung Co, 22 Geysa Co, 23 Dajia Co, 45 Yaggain Canco, 46 Dorsoidong Co, 47 Migriggyangzham
Co, 48 Dogai Coring, 49 Aqqik Kol, 50 Ayakkuh Lake, 51 Jingyu, 53 Xijir Ulan Lake, 54 Ulan Ul Lake, 57 Huiten Nur, 58 Dorge Co and

59 Hoh Sai Lake; Group C: 3 Bangong Co, 6 Geyze Caka, 15 Langa Co, 16 Mapam Yumco, 17 Ngangla Ringco, 19 Taro Co, 20 Dawa Co,
21 Zhari Namco, 24 Paiku Co, 25 Monco Bunnyi, 26 Xuru Co, 27 Tangra Yumco, 28 Ngangzi Co, 29 Dogze Co, 30 Urru Co, 31 Gyaring
Co, 32 Co Ngoin, 33 Serling Co, 34 Pangkog Co, 35 Ringco Ogma, 36 Puma Yumco, 37 Nam Co, 38 Bam Co, 39 Npen Co, 40 Pung Co,
41 Dung Co, 42 Co Nag, 43 Zige Tangco, 44 Kyebxang Co.

This helped us to suppress the influence of mixed pixels andable 1. Average values of basic characteristics and ice phenology

remaining discrepancies between the used lake outlines anfdr each lake group. Duration of complete ice cover (DCI) and du-
the real shorelines. ration of ice cover (DI) in days calculated as a mean value for each

For the extraction of ice phenology events from MODIS ©f the three groups over the period from 2001 to 2010 and standard
data, all lakes larger than 100 Rmvere selected. This re- deviations &) of both variables, which is a measure of variation of
sulted in 65lakes that are well-distributed over the TP € coverduration amongstthe lakes in each group.

(Fig. 2). Out of this group, 6lakes (Yinmar, Yamzhog

Group Mean Mean Mean DCIl oDCI DI oDl

Yumco, Nau Co, Chabyer Caka and Ringinyububu Co) had to elev. temp. area

be sorted out, since their histograms were too noisy for a reli- (masl) ¢C) (km?) (days) (days)

able extraction of ice phenology. For instance, the Yamzhog A 49255 —84 146.9 149 474 209 424
Yumco has a highly complex tentacle-like shape that results B 47800 -54 2350 109 612 159 70.1

in an extremely noisy signal. In order to account for regional ¢ 46000 -12 4012 72 427 126 382

differences in the ice regime of lakes in such a large area,
the lakes were grouped by k-means clustering in a multi-

dimensional space, defined by six variables (area, elevatior=h ice phenoloav. Unfortunatelv. for further important fac-
latitude, longitude, shape index, and mean temperature) int 9 b 9y- Y, b

three groups denoted by abbreviations A, B and C respec?ors’ e.g. water volume and salinity, no comprehensive data

. : as available. Mean monthly values of temperature and wind
tively (see Fig. 2 and Table 1). These groups correspon%vpeed for each group (Fig. 3) show a clear seasonality of

to relatively geographically compact regions located in thth

north-west, north-east and south, respectively. This approac oth the variables and differences in temperature amongst

. : e groups. All three groups have maximum wind speed in
aims to select homogenous groups in terms of factors affect: .
February that corresponds roughly to the freeze-up period.
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uncertainty. The magnitude of the noise is given by variation
of the water curve during the summer period, when it is not
due to cloud cover.
1 In order to identify correctly the FU in case of multiple in-
_____ s tersections of the open water curve with the threshold, which
] is mainly owing to noise, a point that has been set well-before
possible early freeze up was used. The first threshold cross-
ing was searched for from this point. Analogously, all the
other ice phenology dates were identified (Fig. 4). Since the
points of the open water have 8-day sampling, the exact day
of each ice phenology date was obtained as a linear interpo-
lation of the first point below and above the threshold. All

group A

N
2

Wind Speed (m.s™)
/
Temperature (°C)

— Wind Speed g ; ifi ; ; ;
[, - Temporature identified points r_epresentlng the ice phenology_ dates were
sl o 0 0o 1 1 20 plotted together with the open water curve for a visual check.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

3.3 Validation of open water area derived from MODIS
Fig. 3. Mean monthly values of 2 m air temperature and 10 m wind 8-days composites
speed averaged for each lake group based on reanalysed climate
data (see Sect. 3.4 for details) for the period 2001-2010. Both vari-The accuracy of the derivation of the open water area for a
ables have a marked seasonality. lake from the MODIS 8-day composites was estimated by
a comparison with a number of reference satellite images
(Fig. 5). These images cover various phases of freeze-up
In order to get a regional overview of the ice regime on theand break-up processes and are from various satellite sen-
TP, mean values of DI and DCI, phenology dates and trendsors, including Envisat/ASAR (Advanced Synthetic Aper-
for these groups were calculated and compared. ture Radar, wide swath mode data), Landsat, TerraSAR-X
For definition of the spatial extents of the lakes we used(Synthetic Aperture Radar) and SPOT (System for Earth Ob-
Global Lakes and Wetlands Database — GLWD (Lehner andservation). For each validation image, a percentage of the
Doll, 2004), which is a global data set created as a combi-open water area was derived and compared with the water
nation of various available sources. The shorelines from thecurve from MODIS 8-day data, which was interpolated for
GLWD were checked against the MODIS images. In someeach day. A time difference in days between each point rep-
instances, a certain amount of manual editing of the shoreresenting the validation image and a corresponding point on
line had to be involved, i.e. shifts or shape adjustments. In orthe interpolated curve with the same percentage of open wa-
der to account for small variations of the lake shapes causeter was derived. An overall accuracy was then calculated as a
by mixed pixels, a mean image was calculated from MODISroot mean square error of these time differences in days. An
images covering the autumn period after the monsoon andRMS error equal to 9.6 days was obtained from twenty vali-
before the lake freeze-up. This image, which shows in onedation images for Nam Co. A mean time difference as low as
layer spatial variations of shape between single acquisitions].2 days proves that there is no systematic error in the open
was used as a base layer for adjustments of the vector dataater area estimation.
Another source of the size variation is probably a shoreline
displacement connected to the lake volume/size oscillation8.4 Correlation of the lake phenology with the local and

(Bianduo et al., 2009; Wu and Zhu, 2008; Ké&gpk et al., climate factors
2011b) during the study period. These variations usually do
not exceed the pixel size of MODIS. In an attempt to identify the main drivers of the ice regime

In the next step, histograms were extracted from allof the study area, the extracted ice phenology data was com-
MODIS images in the time series separately for each lakepared with data describing local and climate factors. The lo-
Graphs of the percentage of open water area were concal factors, which were possible to describe by available data,
structed for the whole time period. The ice phenology eventswere: latitude, longitude, elevation, area and shape. Latitude
were then identified automatically as intersections of theand longitude were retrieved from the GLWD using automat-
curve representing open water with thresholds 5 % and 95 %ically generated centroids of lake polygons. The centroids
It was observed that multiple intersections with thresholdswere manually shifted inside the lake in several cases where
occur during the freeze-up and break-up period. This can octhey fell outside the lake polygons, owing to the concave
cur owing to ice retreat caused by wind events and refreezinghape of the shore. Lake altitude was identified in the Shuttle
during the break-up period, or by cloud cover not accountedRadar Topography Mission (SRTM) digital elevation model
for by the 8-day compositing approach. Another reason is thaising the edited centroids. A simple shape index was defined
presence of noise in the time series induced by classificatioas a ratio between perimeter and area, which can be easily
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Fig. 4. An example of curves for open water (below), ice and snow (middle) and clouds (above), derived from MODIS 8-days composite
data for Dorsoidong Co. The identified lake ice phenology events are marked with symbols: “x” for FO, “+” for FU, “*” for BU—)éridr"
WCI. The noise in the total ice cover is often caused by confusion with clouds, which are actually rare in the winter period on the TP.
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Fig. 5. Validation of the time series representing the area of open water for Nam Co, derived from MODIS 8-day composite data by comparing
the open water curve with points representing the area of open water extracted from high-resolution satellite images (Landsat, Envisat/ASAR,
TerraSAR-X and SPOT).

retrieved from the GIS layer of lakes. This index describeset al. (2011). The 10yr data set (2001-2010) is composed
shape complexity of the shore. Lakes with a complex shapdy consecutive model runs, reinitialized every day using data
are likely to have a lower depth and, as a consequence, tom the Global Forecast System’s final analysis. The model
lower thermal inertia in comparison with a rounded lake of is strongly constrained by the observed synoptic weather pat-
the same size. Lakes with high shape index are likely to proterns and thus represents a regional atmospheric reanalysis.
vide more shallow bays where the freeze-up usually starts. In Other studies successfully made use of this modelling
addition, the parameter lake area itself is a proxy of the laketechnique for other regions of comparable characteristics
volume and is related to the thermal inertia of the lake. (complex terrain, scarce observations), for example Iceland
For characterization of the climate for the selected lakeg(Bromwich et al., 2005) or Greenland (Box et al., 2006). Pro-
it is not possible to simply rely on measurements of nearbyducing a high-resolution reanalysis data set is part of a larger
ground meteorological stations, because of their sparsenesproject (Maussion et al., 2012). For the present study we use
The density of stations decreases towards the west, leawime series of daily and monthly averages of hourly values
ing the whole western part of the plateau with some fivefor two variables (2 m air temperature and 10 m wind speed).
stations. To our knowledge, only Nam Co and Gyaring CoA validation effort using 84 weather stations located within
have a ground meteorological station located in the imme-the 10 km domain, showed a good match between the mea-
diate vicinity of its lake shore. Instead we rely on a cli- sured and the simulated daily mean temperature (mean bias
mate data set generated with the Advanced Weather Researofi—0.91 K, Root Mean Square Deviation (RMSD) of 2.74 K
and Forecasting (WRF) numerical atmospheric model (Skaand coefficient of determinationq) of 0.92). Wind speed
marock and Klemp, 2008). Two-way grid nesting in the par- was validated for monthly means owing to its high variabil-
ent domain (30 km spatial resolution) yields to a regional-ity. Direct comparison with observations is difficult because
scale spatial resolution over the TP of 10km (Fig. 1). All of the altitude difference between station and model grid
details of the model configuration are presented in Maussiompoints, but the inter-annual and annual variability of wind
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speed are well-reproduced by the model with-&rof 0.44. 80°E 85°E 90°E
Contours of mean temperature, wind speed and wind direc
tion on the TP are shown in Fig. 1. Based on the reanalyse:
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The lake ice phenology for 59 lakes on the TP has been ex-

tracted from the time series of MODIS 8-day composites forFig. 6. Ice cover duration for the studied lakes on the TP show-
the period from 2001 to 2010. This allowed us to get aning duration of freeze-up period, duration of complete ice cover

overview of the regional differences in ice regime over the (DCI) and duration of break-up period as heights of the respectively

TP (Fig. 6). There is a remarkable difference in the ice COvercoloured sections of bar symbols, whereas the total size of the bar

duration in terms of both DCI and DI amongst the studied represents the duration of ice cover (DI).

lake groups (Table 1). The groups resulting from k-means

clustering form well-defined geographical regions (Fig. 1). o

Group C in the south features the lowest values for both?-1 Validation of the no complete freeze-up events

DCI and DI, while group A, containing mainly lakes in the ¢ thatth lete f .
north-west of the plateau, has the highest values for DCI an(# appears that (neré was no Complete freeze-up in Some years
or several lakes. This may be surprising in an area with a

DI. The ice cover duration for group A is roughly two-times harsh cli dwith a | iod of bel
greater than group C. Owing to these high differences in ice arsh climate and with a long period of temperatures below

cover duration amongst the groups, any general figures foP C. This occurs also in the case of some large lakes like, for

the whole TP would not be representative. Statistical signif—'nStance' Tar_o Co. In order to e_XCIL.'de the possibi_lity that the
icance of the differences in DCI and DI amongst all three phenomena is only random noise in the data, quick-looks of

groups was checked by ANOVA (Analysis of variance be- _Landsat scenes were checked for the presence of open water

tween groups) test (F-value =13.8, P-value = 0.001 for pcin the relevant periods. The presence of open water during
and E-value =9.2. P-value = 0.001 for DI). There is a high usual ice-on season was confirmed in this way for a number

variation in both the DCI and DI in each group (Table 1). of lakes (see Table 2).
Grouping of the lakes into a higher number of clusters (four
and five) using K-means clustering resulted in spatially het-
erogeneous regions and moreover did not lead to a decreas«;ld2 1 Group A
variation in ice phenology variables in the groups. - P

For several lakes it was not possible to extract the ice phe:l_he main characteristics of this group are high elevation,

nology because of a high level of noise in the signal obtaine : . .
. . . ow mean annual temperature, and relatively small size. This
from the MODIS 8-day composites. This was most likely to . . .
cluster contains only twelve lakes, which are located mainly

be owing/attributed to the effect of mixed pixels. This effect in the very western part of the TP bordered from the north

impacts to a greater degree smaller lakes and lakes with com- . . i
plex shape. Since the lower limit of the used method, in termnsby the Kunlun Mts. (Fig. 2, Appendix A). Three lakes are lo

e . e cated further in the east, somewhat separated from the main
of lake size, is shape dependant, it would be difficult to set
T ) ..~ “‘group surrounded by lakes of the group B. The reason why
a threshold of certain minimal lake size as a clear limitation ' :
these lakes belong to the group A instead of the group B is
of the method. In the case of some lakes, open water was A it
. o . .. a low mean-annual temperature (Lixi'Oidaim Ce7.4°C,
misclassified as class land in the MODIS 8-day composites,_. . o - o .
. . . : . Talyang:—7.6°C and Hoh Xil:—8.3°C) when comparing to
which can be probably explained by a high sediment load in = a0 . .
) . the mean value for the group B:5.4°C. The ice regime of
the water, for instance in the Ulan Ul Lake. C . i : .
lakes in this group is determined by cold continental climate
that is reflected by a long ice cover period: DCI 149 and DI
209 days (Table 1). Longmu Co has a remarkably short dura-
tion of ice cover, both in terms of DI and DCI, and in some

seasons it did not freeze-up completely, while the longest ice

4.2 Results for the three groups
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Table 2. Validation of the no complete freeze-up events detected by MODIS data for selected lakes by Landsat data. Percentage of ice cover
was determined from available Landsat images falling to the period of usual ice cover determined for the particular region.

Lake name (region) Ice Cover from Landsat, Mean FU Mean BU Seasons of
Dates (% of ice cover from Landsat from MODIS from MODIS no complete freeze-up
TM and ETM+) (region) (region) from MODIS

Taro Co (C) 6/2/09 (40 %), 15/2/2009 (60 %), 18 Jan 24 Jan 2003-2005,
3/3/2009 (60 %), 2/2/10 (30 %), (7 Jan) (15 Apr) 2008-2010
18/2/10 (80 %), 6/3/10 (90 %)

Tangra Yumco (C)  11/02/2010 (5 %), 27/02/2010 (40 %), 21Jan 6 Feb 2003, 2005-2007,
15/03/2010 (40 %) (7 Jan) (15 Apr) 2009-2010

Nam Co (C) 5/2/2001 (70 %), 26/4/2001 (60 %) 13 Feb 4 Apr 2001,

(27 Dec) (29 Mar) 2009

Xijir Ulan (B) 16/3/2001 (20 %), 19/3/2002 (20 %), 29 Dec 25 Jan 2001-2003,
23/3/2003 (20 %), 23/2/2005 (20 %) (7 Dec) (18 Apr) 2005-2006

Bangoing Co (C) 22/2/2004 (0 %), 7/1/2005 (60 %), (8 Dec) (14 Apr) 2001-2010

28/3/2005 (0 %), 2/3/2010 (10 %)

cover was observed by the Hoh Xil Lake. The anomaly of taple 3. Trends in daysyr! in duration of both DCI and freez-
Longmu Co is not easy to explain since it is one of the highesing period DI in the period from 2001 to 2010 for each group. The
lakes of the group and its mean temperature is not exceptioneorresponding standard deviations of trends gives an idea about the
ally high. The mean trend in the ice cover duration is 2.6 andvariation of trends in each group.

1.4daysyr?! for DCI and DI, respectively (Table 3). Nev-
ertheless, there is a high variation of the trend in this group Group Trend DCI  Trend DI o trend DCI o trend DI

(Appendix B). The mean trend in DCl is also strongly influ- 26 14 5.9 35
enced by the high trend of the two lakes Aksayqin and North g _02 1.7 4.9 4.8
Heishi, with extremely low values of DCI in 2001 and 2003. ¢ 11 _16 31 21
4.2.2 GroupB

and Yaggain Canco. All of these lakes have also a high varia-
This group contains in total eighteen lakes, out of which fivetion in ice cover duration (Appendix B). In the case of Dogai
are larger than 300 kfr(Fig. 2, Appendix A). The lakes are Coring, Xijir Ulan and Yaggain Canco, both the increasing
mostly located in the northern part of the plateau. This grouptrend and the high variation are strongly impacted by the oc-
includes also three lakes in the west and another three lakesurrence of no freeze-up events in the studied period.
in the south-west surrounded by group A and C, respectively.
This inclusion is due to their high elevation and low mean4.2.3 Group C
annual temperature. On average, lakes in this group fea-
ture a relatively long ice cover period (DCI 109 days and DI Lakes of this group, which can be characterized by a low
159 days). There is a high variation of both DCI and DI (Ta- elevation and a high mean annual temperature (Table 1),
ble 1), which is influenced by a large variation of elevation are distributed approximately along the parallet Bllin the
(Appendix B) and a large range of latitude. Lake Ayakkuh south of the Tibetan Plateau (Fig. 2). This cluster contains
features remarkably short mean DI of 88.3 days in comparitwenty nine lakes, which is the highest number of all the
son with the average DI of the group, mainly due to its low three groups (Appendix C), including many of the largest
elevation (4161 ma.s.l.). Lakes Xijir Ulan, Yaggain Canco lakes on the TP, e.g. Serling Co, Nam Co, Zhari Namco,
and Dogai Coring did not freeze up completely during the Ngangla Ringco, Tangra Yumco and Taro Co. Except for
seasons 2001 and 2002. The mean trend in duration of lakMapam Yumco, La'nga Co, Paiku Co and Puma Yumco, all
ice period is negative in terms of DCI, but positive in terms lakes are in the central part of the plateau north from the
of DI (Table 3), and amounts for0.2 and 1.7 days yr*, re- Gangdise and Nyaingentanglha Mts., which act as a barrier to
spectively; however, there is again a high variation in boththe monsoon circulation. The lakes Bangong Co and Geyze
the DI and DCI in this group (Table 3). Four lakes in this re- Caka are located in the western part of the plateau. The lake
gion appear to have a rapid increase in the ice cover duratioite cover in this region, with an average DCI of 72 days and a
in terms of the DI: Dogai Coring, Xijir Ulan, Ayakkuh Lake DI of 126 days, is the shortest of the three regions. A number
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of lakes in this group, e.g. Taro Co, Tangra Yumco, PaikuTable 4. Correlation of ice cover duration (DCI — duration of com-
Co, Xuru Co, Monco Bunyi, Dajia Co, Bam Co, Npen Co plete ice cover and DI — duration of ice cover) and ice phenology
in and Ringco Ogma, did not freeze up completely in somedates with climate and local parameters calculated for all 59 studied
years. Gyeze Caka did not freeze-up completely during théakes. Statistically significant values at the level of significance 0.02
whole period from 2001 to 2010, and there are no signs off" bold-

it freezing up before, which could be due to its hypersalinity

. , . e / X DCI DI FO FU BU  WCI
(“caka” means “salty lake” in Tibetan). Another interesting — 016 018 030 009 007 —083
: ; f . . ongitude . . -0. . . -0.
lake in this group is Tangra Yumco, which is rgggrQed as the latitude 049 044 045 033 012 063
deepest lake on the TP (Wang et al., 2010). Itis divided into a  atitude 040 043 -025 020 016 0.65
northern and a southern part by a narrow strait. The northern meantemp.  -0.63 —-0.70 061 -048 -035  0.64

part freezes over later or not at all, as seen on Landsat im- thawingindex -063 -069 060 -048 -035 067

for i 1M h 2007. 27 Feb 2 d freezingindex —0.62 —0.69 0.60 —-048 -0.34 0.61
ages ( or instance O_n 3 QFC 007, ebruary 008 an perimeter/area 0.29 0.27 —0.37 0.24 0.17 -0.09
15 March 2010). This is obviously caused by heat accumula- area -034 -027 035 -026 -007 0.06
tion in the northern part that reaches a depth of 214 m, which

is approximately 100 m deeper than the southern part (Wang

et al., 2010). In the case of Taro Co, the influence of highpehaviour of single lakes in each group. Itis not easy to iden-
salinity on this effect can be excluded since this lake, whiletjty the reason for this; however, this may be owing to some
having an outlet towards Chabyer Caka, is a fresh water lakgoca| factors, for instance a feedback effect of snow cover.
(Wang et al., 2002). The DI of lakes in this region varies from
59.2 days (Paiku Co) to 204.8 days (Pangkog Co). Inthe casg.4 Correlation of ice phenology variables with climatic
of Paiku Co it was only in 2008 that it froze over completely. and local parameters
Pangkog Co, which is located immediately to the east of Ser-
ling Co, is, with an altitude of 4529 ma.s.l., the third low- Statistical analysis of the dependency of ice phenology vari-
est lake in the group. A possible explanation of its long ice ables on climatic and local parameters was carried out for all
cover would be its relatively small size of 100.7%kmom- 59 studied lakes (Table 4). In order to assess the sensitivity
bined with its low depth. Mean trend in ice cover duration of the analysis to lake selection and to suppress the influence
of this group is—1.1 and—1.6 daysyr! in DCl and DI, re-  of noise introduced by mixed pixels, which obviously play
spectively, with a relatively low variation (Table 3). a more important role in the case of smaller lakes, the same
analysis was repeated for lakes larger than 300 (i@ lakes
4.3 Trends in duration of ice cover for the three groups  in total, Table 5). Results of the analysis showed that there
is a high correlation between ice cover duration (DCI and
Trends in DCI and DI for all regions were calculated as DI) and temperature and both the thawing and freezing in-
mean values of trends in each group. Statistical significancelices. The correlation coefficient, which is 0.62 to 0.63 for all
of trends in both DCI and DI are given in Appendices A, lakes, increases up to 0.82 when selecting lakes larger than
B and C. The mean values for each group are listed t0-300 kn?. This confirms a high thermal determination of lake
gether with the corresponding standard deviations in Taphenology reported by many studies for a number of lakes
ble 3. The statistical significance test by means of ANOVA worldwide (Ruosteenoja, 1986; Manguson et al., 2000; Lat-
(F-value =3.45, P-value=0.038 for trend in DCI and F- ifovic and Puoliot, 2007). It is likely that the dependency of
value =0.05, P-value =0.95 for DI) revealed that the groupsice phenology on thermal variables would be even higher if
do not differ in terms of mean trend. The standard devia-the freezing point depression caused by salinity could have
tions reveal the magnitude of differences in the behaviourbeen taken into account. It appears that the correlation with
of lakes in each group. The especially high standard devithe three variables based on temperature is higher for FO and
ation in the case of group B suggests that there is a stron§VCl than for FU and BU. This suggests that the FO and
influence from the local factors on the ice regime of theseWCI are more thermally determined. Surprisingly there is
lakes. There are differences between the trend in DCI andnly a little difference in dependency of freeze-up and break-
the trend in DI for the same region, which reflects variation up events on the freezing and thawing indices. It appears that
in duration of the freeze-up and break-up periods and it isfor the large lakes there is a high dependency of ice phe-
also highly influenced by no complete freeze-up events. Thenology on the shape index. The strikingly lower value for all
differences in duration of the freeze-up and break-up periodsakes, including many smaller lakes around 10& kisilikely
may be caused by snow fall and wind events, insulating effecto be due to the generalized lake outlines in the lake database,
of snow cover slowing up the break-up, changes in albedowhich affects the reliability of the calculated shape index.
etc. It has to be noted that the variations of ice cover duration High correlation of ice cover duration & 0.46 for DCI
of all groups exceed the calculated trend (Table 3), meaningndr = 0.45 for DI of the group of the large lakes) with lat-
that even if the lakes were grouped with respect to the factorgude is in fact related to a decrease in temperature and irra-
influencing their ice regime, there are large differences in thediation towards the north. There is probably no strong driver
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Table 5. Correlation of ice cover duration (DCI — duration of com- tant factors that influence the break-up on the TP. Wind dis-
plete ice cover and DI — duration of ice cover) and ice phenologyturbances during the freeze-up period, marked by the max-
dates with climate and local parameters calculated for lakes largefmum wind speed for all three groups in February (Fig. 3),
than 300 kM (18 largest lakes). Statistically significant values at gre thus likely to have a lower impact on the freeze-up pro-
the level of significance 0.02 are bold. cess than the insulating effect of snow cover on the break-up
process in the case of Tibetan lakes.

DCI DI FO FU BU  WCI
longitude 028 029 —033 018 011 —063 ;

latitude 046 045 —063 052 016 —-0.63 5 Conclusions

altitude 075 073 —-054 036 031 050 ]

meantemp. —080 -081 085 -073 -047 064 Ice phenology was derived for 59lakes on the TP from
thawingindex -0.74 -075  0.81 -072 -046  0.66 MODIS 8-day composite data. The obtained results imply

freezing index —0.82 —0.83 085 -0.73 -047 0.61 f f . F
perimeter/area 079 049 049 043 026 005 that despite some influence of local settings, e.g. salinity,

area _032 -027 031 -007 014 -008 shape or wind exposure, the ice phenology of the Tibetan
lakes is to a high degree determined by climate, especially
the air temperature, which is in agreement with results from
of the ice regime, which would lead to an east—west gradienbther cold regions in the world. This suggests that changes in
in ice phenology, since only a weak correlation was revealedhe ice phenology of Tibetan lakes can indicate variations in
between the ice phenology variables and longitude. The iceegional climate. This is highly valuable since the area is only
cover duration appears to change with altitude, owing to asparsely covered by ground observations, and at the same
decrease in temperature connected to a decrease in air pre@me plays an important role in regional and global climate.
sure, which can be expressed by temperature lapse rate. THée ice phenology of the studied lakes, averaged over the
selection of the large lakes leads to a significant increase iracquisition period, features a high variation both in the lake
dependency of ice cover duration to altitude. This could havegroups and when comparing them, which reflects differences
been likely caused by an inaccuracy in determination of lakein geographical position (altitude and latitude) and local set-
ice phenology dates for smaller lakes with noisy time seriestings, e.g. shape complexity and salinity. This study showed
of the satellite data classifications. that a number of Tibetan lakes do not freeze up completely

While there is no significant correlation of ice phenology during some winter seasons. This interesting phenomenon
variables with the perimeter/area index for all lakes, thereand its consequences for local climate, including snow cover
is a strong correlation for the selected large lakes achievingegime, should have proper attention paid to it in further re-
r = 0.79 in the case of duration of complete ice cover (DCI). search. Both of the variables, used as a measure of duration
This shows that the shape complexity significantly affects theof the ice cover, DI and DCI, can be used as climate indica-
ice phenology, in particular, the freeze-up process providingtors, although DI appeared to be more stable in terms of vari-
shallow bays for the development of early ice. On the con-ation in two of the three regions than DCI. Additionally, the
trary, the break-up process seems to be largely unaffected bgstimation of DCI is hindered when the lakes do not freeze
the shape complexity, even in the case of the large lakes. Faup completely. It can be thus concluded that DI allows for a
the parameter area, a statistically significant correlation wasnore reliable characterization of the ice regime from MODIS
found only in the case of DCI and FO (for the 18 largest 8-days composites for lakes on the TP. Furthermore, it ap-
lakes). This suggests that the studied lakes with a large arepears that FO is more thermally determined than BU in the
do not always have a large volume and thermal capacity. case of the studied lakes.

The analysis revealed much higher dependency of FO and The available time series of MODIS data allowed us to de-
WClI to the climate and local parameters than in the cases ofive a trend in ice cover duration for the studied lakes, which
FU and BU. This can be caused by two factors. Either windappeared to be highly variable over the TP. The high varia-
or the local conditions can lead to a higher variation in FU tion remains even after grouping the lakes by clustering in
and BU, but do not affect the FO and WCI in the same way;a multi-dimensional space defined by relevant climatic and
alternatively, the spatial variation of BU and FU is purely local variables. These facts, together with the relatively short
caused by systematically higher inaccuracy in BU and FUevaluation period of ten years, would make any general con-
estimation. Irrespective of the reason, the FO and WCI (reclusion about a trend in ice phenology on the TP dubious.
spective DI as their difference) derived from MODIS 8-day Even though this study confirmed the usefulness of lake ice
snow composites appears to be a better indicator for changgshenology as a climate indicator, the extraction of a signif-
in climate on the TP. While comparing the correlation of BU icant trend for the assessment of changes in climate on the
and FU with temperature, it is the FU that appears to be mord’ P requires a longer time series of observations. The high
thermally determined, which contradicts findings of Duguay variation of the trend amongst the lakes also points out the
et al. (2006), who found the BU to be a more robust indicatorfact that whenever ice phenology will be used as a proxy of
of climate oscillations than FU in the case of Canadian lakesclimate change on the TP, proper care has to be paid to the
It seems that apart from temperature, there are some imposelection of a representative sample of lakes.
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Appendix A

Table Al. Ice phenology of the lakes in group A.

J. Kropacek et al.: Analysis of ice phenology of lakes on the Tibetan Plateau

Name Elevation Label Trend f-test Trend f-test Meaw of Mean o Mean Mean Mean Mean
Fig. 1 in DCI in DFP DCI DCI DI DI FO FU BU WCI
(ma.s.l) DCI DI (days) (days)
Aksayqin 4844 1 10.5 4.3 2.1 3.2 106.3 57.1 1922 121 8 Nov 3Dec 20Mar 19 May
Bairab 4960 13 -04 0.0 0.7 0.2 169.7 371 2410 146 230ct 3Dec 22May  21Jun
Bamgdog Co 4904 7 2.6 1.2 2.8 30 169.1 216 2198 16.3 4 Nov 25Nov 14 May 11 Jun
Chem Co 4961 2 0.2 0.0 —-14 16 1453 19.7 1974 10.6 13Nov 28Nov 22Apr 30 May
Gozha Co 5080 5 2.4 2.0 2.0 09 1656 16.3 2409 190 9Nov 28Dec 12Jun 8 Jul
Hoh Xil Lake 4886 56 —6.2 35 25 26 1950 340 2499 155 200ct 15Nov 29May 27 Jun
Jianshui 4889 12 -21 06 —-35 74 1909 243 2309 151 210ct 17Nov 26 May 9Jun
Lixi’Oidaim Co 4870 52 75 25.6 72 115 1247 259 1716 285 15Nov 9Dec 12Apr 5May
Longmu Co 5004 4 -3.6 0.1 7.5 9.9 241 323 949 305 11lJan 16Jan 9Feb 16 Apr
N. Heishi 5049 11 12.9 7.7 —-10 0.9 160.2 55.7 228.6 9.1 5 Nov 2Dec 11 May 22 Jun
Taiyang 4881 55 -0.6 0.2 -28 6.2 188.2 131 2136 129 16Nov 30 Nov 7 Jun 18 Jun
Yang 4778 14 8.3 3.9 0.0 0.0 146.1 627 2244 16.6 290ct 27Nov 22 Apr 10 Jun
Appendix B
Table B1. Ice phenology of the lakes in group B.
Name Elevation Label Trend f-test Trend f-test Meaw of Mean o Mean Mean Mean Mean
Fig. 1 in DCI in  DFP DCI DCI DI DI FO FU BU WCI
(ma.s.l) DCI DI (days) (days)
Aqqik Kol 4251 49 2.4 4.6 1.2 22 1406 123 1764 8.0 16Nov 28Nov 18Apr 11 May
Aru Co 4937 10 —-1.2 0.0 -02 0.0 51.8 529 1765 21.7 16Nov 26 Dec 16 Feb 11 May
Ayakkuh Lake 3876 50 4.6 9.6 4.0 14.1 415 189 88.3 15.0 16 Dec 3Jan 14 Feb 15 Mar
Dajia Co 5145 23 -34 09 -04 0.0 97.4 440 155.8 31.0 29Nov 31Dec 8 Apr 4 May
Dogai Coring 4818 48 25 0.5 7.3 34 33.4 307 90.8 40.8 31Dec 1Jan 4 Feb 1 Apr
Dorge Co 4688 58 1.9 03 -01 0.0 1448 291 2219 94 170ct 22Nov 17 Apr 27 May
Dorsoidong Co 4929 46 -09 1.8 -06 0.3 146.9 6.5 180.8 10.4 22Nov 7Dec 3May 22May
Geysa Co 5198 22 =79 9.6 3.8 1.2 101.1 40.7 156.0 31.9 6Dec 16Jan 27 Apr 12 May
Hoh Sai Lake 4475 59 -12 43 -04 0.1 156.6 6.0 1995 11.0 4 Nov 2 Dec 8 May 23 May
Huiten Nur 4753 57 —-1.6 1.9 1.2 0.3 1849 109 2280 196 250ct 24Nov 28 May 10 Jun
Jingyu 4713 51 3.3 3.0 -04 03 1769 189 2111 7.1 7Nov 23 Nov 20 May 7 Jun
Lamagang-
dong Co 4812 8 -1.6 28 -04 0.1 1533 9.7 2046 14.8 15Nov 8 Dec 10 May 7 Jun
Memar Co 4920 9 -0.7 02 -03 0.0 169.1 150 2328 132 260ct 19Nov 8May 16Jun
Migrig-
gyangzham Co 4935 47 —-43 24 -19 19 1315 27.0 1942 134 18Nov 4Jan 16 May 31 May
Palung Co 5101 18 -20 1.2 -15 0.6 1443 169 1799 17.2 16 Nov 3Dec 27 Apr 15 May
Ulan Ul Lake 4855 54 3.4 0.7 -03 0.0 166.0 359 2379 142 210ct 26Nov 11May 16Jun
Xijir Ulan Lake 4772 53 -55 0.2 13.1 6.0 26.7 36.7 1028 60.3 24Dec 29Dec 25 Jan 6 Apr
Yaggain Canco 4872 45 89 125 155 216 1170 513 136.8 55.0 1 Dec 6 Dec 2Apr 17 Apr
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Appendix C

Table C1. Ice phenology of the lakes in group C.
Name Elevation Label Trend f-test Trend f-test Meaw of Mean o Mean Mean Mean Mean

Fig. 1 in DCI in DFP DCI DCI DI DI FO FU BU WCI
(ma.s.l) DCI DI (days) (days)

Bam Co 4560 38 52 1.7 -06 0.2 73.3 416 1322 122 6 Dec 9Jan 22Mar 17 Apr
Bangong Co 4239 3 0.0 0.0 1.0 0.3 0.0 0.0 1254 156 17 Dec 1Jan 1Jan 21 Apr
Co Nag 4585 42 —-4.1 3.0 -35 2.4 80.7 23.8 1409 225 14Nov 11Dec 2 Mar 4 Apr
Co Ngoin 4563 32 11 0.1 -29 0.8 89.3 26.8 126.0 288 29Nov 26Dec 25Mar 4 Apr
Dawa Co 4623 20 0.7 15 -21 16 1248 53 1723 155 12Nov 10Dec 14Apr 4 May
Dogze Co 4465 29 -07 06 -—17 31 1046 7.7 1322 9.7 6Dec 16Dec 31Mar 18 Apr
Dung Co 4551 41  —-45 8.0 -53 7.8 1100 19.2 1605 227 4 Nov 8Dec 28Mar 14 Apr
Geyze Caka 4525 6 0.0 0.0 —-0.6 0.0 0.0 0.0 0.0 0.0 O00Jan 00Jan 00Jan 00 Jan
Gyaring Co 4649 31 -06 01 -12 1.8 76.0 21.0 1132 8.8 30Dec 18Jan 4 Apr 22 Apr
Kyebxang Co 4615 44  —-17 6.2 -—-21 169 127.2 7.8 161.6 7.7 22 Nov 6 Dec 13 Apr 3 May
Langa Co 4570 15 -02 0.0 21 0.5 60.8 351 1543 255 10Dec 25Jan 27 Mar 13 May
Mapam Yumco 4585 16 -56 86 —42 109 716 235 1149 167 9 Jan 2Feb 15Apr 5May
Monco Bunnyi 4684 25 10.7 7.0 -0.1 0.0 306 373 1068 214 24Dec 17Jan 17Feb 10 Apr
Nam Co 4724 37 0.4 00 -32 131 50.3 294 1308 124 4Jan 13 Feb 4 Apr 15 May
Ngangla Ringco 4716 17 -07 06 -10 0.3 109.2 8.3 1670 169 18Nov 24Dec 12Apr 4 May
Ngangzi Co 4685 28 -12 06 -12 2.2 92.3 13.3 1326 8.1 26 Nov 9Dec 11 Mar 8 Apr
Npen Co 4666 39 27 149 2.8 2.4 847 313 1305 178 22Dec 10Jan 5 Apr 1 May
Paiku Co 4580 24 0.0 0.0 —4.0 2.1 3.8 12.0 59.5 26.7 3 Feb 6 Jan 10 Jan 4 Apr
Pangkog Co 4527 34 -08 11 -56 229 1505 6.9 2048 198 230ct 17Nov 17 Apr 16 May
Puma Yumco 5013 36 -33 1.2 -11 15 106.0 276 128.2 8.7 28Dec 12 Jan 28 Apr 6 May
Pung Co 4529 40 27 0.7 -29 3.8 879 288 1283 15.2 8Dec 25Dec 23Mar 16 Apr
Ringco Ogma 4656 35 57 13 -39 6.0 65.8 50.1 1526 18.0 25Nov 30Dec 6Mar 27 Apr
Serling Co 4539 33 -17 34 =30 9.4 91.3 95 1420 125 4 Dec 3Jan 5Apr  25Apr
Tangra Yumco 4535 27 3.0 23 -19 2.1 16.0 21.9 95.1 124 13Jan 21Jan 6 Feb 18 Apr
Taro Co 4567 19 —-25 4.6 0.2 0.0 6.0 89 1024 10.9 12 Jan 18 Jan 24 Jan 24 Apr
Urru Co 4554 30 -16 0.3 0.1 0.0 57.0 238 1164 7.9 31Dec 20Jan 18Mar 26 Apr
Xuru Co 4714 26 0.0 0.0 1.2 0.4 5.2 8.6 69.1 159 1Feb 9Feb 15Feb 12 Apr
Zhari Namco 4612 21 0.8 05 -01 0.0 833 94 1218 7.8 16Dec 4Jan 29 Mar 17 Apr
Zige Tangco 4568 43 -30 318 -24 287 1237 101 1456 83 1Dec 10Dec 13Apr 26 Apr
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Abstract. The western Nyaingentanglha Range is located(1976—-2009). Ice cover is higher south-east of the moun-
in the south-eastern centre of the Tibetan Plateau. Its northtain ridge which reflects the windward direction to the mon-
western slopes drain into Lake Nam Co. The region is of spesoon. The temperature increase during the ablation period
cial interest for glacio-climatological research as it is influ- was probably the main driver of glacier wastage, but the com-
enced by both the continental climate of Central Asia and theplex glacier-climate interactions need further investigation.
Indian Monsoon system, and situated at the transition zone
between temperate and subcontinental glaciers. A glacier in-
ventory for the whole mountain range was generated for the .
year around 2001 using automated remote sensing and GI% Intraduction
techniques based on Landsat ETM+ and SRTM3 DEM data
Glacier change analysis was based on data from Hexago

KH-9 and Landsat MSS (both 1976), Metric Camera (1984),tra Ganges, Huang He, Indus, Mekong, Yangtze). Glaciers

and Landsat TM/ETM+ (1991, 2001, 2005, 2009). Man- on the TiP are characteristic elements of its natural environ-

ual adjustment was especially necessary for delineating the oo ;

: . ; Mment and are contributing to its water resources (Immerzeel

debris-covered glaciers and the glaciers on the panchromatic e o

et al.,, 2010). TiP’s climate showed a significant tempera-

Hexagon data. In the years around 2001 the whole moun; : : 4 )

) : . : ture increase since the mid 1950s latest (Liu and Chen, 2000;
tain range contained about 960 glaciers covering an are

of 795.6+ 22.3kn? while the ice in the drainage basin of iga;i?gggeegﬁltﬁ:g?,ii:?gthC?Ii{a%gﬁoz’zﬁggogF;?mggob}-
Nam Co covered 198:5.6kn?. The median elevation ge precip . ’

) . g . Chen et al., 2009; Liu et al., 2009). The glaciers receded
of the glaciers was about 5800 m with the majority termi- . . .
. . . . : almost throughout the entire Tibetan Plateau during recent
nating around 5600 m. Five glaciers with debris-covered

tongues terminated lower than 5200 m. The glacier area de(_jecades (Ding et al., 2006; Ye etal., 2006; Xiao et al,, 2007;

L Li et al., 2008). Glacier shrinkage is also reported for the
0,

creased by—6.]_.:t3A) _between .1976 and 2001. This is less western Nyaingentanglha Range in particular (Kang et al.,
than reported in previous studies based on the 1970s top02-007a_ Yao et al. 2007: Wu and Zhu 2008: Frauenfelder
graphic maps and I'_andsat dqta from 2000. Glaciers CON3nd Kaab 2009).”These, studies are based (;n the compari-
funued t(.) shrink during the period .2001—2009' No advanc-son of satellite data with data from 1970s topographic maps.
‘N9 glamers_ were d_etected. Detailed length measurementIérauenfelder and &b (2009) found uncertainties and lo-
for five glaciers indicated a retreat of around 10m per Y€l ation errors with this older data which is also available in

the database of the GLIMS (Global Land Ice Measurements
from Space) initiative (Li, 2003). Recently started glacier

Correspondence tdr. Bolch mass balance measurements on Zhadang Glacier show nega-
BY (tobias.bolch@geo.uzh.ch) tive mass balance values of abou1000 mmw.e. per year

Published by Copernicus Publications on behalf of the European Geosciences Union.

Often described as Asia’s “water tower”, the Tibetan Plateau
iP) is the source area of many major rivers (e.g. Brahmapu-
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Fig. 1. Overview of the study area including the location of the climate stations (see Fig. 2) and the five glaciers studied in detail.

since 2005 except for a slightly positive balance in 2008 To our knowledge there is no study published addressing
(Kang et al., 2009). Glacier wastage has not only caused aall glaciers and their changes in the western Nyaingentanglha
increase in river runoff from the plateau but also rising lake Range for more than two points in time. Therefore, the aims

levels which are flooding pastures (Yao et al., 2007). Thereof this study are:

is a concern about an increasing threat from natural hazards
such as landslides and glacial lake outburst floods (Ma et al.,

2004), and decreasing water resources in the long run. These
issues pose a need for evaluating the existing studies, and

also for continuous glacier monitoring in this area. 2. to evaluate the data accuracy from the 1970s based on
Multi-temporal and multi-spectral satellite data are ideal the topographic maps using declassified imagery,

to study and monitor glacier changes simultaneously over

larger areas in remote mountainous terrain as they allow au- 3. to analyse glacier changes from 1976 to 2009,

tomated glacier mapping. A simple but robust method is the

application of ratio images using one visible or near infrared

and one short-wave infrared band (Bolch and Kamp, 2006;

Paul et al., 2002). The earliest imagery suitable for auto- 5, to discuss possible climatic drivers for glacier changes.

mated mapping is available since the launch of Landsat TM

in 1982. The availability of digital elevation models allows

to split contiguous ice masses into their drainage basins, an . . . .

to obtain characteristic topographic variables of the glaciers9 Study region, regional climate and glaciers

(€.g., minimum, maximum, median elevation, slope, aspectirhe western Nyaingentanglha Range, situated in the south-
automatically (Schiefer et al., 2008; Paul et al., 2009; Bolchgastern centre of the TiP (Fig. 1), represents a SW-NE strik-
et al., 2010). Declassified imagery from the US American;ng high-mountain range of approx. 230 km in length with
intelligence satellite missions such as Corona KH-4, Coron%eights between some 5000 and 7162 m (Mount Nyaingen-
KH-4B and Hexagon KH-9, the first images of which are (yngiha). The region is under the complex influence of both
available from the early 1960s, is ideal to extend the analysigne continental climate of Central Asia and the Indian Mon-
backin tlm_e (Bolch etal., 2008; Narama et al., 2010; Surazayggp, system with prevailing western winds in the dry sea-
kov and Aizen, 2010). son and winds from eastern direction during the wet sea-
son (Kang et al., 2009). The main mountain ridge is both

1. to generate a recent glacier inventory for the whole
mountain range, and to provide information on the gen-
eral glacier characteristics,

4. to analyse glacier variability in detail for a subset of
glaciers,

The Cryosphere, 4, 41833 2010 www.the-cryosphere.net/4/419/2010/
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Shengzha (4670m) 0.0°C 299mm . Bange (4700m) 0.8C 322mm . Dangxiong (4200m) 1.6°C 460mm . Lhasa (3649m) 7.5C 421mm
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Fig. 2. Climate diagrams of Shengzha (also: Xainza), Bange (also: Bamgoin), Damxiong (also: Damxung), and Lhasa. The values are
based on the period 1971-2000. Data source: National Climate Center of the Chinese Meteorological Administration; for the location of the
climate stations see Fig. 1.

a water and climate divide. The SE exposed area is sitof mean annual precipitation is measured in the warm season
uated windward to the summer Monsoon and drains intofrom June to September (Fig. 2). Summer temperatures on
the Yangbajain-Damxung Valley and subsequently into theZhadang Glacier, at an elevation of about 5600 m, observed
Tsangpo-Brahmaputra River (cf. Yao, 2008). The north-by Kang et al. (2009) are ranging between 0.35 af€.1
western slope drains into Lake Nam (Nam Co, 4725m,Following Sato (2001), summer mean temperatures are ex-
Fig. 1), Tibet's largest salt water lake with noticeable vari- pected to be around°® at the same elevation, illustrating

ations in size since the Last Glacial Maximum (8tttet al.,  the cooling effect of glaciated areas. Winter temperatures
2008), and also since 1970. From 1970 until 2006 the lakeusually remain below-15°C at this altitude.
expanded its area by more than 50%¢hiu et al., 2010). Glaciers on the TiP are roughly classified into continen-

Relatively little is known about the regional mountain cli- tal or subpolar and maritime or temperate glaciers (Huang,
mate above 5000m because of its high elevation and thd990). Continental type glaciers with little precipitation and
lack of |ong-term observational data (Kang et al., 2010)C0|d ice are Wldely distributed from the central to the arid
However, assumptions can be made by analysing data frorforth-western plateau, while the maritime type with high
the nearest meteorological stations (e.g. Shengzha, Bangg)onsoon precipitation and a temperate ice body is limited
Danxiong, Lhasa — Fig. 2, and Amdo, for the location seeto the humid south-eastern region (Fujita et al., 1996; Fu-
Fig. 1 and Miehe et al., 2001), and the recent installationjita and Ageta, 2000). The snow-line elevation increases
of observational instruments on Zhadang Glacier and thérom about 4800 m in the humid south-eastern part to over
nearby Nam Co station (You et al., 2007). Amdo, situ- 6200m in the extremely continental north-eastern parts of
ated at 4820 m, about 220km in the NE, is currently thethe TiP (Shi et al., 1980). Measurements at Zhadang Glacier
highest permanent climate station on the TiP (Liu et al.,Since 2005 indicate polythermal characteristics and an equi-
2009). The mean annual air temperature at this station igbrium line altitude (ELA) situated at about 5800 m (unpub-
—3.0°C. Mean annual precipitation at the meteoro]ogica| lished data). In the transitional zone between continental and
station Danxiong situated east of the Nyaingentanglha Ranggaritime glaciers, the location of the western Nyaingentan-
is 460 mm, and thus higher than the measured precipitatiolha Range, polythermal glaciers with both cold and temper-
west of the mountain range (about 300 mm at the stationg&te ice within the glacier body are common (Shi and Liu,
Shengzha and Bange) (Fig. 2). The annual precipitation mea2000). These glaciers are located in a continental summer-
sured at the Nam Co station (4725 m) was 415 mm during thédrecipitation climate with the maximum of annual accumula-
past three years (Zhang et al., 2008). Caidong and Sorterfion and ablation occurring simultaneously in summer (Ageta
berg (2010) estimate a vertical increase in precipitation ofand Fujita, 1996; Kang et al., 2009). Superimposed ice and
5% per 100 m, and estimate annual precipitation values beinternal accumulation play an important role in glacier mass
tween 700 mm and more than 900 mm for Xibu Glacier situ- balance as it prevents mass loss during the ablation season
ated close to Mt. Nyaingentanglha (see Fig. 1). A numericaldue to the retention of meltwater (Ageta and Fuijita, 1996;
modelling study also reports a SE-NW decrease of annuaFujita et al., 2007). Additionally, monsoonal summer snow-
precipitation (Bhner, 2006), as the mountain range is a bar-fall leads to increasing surface albedo and largely restrains
rier for the summer monsoon. However, the climate is char-ablation. These glaciers can therefore maintain their mass
acterised by a strong seasonality in both temperature and pr&ven under arid conditions with strong solar radiation (Fujita
cipitation. Only little precipitation is measured at the long- and Ageta, 2000; Kang et al., 2009).
term meteorological stations, the Nam Co station and also
estimated for Xibu Glacier (Caidong and Sortenberg, 2010)
during the months November until March, while about 90%

www.the-cryosphere.net/4/419/2010/ The Cryosphere, 4,433%2010
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3 Data and methods

S5=0=—20Kilometars =

3.1 Data —— 3

The main source for the glacier inventory was Landsat
TM/ETM+ scenes from different years (Table 1). The scenes
were available from USGS (United States Geological Sur-
vey, http://glovis.usgs.goy/and are orthorectified automat-
ically by USGS using the SRTM3 DEM (level 1T). These
scenes matched well our non-differential GPS-data (horizon-g&
tal shift <30m). No DGPS data were available for this §
study. We selected a Landsat ETM+ scene from 2001 ass
reference. For the ETM+ scenes almost no horizontal shift
was observed, whereas the TM scenes had small systemati
shifts of 15 to 20m. For the time-1990, we found only
one scene from 1991 at GLCF (Global Landcover Facility,
www.landcover.org correction level “geocover”; Tucker et

al., 2004) with some S(_aasonal sn_ow . . Fig. 3. Typical situation of a Landsat scene (ETM+ SLC-off from
Fortunately, the main area of interest around Mt. Nyain-1g'january 2006): Part of the study area is suitable for glacier map-
gentanglha and Zhadang Glacier is located in the centre ofing, while seasonal snow hampers correct mapping in the NE re-
the ETM+ scenes, almost not affected by scanline errorsyion, and clouds covers the SW region. The region of highest inter-
present in ETM+ images since early summer 2003 (“SLC-est in the center is not affected by scanline errors of the SLC scene.
off” scenes which have data gaps). Nevertheless, we had
to use several SLC-off scenes for each year due to different
snow conditions, cloud cover and the data gaps. A typicalseparation of the glaciers into their drainage basins. There-
scene is shown in Fig. 3. fore, we downloaded and tested the void-filed SRTM3 data
We utilized panchromatic Hexagon KH-9 data (resolu- (90 m resolution) from the Consortium for Spatial Informa-
tion ~8 m, footprint~120 by 240 k) from 1976 to extend  tion — Consultative Group for International Agriculture Re-
the coverage back in time and to evaluate the existing dataearch (CSI — CGIAR), version 4ttp://srtm.csi.cgiar.or/
from the Chinese Glacier Inventory (CGl; Li, 2003). Most and the ASTER GDEM (30 m resolution). The registration
glaciers were identifiable on the Hexagon scene, except obf the ASTER GDEM turned out to be suitable as it matched
some smaller high-altitude glaciers, due to low contrast andhe reference USGS Landsat scene with a deviation of less
snow cover. Hence, we used Landsat MSS data from thehan 30 m. The main disadvantage is that it contains artificial
same year as a secondary source. Unfortunately, this scersinks and peaks, and does not accurately represent rock walls
also showed partly higher seasonal snow cover. Additionadue to problems in image matching in steep or snow cov-
information was provided by Corona data from 1970 with a ered terrain (Kab, 2001; Kamp et al., 2005; Toutin, 2008).
resolution of 4 m, and by Space Shuttle Metric Camera (MC)The SRTM DEM, acquired in February 2000 is known to be
imagery (Konecny et al., 1984) from the year 1984 with a of good height accuracy (Berry et al., 2007; Falorni et al.,
resolution of~20m. Table 1 provides an overview of the 2005), and has also the advantage that it is more accurate in
utilized scenes. areas of low optical contrast. The horizontal shift was less
We co-registered the scenes to the USGS scene from 2001han one pixel to the USGS Landsat reference scene.
if the shift exceeded 15 m. The Hexagon, Corona, and Met-
ric Camera data had to be orthorectified, since no terrain cor3.2  Glacier identification
rection had been applied to these data yet. The ETM+ im-
ages were pan-sharpened for visual checking and improveWe applied a semi-automated approach using the TM3/TM5
ment. We orthorectified and co-registered the KH-9, MC andband ratio to produce glacier outlines using Landsat
KH-4B imagery in a two-step approach using ERDAS Imag- TM/ETM+ imagery. This method is most appropriate for
ine software: The projective transformation was performedglacier mapping in larger study areas following the recom-
based on ground control points (GCPs) and the SRTM3-mendations for the compilation of glacier inventories (Paul et
DEM, followed by a spline adjustment. In total, we used al., 2009; Racoviteanu et al., 2009) and previous experience
95 GCPs for the KH-9, 25 GCPs for KH-4, and 39 for the (Bolch and Kamp, 2006; Bolch et al., 2010). In addition,
MC imagery. a 3 by 3 median filter was applied which only marginally
Since no detailed DEM was available for the study area,alters the glacier size but eliminates isolated pixels. These
we needed a suitable DEM not only for the orthorectifica- are usually misclassified pixels due to debris or boulders on
tion but also for the calculation of glacier parameters and thethe glacier (Paul et al., 2002). We visually checked glacier
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Table 1. Utilized space imagery.

Date Satellite Path/Row  Spatial Spectral Source  Suitability Utilisation
and Sensor Resolution  Bands of scene
21 Nov 1970 Corona ~4m, 1 PAN UsG$ Additional
KH-4B stereo information for
glacier identification
7 Jan 1976 Hexagon ~8m, 1 PAN USG$  Seasonal Glacier inventory
KH-9 stereo snow on ~1976 for whole
NE part study area
7 Dec 1976 Landsat 148/039  79m 3VIS, 1 NIR GILCF Seasonal Glacier inventory
MSS 148/039 snow on ~1976 for whole
NE part study area
23 Nov 1984 Space ~16m, 1VIS DLR Seasonal Additional
Shuttle stereo snow on information for
Metric glaciers selected glaciers
Camera
14 Sep 1991  Landsat 138/039 30/120m 3VIS, 1NIR, GE.CFSeasonal Additional
™ 2 SWIR, snow on Information for
1TIR glaciers selected glaciers.
17 Nov 2000 Landsat 138/039 15/30/60m 1 PAN, U3$GSSeasonal Glacier inventory
ETM+ 3VIS, 1NIR, snow on ~2001, additional
2SWIR,1TIR NE part information
2 May 2001  Landsat 138/039  15/30/60m 1 PAN, U3GSSeasonal Glacier inventory
ETM+ 3VIS, 1NIR, snow on ~ 2001, additional
2SWIR,1TIR NE part information
6 Dec 2001 Landsat 138/039  15/30/60m 1 PAN, U$GSSseasonal Glacier inventory
ETM+ 3VIS, 1NIR, snow on ~2001, whole
2SWIR,1TIR NE part study area
20Jan 2001  Terra 15/30m, 2 VIS, NIR, usks Glacier inventory
ASTER stereo TIR ~2001 additional
information
7 Oct 2005 Landsat 138/039  15/30/60m 1 PAN, udGs Additional
ETM+, 3VIS, 1NIR, information for
SLCoff 2SWIR,1TIR selected glaciers
18 Jan 2006  Landsat 138/039  15/30/60m 1 PAN, usGs Additional
ETM+, 3VIS, 1NIR, information for
SLCoff 2SWIR, 1 TIR selected glaciers
1 Aug 2007 Landsat 138/038  15/30/60m 1 PAN, usGs Glacier inventory
ETM+, 3VIS, 1NIR, NE part
SLCoff 2SWIR,1TIR
6 Jan 2008 Landsat 138/039  15/30/60m 1 PAN, UsGSome Glacier inventory
ETM+, 3VIS, 1NIR, seasonal snow ~ 2009 NE part and
SLCoff 2SWIR, 1 TIR detailed study area
19Jun 2009 Landsat 138/039  15/30/60m 1 PAN, USGSsome clouds Glacier inventory
ETM+, 3VIS, 1NIR, ~2009 NE part and
SLCoff 2SWIR, 1 TIR detailed study area
21 Jul 2009 Landsat 138/039  15/30/60m 1 PAN, U$GSSome clouds Glacier inventory
ETM+, 3VIS, 1NIR, ~2009 NE part and
SLCoff 2SWIR, 1 TIR detailed study area
15Sep 2009 Landsat 138/039  30/120m 3 VIS, uSGSsome Glacier inventory
™ 1NIR, 2 SWIR, clouds ~2009 NE part and
1TIR detailed study area

1 United States Geological Surveyngw.glovis.usgs.goy 2 Global Landcover Facilityygww.landcover.ory 3 Deutsches Zentruniif Luft und Raumfahrtvyww.dlIr.de
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Fig. 4. Terminus of debris-covered Xibu Glacier; Corona, year 18%)Q Hexagon, 197¢B), Landsat ETM+, 5-4-3-pan, 20q€).

polygons derived from the ratio method for gross errors, anderror was introduced due to varying seasonal snow cover or
manually improved them where necessary. Debris-coveredlifferent ice divides.
ice, proglacial lakes, seasonal snow and, for the SLC-off
scenes, data gaps represented major sources of misclas8i-3 Glacier inventory and change analysis
fied areas. The termini of some debris-covered glaciers
were hardly identifiable by Landsat imagery. Here, we usedThe contiguous ice masses were divided into their drainage
the ETM+ pan-sharpened image to identify the most likely basins in order to obtain a glacier inventory. We followed the
margin. The higher resolution Hexagon and Corona im-automated approach presented by Bolch et al. (2010), and de-
agery (Fig. 4) helped in this process. Signs of movementsyived the basins based on hydrological analysis within a one-
supraglacial ponds or creeks beginning at the end of the terkilometre-buffer around each glacier. The SRTM3 DEM was
minus are typical indicators which helped to determine thesuitable to detect flow divides also on ice fields. The main
most likely position of the termini. drawback, however, was the location of some steep moun-
According to the recommendations to obtain a globaltain crests. They differed sometimes by approximately one
glacier coverage for the time around the year 2000 (Paul epixel (90 m) from the location in the satellite imagery. An
al., 2009), we generated an baseline inventory for the wholedditional error occurred when smaller glaciers, connected
southern mountain range based on the Landsat ETM+ sceri@ parts of the accumulation area, are close to larger ones so
from the 6 December 2001 in the first step. In case of casthat no basin was generated automatically. Hence, we manu-
shadow and higher seasonal snow cover we used the oth@lly improved the basins based on the satellite imagery. This
scenes from 2001 and 2000 as additional information. Highmethod was superior to the fully manual method as many ice
seasonal snow hampered the correct mapping of the glacie@vides were calculated accurately by the automatic method.
in the northern part. We had to use the three scenes from An identification number was assigned to each glacier
2009 to map glaciers in this area due to clouds and the dathased on the 1976 extends. We treated all ice masses as a
gaps from the scan line error. The northernmost glaciers hagingle glacier also in cases where glaciers separated from
to be mapped based on a 2007 scene from another row. Feach other in order to allow subsequent change analysis.
nally, full spatial coverage was obtained. We manually ad-The following characteristic parameters were obtained for
justed the 2001 outlines to the situation in 1976 based on theach glacier and the years 1976 and 2001 based on the
Hexagon and MSS data. No multi-temporal inventory could SRTM3 DEM: hypsography, minimum, maximum and me-
be generated for the north-eastern part of the mountain rangeian elevation, mean slope, and aspect. The SRTM3 DEM
(see Fig. 1) due to snow cover on both the Hexagon and thenatches well with the 2001 outlines. No DEM represent-
MSS data. The 2009 inventory for the detailed study areang the 1976 conditions were available. Hence, slight biases
was generated semi-automatically as described above. Thespecially with the hypsography of 1976 occur.
minimum size of mapped glaciers to be included in the inven-  Five selected glaciers (Panu, Lalong, Xibu, Zhadang, and
tory was set to 0.01 kfn However, the comparison of glacier Tangtse Glacier No. 2, Fig. 1) were studied in detail. The
areas was restricted to those larger 0.2 la® seasonal snow selection is based on existing studies that could be used for
on at least one of the utilized scenes hampered the correct deomparison (Kang et al., 2007a). The glaciers are exposed
lineation, thus high errors would have been introduced. Weto different aspects but are not representative for the entire
could not find a single glacier that advanced between 1976nountain range due to their relatively large size. We manu-
and 2001. Hence, we clipped all glaciers to the 1976 extendally adjusted the outlines for the additional years 1991 and
The use of this mask ensured that the upper glacier boundar2005, and for Xibu and Lalong Glacier for the additional
and the margins of the nunataks were kept constant, and ngear 1984. High seasonal snow cover on the Metric Camera
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Fig. 5. Diagram showing the number and area covered for different size clgssespect of the glaciers(B): number(C): area).

data hampered the correct delineation of the other gIaCIer%able 2. Number and ice covered area of the study regions based
for 1984. on the glacier inventory. See Fig. 1 for the regions.

3.4 Error estimation

. . . . Region Numberof  Area(kR) Year of

The potential error of the multi-temporal analysis mainly glaciers utilized
arises from positional and mapping errors. Visual checks images
of (almost') stable Iandforms.llke mountain peaks or I'at— Whole Mountain range 963 7954622.3 2001 (SW),
eral moraines on the co-registered imagery resulted in a 2007/2009 (NE)
mean horizontal shift of one pixel or less for the TM scenes NE section 141 103229 2009
(<30m), and less than half a pixel for the ETM+ scenes SW section _ 822 692:&19.4 2001

<15m). Some ETM+ scenes from the USGS matched Nam Codrainagebasin 305 19856 2001
( ) Detailed study area 308 1945%.5 2001

perfectly. Co-registration error of the Hexagon image was
higher due to the more complex image geometry. The error

was about two pixels< 20 m) for the detailed study area,

and could be up to four< 40 m) at the outer part of the im-

agery where fewer tie points (TPs) were collected. Uncer-are situated in the north-eastern section, which was not fur-
tainty of glacier mapping depends on the resolution of thether investigated. Ice coverage of the detailed study area and
utilised imagery and the conditions at the time of the acqui-of the Nam Co drainage basin is slightly less than 208 km
sition (especially seasonal snow). Under best conditions aigach (Table 2). Glaciers draining into Nam Co are almost all
accuracy of less than half a pixel can be achieved. We essituated at the north-western slope of the south-western part
timated the uncertainty by the buffer method suggested byf the western Nyaingentanglha Range, except three small
Bolch et al. (2010) and Granshaw and Fountain (2006). Weones with an area of about 0.3 krwhich are situated in
have chosen a buffer size of 10m for the Hexagon imagethe north-eastern section, and five glaciers @ kn?) be-

and 7.5 m for the ETM+ images. This led into an uncertaintylow mountain peaks not within the main range. The mean
of the mapped glacier area of 3.5% for the Hexagon imageryglacier size in the Nam Co drainage basin (year 2001) is
and 2.8% for the ETM+ images on average. These uncertaindbout 0.64 krh, while the glaciers south east of the main
ties are within the range of previous accuracy estimates (Pauidge are on average about 0.88%in size.

et al., 2002; Bolch and Kamp, 2006). The highest number of glaciers can be found in the size
class 0.1-0.5kA) whereas glaciers between 0.5-1.C%km
cover the largest area (Fig. 5a). Most glaciers are facing
north while the east sector has a similar ice covered area as
the northern sector (Fig. 5b and c). Hence, the east facing
glaciers are on average the largest. This is in line with the fact

The whole mountain range contains almost 1000 glaciers acthat the ice cover east (windward to the summer monsoon)
cording to our inventory. However, glacier counts are vague©f the main ridge of the Nyaingentanglha range is more than
and depend on the purpose; e.g. contiguous ice masses can Wéce as large as the western par94 kn? to ~196 k).
counted as single entities, or can be subdivided into multiple Median elevation of the glaciers, which is a suitable and
glaciers as we did where parts of the ice masses cross ridgewidely used estimation for the long-term ELA based on to-
Glaciers of the whole western Nyaingentanglha Range covepographic data (Braithwaite and Raper, 2010), is situated
an area of about 800 Kimwhile slightly more than 100kf  at around 5820 m. The majority of the glaciers terminate

4 Results

4.1 Glacier characteristics
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Table 3. Characteristics of the glaciers investigated in detail based on the 2001 extents.

Glacier ~ GLIMS ID/WGI Area Length Aspect Hméd Hmin2 Hmad Debris-
ID* (km 2) (km) (mas.l) (mas.l) (mas.l) covered
tongue
Zhadang GO090633E30476N/ 2.48 2.7 NE 5710 5500 6095 No
52225D0003
Tangse G090647E30462N/ 2.96 21 SW 5785 5600 6080 No
No. 2 50270C0086
Lalong G090540E30424N/  10.29 3.6 NW 5890 5340 6650 Few
57225D0022 medial
moraines
Xibu G090601E30395N/  23.35 9.3 E 5815 5160 7090 Yes
50270C0065
Panu G090521E30384N/ 12.88 5.3 SE 5850 5335 6365 Few
50270C0044 medial
moraines

* ID number of the GLIMS data base (Li 2008yww.glims.org and the World Glacier Inventoryvnyw.wgms.ch, 1 median elevatior? minimum elevation® maximum elevation

at around 5600m. Only five glaciers terminate lower
than 5200 m, with the lowest elevation at 5130m. These
glaciers all have debris-covered tongues. We have identi
fied 29 glaciers with significant debris cover. Overall area
covered by debris was about 20%kif1~3% of the whole ice
cover). Most of the debris-covered glaciers are situated in the
outer south western part and around Mt. Nyaingentanglha be
low high and steep rock walls such as Xibu Glacier. These
glaciers are typically large valley glaciers (average size abou
4.4kn?). Characteristics of Xibu and the four other glaciers
investigated in detail are shown in Table 3.

Glacier Outlines
[ 1 vear1978

Year 1991
Year 2001
| Year 2005

[ Year 2009

|

Zha{ang Glacier

4.2 Glacier shrinkage/recession

Ice cover in the south-western study area diminished by

about —42kn? (~ —5.7%) in the period 1976-2001 (Ta-

ble 4). Percentage loss and rate for Nam Co drainage basi¥

and the detailed study area around Mt. Nyaingentanghla

were in a similar range but slightly higher for the first, and Fig. 6. Area changes of Zhadang Glacier (1976-2009).

lower for the latter. Shrinkage of the glaciers situated south-

east of the main ridge was about29.5knt (~ —5.5%).

Glaciers with debris-covered tongues lost abeut5 kn? glaciers. However, there was a large scatter, especially for

(~ —3.4%). The shrinkage rate for the period 2001-2009smaller ones, and in all size classes there are glaciers, which

was higher than for 1976—2001 but not statistically signifi- did not shrink (Fig. 7a). Absolute area loss was higher

cant given the higher error term. However, visual checks andor larger glaciers (Fig. 7c). Glaciers in the size classes

detailed analysis confirmed ongoing glacier shrinkage and< 0.5kn? and > 5.0kn? lost both almost—7 kn? of ice,

retreat between 2001 and 2009 (Fig. 6 and Table 4). Thevhich is ~ —11.4% of their initial glacier size for the first

overall number of glaciers remained almost unchanged. Dissize class but only- —3.3% for the latter. Glaciers with

appearance of very few glaciers was compensated througlower median elevation tended to lose relatively more area

disintegration of others. Disappeared glaciers were small anthan higher elevation glaciers (Fig. 7b).

situated at relatively low altitudes. Analysis of the glacier hypsography showed that ice cov-
Analysis of the relative area change against the ini-erage above 6000 m remains almost unchanged while the

tial glacier area indicated greater relative loss for smallerhighest absolute ice loss occured between 5500 and 5700 m
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Fig. 9. Cumulative length change of the five glaciers studied in
detail.

(Fig. 8). Median elevation increased by 9 m while the aver-
age minimum elevation of the glaciers rose about 15m from
5671 to 5686 m.

A detailed analysis of the five selected glaciers confirmed
the above mentioned tendencies. All glaciers decreased con-
tinuously, both in area and length throughout all investigated
periods (Table 5, Fig. 9). Minimum elevation increased on
average about 30 m between 1976 and 2001 with the high-
est value (75m) for Lalong Glacier. The tongue of this
glacier terminates in a comparatively steep valley.  The
rate of area loss was significantly higher for three glaciers
in the period 2001-2009 compared to 1976-2001, whereas
the rate was similar for Panu Glacier, and an opposite ten-
dency could be found for Lalong Glacier. Length changes
showed similar characteristics. Absolute area loss varied be-

Fig. 7. Relative change in glacier area 1976—2001 versus ini-tween—0.24 kn? (Tangtse Glacier No. 2, one of the smallest

tial glacier aregA) and median elevatio(B), absolute change in
glacier area 1976—2001 versus initial glacier ai@pand median

elevation(D).

www.the-cryosphere.net/4/419/2010/

glaciers) and-0.44 kn? (Xibu Glacier, the largest one) for
1976-2009, while percentage loss was highest for Zhadang
Glacier -14.2%, the smallest glacier studied), and lowest
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Table 4. Change in glacier area 1976-2001-2009.

Area[km?] 1976-2001 2001-2009 1976-2009
1976 2001 2009 Aa Aa Aalyr Aa Aa Aalyr Aa Aa Aalyr
km?]  [%] (%] km?] (%] (%] km?]  [%] (%]
South- 734.1 6924 n.a. —-41.7 -5.7 -0.23 n.a. n.a. n.a. n.a. n.a. n.a.
Western + + + + +
Region 25.7 19.4 22.4 3.1 0.12
Nam Co 2125 198.1 n.a. -144 -6.8 -0.27 n.a. n.a. n.a. n.a. n.a. n.a.
Drainage + + + + +
Basin 7.4 55 6.5 3.1 0.12
Glaciers 504.8 475.3 n.a. -295 -58 -0.23 n.a. n.a. n.a. n.a. n.a. n.a.
south-east =+ + + + +
of the main 17.7 13.3 13.3 2.6 0.12
ridge
Detailed 207.1 1945 1866 126 -6.1 -0.24 -78 —-40 -0.50 -205 -99 -0.3
study area =+ + + + + + + + + + + +
7.2 55 5.4 6.4 3.1 0.12 5.4 2.8 0.34 6.4 3.1 0.10

Fig. 10. Panu Glacier 1976 — merge of Landsat MSS and Hex&gpand 2001 — Landsat ETM+, 5-4-3-PA(B). The arrow indicates the
separation of one tributary glacier between 1976 and 2001.

for Xibu Glacier 1.9%). There was a slight tendency that 40 years. This represents the longest time series over which a
retreat rates 1976—-1991 were higher than those from 1991 tohange detection of the glacier coverage has been performed
2001, but lower than those from 2001 to 2009. One glacierfor the study region until present. The study found glacier
contributing to the main Panu Glacier in 1976 separated fronshrinkage and retreat in the western Nyaingentanglha Range
it before 2001 (Fig. 10). between 1976 and 2009 of abou®.94+ 3.1%. The slightly
higher glacier shrinkage in Nam Co drainage basin compared
to the whole study area and the glaciers east of the main ridge

5 Discussion are most likely due to smaller average glacier size in the Nam
Co basin. The relatively low shrinkage of the debris-covered
5.1 Glacier changes glaciers is an indication of the insulation effect of the debris

cover. However, their area loss was not significantly lower
Spaceborne imagery enabled us Setting up a g|acier inver{han of the other glaCierS of the Study area of similar size.
tory of the western Nyaingentanglha Range, and to tracefnalysing the glacier hypsography indicated that a rise of
back changes in glacier extension over a period of more thathe ELA above 5850 m will cause increased area loss as the
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Table 5. Length and area changes for five selected glaciers. The uncertainty is estimated to be about 3%.

Zhadang Area (kf) Aaabs. (knf) Aarel. (kn?) Rate (%/yr) Retreat(m) Rate (m/yr)
Glac.

1976 2.75

1991 256 -0.19 —6.9% —0.46% 140 9.3
2001 2.48 -0.08 —-3.1% —0.31% 70 7.0
2005 2.41 -0.07 —2.8% —0.71% 40 10.0
2009 2.36 —0.05 —2.1% —0.52% 45 11.3
1976-2001 -0.27 —9.8% —0.39% 210 8.4
2001-2009 -0.12 —4.8% —0.60% 85 10.6
1976-2009 —-0.39 —-14.2% —0.43% 295 8.9

Tangse No. 2 Area (kB) Aaabs. (knf) Aarel. (km?) Rate (%/yr) Retreat(m) Rate (m/yr)

1976 3.13

1991 3.02 -0.11 —-3.5% —0.23% 70 4.7
2001 2.96 -0.06 —2.0% —0.20% 65 6.5
2005 295 -0.01 —0.3% —0.08% 30 7.5
2009 2.89 -0.06 —2.0% —0.51% 35 8.8
1976-2001 -0.17 —-5.4% —-0.22% 135 54
2001-2009 -0.07 —2.4% —0.30% 65 8.1
1976-2009 —0.24 —7.7% —0.23% 200 6.1

Lalong Glac. Area (k) Aaabs. (knf) Aarel. (kn?) Rate (%/yr) Retreat(m) Rate (m/yr)

1976 10.5

1984 10.43 -0.07 —-0.7% —0.08% 170 21.3
2001 10.29 -0.14 -1.3% —0.08% 190 11.9
2005 10.25 -0.04 —0.4% —0.10% 60 15.0
2009 10.21 -0.04 —0.4% —0.10% 30 7.5
1976-2001 -0.21 —2.0% —0.08% 360 14.4
2001-2009 —0.05 —0.5% —0.06% 90 11.3
1976-2009 —0.26 —2.5% —0.08% 450 13.6

Xibu Glac. Area (k) Aaabs. (knf) Aarel. (kn?) Rate (%/yr) Retreat(m) Rate (m/yr)

1976 23.55

1984 23.43 -0.12 —0.5% —0.06% 120 15.0
1991 23.39 -0.04 —0.2% —0.02% 50 7.1
2001 23.35 —-0.04 —-0.2% —0.02% 60 6.0
2005 23.04 -0.5 —2.1% —0.33% 50 12.5
2009 2290 -0.14 —0.6% —0.15% 50 12.5
1976-2001 -0.2 —0.9% —0.03% 230 9.2
2001-2009 —0.36 -1.5% —0.24% 100 125
1976-2009 —-0.44 -1.9% —0.07% 330 10.0

Panu Glac. Area (k) Aaabs. (knf) Aarel. (kn?) Rate (%/yr) Retreat(m) Rate (m/yr)

1976 13.18

1984 13.16 —-0.02 —0.2% —0.02% 100 12.5
1991 13.01 -0.15 —-1.1% —0.16% 80 11.4
2001 12.88 -0.13 —-1.0% —0.06% 190 19.0
2005 12.86 -0.02 —-0.2% —0.04% 70 17.5
2009 12.78 —-0.08 —0.6% —0.16% 30 7.5
1976-2001 -0.3 —2.3% —0.09% 370 14.8
2001-2009 -0.1 —-0.8% —0.10% 100 125
1976-2009 —0.38 —-2.9% —0.09% 470 14.2
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largest portion of glacier coverage is in the range of 5750-method is reproducible and this uncertainty does not affect
5850 m. the results of our study as we kept the ice divides constant
Our results are in tendency in agreement with previousfor our analysis.
studies. Field measurements and analysis of topographic Our results indicate that glacier changes in the western
maps carried out for Gurenhekou Glacier, located in theNyaingentanglha Range are similar to the average changes
southern part of the range, showed an increased termini refor whole China (5.5% since the 1960s; Li et al., 2008).
treat rate after 1970 (Pu et al., 2006). Analysis of five glaciersThe recent acceleration of the retreat can also be found in
around Mt. Nyaingentanglha suggests that glacier terminimost parts of the TiP (Kang et al., 2010). Values might be
have been retreating arourdlO ma ! from 1970 to 2007,  slightly but not significantly lower in other areas of central
with a significantly higher rate~{ —39 m/a) for the debris- and western Tibet, e.g., the Geladanong Mountains about
covered Xibu Glacier (Kang et al., 2007a). Our results for 500 km to the north of the study area (Ye et al., 2008;8%
length changes reveal similar values to the previous studbetween 1969 and 2002). Glacier shrinkage in Tibet south of
ies but significantly lower rates for Xibu Glacier. Kang et the study area seems to be higher: Zhou et al., 2009 found a
al. (2007a) compared GPS data obtained in the field with the~ —5% decrease between 1990 and 2005 in Nianchu River
position of the terminus as shown in the Chinese topographibasin. However, these data can only show tendencies as dif-
map (scale 1:100000). Hence, taking into account that usuferent time periods and size classes are compared.
ally the debris cover would reduce the retreat of the tongue,
it is likely that this comparably high value can be attributed 5.2  Climatic considerations

to wrong glacier delineation in the map. N : I
Previous glacier change studies for the Nam Co basinl N€ significantly larger ice cover east of the main ridge of

showed a glacier area decrease -6Y5.4% from 1970 to the Nyaingentanglha Range wind-ward to the summer mon-
2000 (Yao et al., 2007: Wu and Zhu, 2008), while Frauen-SO0N is an indication that precipitation is higher in this region

felder and Kb (2009) found an area decrease~of-20% than leeward of the main ridge. However, the values of the
for the SE side of the Nyaingentanglha Range in a simi-glacier change rates are comparable, which indicates similar

lar period. This study, however, results in lower values forQOminant influence of long-term regional climate varia.bility
glacier area changes to previous studies for a similar time pell the study area. The reported temperature increase since the

riod. One explanation for the differences could be that Yao ett 9908 varies between 0.3 K per decade for the station Lhasa,
al. (2007) and Wu and Zhu (2008) used mainly data from theWhich was shown to be representatlvg for a Igrger region (Liu
Chinese Glacier Inventory (CGI) (Li, 2003). This inventory 2nd Chen, 2000). A recent study using similar data also re-
also used the Chinese topographic maps, which are based Jgaled a general warming trend, especially in winter months

aerial images acquired in the early 1970s, and were publisheEiYou etal., 2010). The trend coefficient for the station Lhasa
in the 1970s and 1980s. Main reasons for the deviations td'aS 0-44 K/10a (winter months, dry season) and 0.23K/10a

our data are probably different interpretation of debris-cover(Summer months, wet season) for 1955-2005 (Caidong and
and seasonal snow on the utilized aerial images, which i©0rtenberg, 2010). The stations adjacent to the Nyaingentan-
known to be one of the major problems of maps (Bham—glha Range and Amdo station had similar tendencies (Chen

bri and Bolch, 2009), as well as glacier shrinkage since theft @l-» 2009; Liu et al., 2009). Liu and Chen (2000) assumed

1970s. Frauenfelder ancéib (2009) used Corona imagery & higher temperature increase in higher elevations. In con-
to validate the data from the CGI and found errors in geo-{rast; Qin etal. (2009) showed, by using remote sensing data,

referencing, which can be confirmed by this study. Theythat this altitudinal depgndenpy may not be that pronounced,
omitted glaciers with obvious errors from the CGl for their 2nd levels out at elevations higher than 5000 m. The changes

change analysis but did not correct the remaining glaciersi @i temperature were accompanied by an increase of pre-
Hence, the reason of the difference to our data is likely dueciPitation due to variations in monsoonal activity. Liu et
to the inaccurate 1970s data. The quality of the CGI and Chi&!- (2009) analysed data of the station Amdo, and recorded
nese topographic maps can hardly be evaluated if the Origimulu-year oscillations in preC|p|tat|on f_rom 196_5_to t_he m_|d-
nal imagery is not available. Declassified imagery from the 1990s, followed by a trend to increasing precipitation since

1970s therefore provides a good opportunity for validation 1995 The July precipitation even slightly decreased until
and to further improve the data from the CGI. Hexagon KH- the mid 1990s (Thomas and Chen, 2002). Annual precip-

9 data is superior to Corona due to less image distortion andfation in the last decade was 50.6mm (about 12%) above

larger footprints. Slight differences of some automated de-th€ @verage annual mean during the period 1965-1994. The

rived ice divides to the former Chinese Glacier Inventory S2Me tendency was observed by Shi et al. (2006), Kang et

led to different length and absolute areas for some glaciers2!- (2007b), and Chen et al. (2009) for the stations adjacent to

e.g. Zhadang Glacier (Chen et al., 2009). The terrain of thePur study region. Pan evaporation showed stable or slightly

ice divide is almost flat in these cases. Further investigaincreasing values until the mid 1990s (Thomas and Chen,

tions, e.g. based on higher resolution DEMs, are required t?002) and a decrease thereafter (Liu et al., 2010).
identify the correct surface divide. However, the automated
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Linking the presented glacier area and length changes teahange. Lake level variations of Nam Co are another source
the above summarized climate variations is not straightfor-for model validation since glacier run-off is influenced by
ward, mainly because (a) the glacier changes are only indiglacier variability (Yao et al., 2007; Wu and Zhu, 2008; Liu
rect signals and depend especially on glacier response timest al., 2010).

(b) the availability of the climate data in the study area and
especially at the altitude range of the glacier occurrence is
very scarce. 6 Conclusions

The present knowledge on the response of polythermal,
summer-accumulation type glaciers to climate changes afhis study demonstrated the scientific value of detailed
different time scales is still limited. Glacier size, shape, mo-Mmulti-temporal remote sensing analyses of glacier changes
tion, and the local topography also influence the glacier refor regions that do not have sufficient observational data
sponse. On average, the response time can possibly be seigcords. Our approach and the availability of precise or-
eral decades (Naito et al., 2001). The summer-accumulationthorectified Landsat scenes allow repeated monitoring in the
type glaciers are more vulnerable to temperature increas&tudy area without costs for data every three to five years,
than winter accumulation type glaciers (Fujita and Ageta,if retreat rates remain unchanged. Future efforts to continue
2000; Fujita, 2008). Hence, it can be assumed that the obthis time series will be minor as glacier drainage divides are
served warming in the wet season is the major driver foralready generated. Next steps will involve automated map-
glacier changes. This is also confirmed by a recent modellinging of the debris-covered parts of glaciers. The availabil-
study on Xibu Glacier. The change in summer temperaturdy of different optical satellite imagery from earlier years,
was found to be more important than precipitation changesspecially the low cost Hexagon KH-9 from the 1970s and
or the changes in winter (dry season) temperature even al-@ndsat TM scenes from the 1980s and 1990s is of high
though the increase of winter temperature was found to b&/alue for glacier investigations. This allows evaluating ex-
significantly higher than in summer (Caidong and Sorten-isting data or glacier outlines from older topographic maps
berg, 2010). Changes in the summer temperature affect botfnd deriving multi-temporal glacier inventories dating back
the glacier melt and the snow line altitude. The latter has arfeveral decades. The main drawback for some regions might
important effect on the melt due to albedo changes. be the unavailability of suitable scenes. However, in our

Precipitation seasonality also plays an important role. Forstudy area characterised by continental climate little snow
example, the early onset of wet season may suppress glaci€PVver and clouds throughout the year facilitates the gener-
melt during summer, and can lead into positive mass balancation of multi-temporal glacier inventories. The Chinese
values (Kang et al., 2009). The presented glacier shrinkGlacier Inventory from the 1970 is a valuable source of in-
age may reflect the time prior to 1990 with slightly decreas-formation but the data contains inaccuracies and geolocation
ing summer precipitation, but slightly increasing evaporation€rrors. The use of different satellite data revealed a continu-
and temperature when considering the response time of th@US glacier shrinkage of abow9.9+ 3.1% from 1976 until
glacier. The recent trend since the mid 1990s with a stronge?009. These values are lower than previously published re-
temperature increase but also slightly increasing precipitaSU“S: which can be mainly attributed to the uncertainties of
tion and evaporation may not yet be reflected in our dataglacier delineations based on the Chinese topographic maps.
Taking the importance of the temperature variations for the he five glaciers investigated in detail showed an average re-
glacier mass balance into account, it is likely that glacierstréat of about-10m/a from 1976 until 2009. No glaciers
will continue to shrink even though some positive mass pal-advanced in the investigated periods. The larger ice cover of
ance years occur in between. However, recent mass bafhe south-eastern side of the Nyaingentanglha Range reflects
ance measurements on Zhadang Glacier are mostly negaﬂ\;@e location windward to the summer monsoon. Short-term
(Kang et al., 2009). So far, we are not able to quantify thevariations in the glacier mass balance were also driven by
importance of the specific climate elements to the glaciermonsoonal variations. The main cause of long-term glacier
changes since availability of climate data in the study areavastage, however, was likely the increase in air temperature
is insufficient. Especially the influence of solar radiation and during the wet season. However, the complex glacier-climate
sublimation needs further investigation. Ongoing investiga-interactions need to be further investigated.
tions (e.g. direct mass balance measurements, meteorolog- _
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future, and will help to adjust existing glacier models to the zentrum ir Luft- und Raumfahrt, DLR) for providing the Metric
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Introduction

For historical and logistical reasons, meteorological observations on the
Tibetan Plateau (TP) are scarce. It is even more true for mountain-regions,
where glaciers have been observed intensively only since recent years.
This lack of observations is problematic, regarding their importance for
both local and regional ecosystems. Primarily, the Institute of Tibetan
Plateau Research (ITP, Chinese Academy of Sciences) is dedicated to cur-
rent glaciological observations on the TP.

Zhadang Glacier is a small valley glacier (2.48 km?2) located in the Nyain-
gentanglha Range, about 200 km North from Lhasa (see Fig.1 and Bolch
et al. (2010), for a comprehensive description of the study region and its
glacier changes 1976-2009). The glacier is exposed to the northwest and
drains into Lake Nam Co (4725 ma.s.l.), Tibet's largest salt water lake. The
region is under the complex influence of both the continental climate of
Central Asia and the Indian Monsoon system (Kang et al., 2009), which
leads to a climate characterised by a strong seasonality in both tempera-
ture and precipitation. Only little precipitation occurs during winter, while
about 90% of mean annual precipitation is measured from June to Septem-
ber. Glaciers located in this continental summer precipitation climate, with
the maximum of annual accumulation and ablation occurring simultane-
ously, are called summer accumulation type glaciers.

ITP operates two Automatic Weather Stations (AWS) since September
2005 in the area of Zhadang Glacier: one in the accumulation area of the
glacier (5785 ma.s.l.) and the other in the valley (5400 ma.s.l.) in front
of the glacier. Continuous measurements are supplemented by mass bal-
ance measurements applying the glaciological method. The installations
have been complemented in May 2009 by Sino-German teams within the
DynRG-TiP project (Link) with two AWS: one on the ablation zone of the
glacier (5660 ma.s.l.) and one that has been relocated recently to the
terminal moraine close to the glacier tongue (5550 ma.s.l.). Besides, two
time-lapse cameras have been installed in May 2010 (Fig.1). This makes
Zhadang Glacier to be the one of the most sophisticated measurement
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Figure 1. a) Overview of the Nyaingentanglha Range, including a zoom into the Zhadang
Glacier area (after Bolch et al., 2010). b) Panorama of Zhadang Glacier, with locations of the
AWS and camera installations (full panorama available online (Link))

sites on the TP. Here we focus on the recent DynRG-TiP AWS and camera
installations.

Logistical aspects

The equipment and mechanical parts have been shipped from Germany
to China a few months before our arrival. The Chinese customs allow a
temporary import for a period of six months renewable only twice, and ask
for a security deposit of about 20% of the ware value. Since our stations
operate for a longer period, the deposit has been lost and the ware was
officially imported to China in 2010. Some useful mechanical parts (tools,
tubes, etc.) can be bought in Lhasa, but they are mostly of inferior quality
or heavy.

We usually visit the glacier twice a year (May and September). How-
ever, this will no longer be necessary as the systems are now running
stable. We expect that one campaign per year towards the end of the
ablation season will be sufficient. Due to the high altitude two acclimati-
sation steps of three days each are necessary (Lhasa, 3650ma.s.l. and
Nam Co, 4740 ma.s.l) before being capable to go up to the base camp
(5400ma.s.l.), which is reached in a one day walk. Tibetan nomads are
living in the valley from May to September and let their yaks graze. With-
out their support and the strength of their horses or yaks to carry our
equipment, the ascension would be virtually impossible. However, the no-
mads are not always in favour of our activities: some of them are supersti-
tious and recently our stations were held responsible for various capricious
weather phenomena.

Automatic weather stations

The instruments (Tab. 1) were primarily mounted on a mast drilled into the
ice to more than 2.5m depth. Based on the mass balance measurements
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Table 1. Sensor specifications.

Measured quantity Instrument Sample interval

Air temperature (2 heights) CS215 (Campbell) 10 min

Relative humidity (2 heights) CS215 (Campbell) 10 min

Air pressure DPI1740 (T. Friedrichs & Co) 10 min

Net radiation NR-Lite (Campbell) 10 min

Solar radiation (up and down) CS300 (Campbell) 10 min

Longwave radiation (up) IRTS-P Apogee 10 min

Ice temperature (8 depths, down to 9 m) 107TP (Campbell) 10 min

Surface height SR50 (Campbell) 10 min

Wind speed and direction 05103 (Young) 10 sec sample,
10 min storage

Wind (sonic anemometer) Windmaster (Gill) 10 Hz sample,
10 min storage

Mast inclination (2D) SCA121T (VTI Tech) 10 min

in previous years (about 1 mw.e. per year, Kang et al. (2009)) and our own
estimation of the equilibrium line altitude, this seemed to be a reasonable
choice. The high ablation in 2009, estimated to 2.5 m of ice, caused the
fall of both stations around mid-July. Therefore, we changed to a tripod
set-up and a separate mast for the sonic ranger (Campbell SR50) (Fig. 2).
The stations was supposed to stay on their feet as the ice level decreases
but for some reasons (extreme wind? debris within the ice?) the stations
again fell over in summer 2010. ITP staff could re-erect them one month
later. A construction with wider feet extent may have been more stable,
but difficult to find in China. The SR50 structure inspired by Oerlemans
et al. (2004) (three tubes of 5 m length, drilled inclined into the ice) proved
to be very stable, but the inclined holes are difficult to drill properly using
the steam drill.

The stations worked perfectly and had no data or power failures (ra-
diation values are high also in winter and the batteries are recharged ef-
ficiently). Thanks to the inclinometer placed at the mast, it was easy to
track all events of falling over. By this means valid measurement periods
could be selected. The low-cost of the sensor is less of a problem than
the provision of two extra slots on the data-logger (CR1000, Campbell).
Nevertheless, this is really worthwhile considering the importance of the
information on mast tilt. In order to measure the radiation budget we re-
placed the popular CNR1 from Kipp & Zonen by the cost-effective 4-sensor
installation described in Table1l. The shortwave radiation measurements
proved to be accurate. In contrast, the longwave radiation measurements
were not satisfying for two reasons. The IRTS sensor shows high sensitivity
to solar radiation and measured snow surface temperatures up to several
K above the melting point during the day. Furthermore, incoming long-
wave radiation (obtained using the net radiation value subtracted from
the three measured components) suffers from accuracy problems due to
the different frequency responses of the various sensors. Two tempera-
ture and relative humidity (RH) probes are placed in a ventilated radiation
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Figure 2. a) The AWS 1 in autumn 2010 and our young Tibetan helper. b) The terrestrial
camera system (placed in a waterproof box that is closed afterwards)

shield (THIES Clima GmbH). The ventilators are directly connected to two
solar panels in an independent circuit. This has the strong advantage that
the ventilator will not use the power of the battery and that the probes are
efficiently ventilated during the day. However, there is the disadvantage
that the probes are not ventilated at night. The solar panel voltage is sam-
pled every 10 minutes to track the strength of ventilation. The effect of
this ventilation strategy in comparison with permanent ventilation needs
to be evaluated in more detail.

Terrestrial cameras

We installed two cameras on the glacier lateral moraine (Canon EOS D-
60, objective of 28 mm focus, fixed aperture value of 7.1 and adaptive
aperture time) taking three (recently changed to six) pictures a day of the
glacier tongue area. The power supply for each camera and the camera
timer, responsible for the triggering impulse, is ensured by a single 12V
battery recharged by a solar panel. Because both cameras (base of about
400 m with a base-to-height ratio of about 0.3) are operating simultane-
ously it is possible to compute glacier volume changes using stereoscopy.
Therefore, 14 Ground Control Points (GCPs) were measured in the glacier
forefield. As point locations we chose single boulders which are supposed
to be stable over time. Even though one of the cameras was stolen in
summer 2010, the second camera provided a dataset of high quality (an-
imation available online (Link)). The pictures allow a rare insight into the
meteorological and surface conditions of the glacier on a sub-daily basis,
which is useful for AWS data processing, analysis and validation. For ex-
ample, the image time series was analysed in order to produce a dataset
of the timing and intensity of snow events which was used for the valida-
tion of the sonic ranger snowfall algorithm.
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Data treatment

During winter, the tripod feet are covered by ice and snow and the system
is very stable. Only standard corrections are necessary (RH for temper-
atures below zero using the values given by Campbell, interpolation of
temperature and humidity at the 2m height, sonic range correction for
temperature). During summer, rapid snow events and follow-up melt may
occur within hours. High wind speeds and surface changes make the sta-
tion stagger.

Precipitation often occurs in the form of soft hail. All these surface con-
ditions together seem to influence the quality of the signal of the sonic
ranger. The quality flag provided by the sensor is useful for automatically
filtering a large part of the invalid data. Nevertheless, the signal remains
noisy (sometimes above the accuracy of 1cm specified by the manufac-
turer) especially during precipitation events. The temperature correction
is necessary to avoid artefacts, as the measured distance may "diminish"
at the end of the day. This could falsely be interpreted as a snow event. In
order to minimise this effect, a 3h moving mean of top and bottom tem-
perature sensors was used for the correction. Finally, a 3 h moving mean is
applied to the sonic ranger data for noise reduction. A larger window size
would increase the smoothing but would reduce the signal of the short and
small (less than 10 cm) but frequent snow events of the summer season.

For the detection and quantification of snow events using sonic ranger
data, several algorithms were compared and gave largely variable results
(up to a factor 3 in the amounts). The main issue is that no validation
can be made without a reference dataset. Using the information provided
by the time-lapse camera as reference, one of the algorithms could objec-
tively be selected. The 6 hourly snowfall amount is obtained as follows:
if the mean surface height (snow depth) of the 6 h period is higher of at
least 1 cm than the mean surface height of the previous 6 h, then a snow
event occurred. The 6 h snowfall is given by the difference between the
maximum and the minimum surface height during these 6 h.

Recommendations and conclusions

In this document, we presented the operation of two AWS and two cameras
in the harsh environment of the TP. We addressed several topics such as
logistics, instrumentation, mechanical construction and data treatment. In
general, our field experiment is a success, but we also made several mis-
takes that we would like to share in the following list of recommendations.
They are based on our own experience, and may be not entirely new or
even be unsuitable for other environments.

e Despite the high altitude, ablation is very strong on glaciers of the
central TP. The ablation season is short (June to mid-August) but in-
tense. Therefore, AWS constructions based on stable tripods are rec-
ommended for altitude ranges below 6000 ma.s.l.

66



Snow and ice accumulation/ablation 2009-2010
5 7 — 1 T 1 T T ]

1-5

Celsius

1_10

—— lce+Snow level |
--- lIce level
........ 2m Temper;aturei

1-20

P L Vot
0 i I I
a Apr2009 Jul2009 Oct2009 Jan2010 Apr2010 Jul2010 Oct2010
L
Wind speed diurnal cycle
May 2009 — Oct 2010 8E et N
TUNORTH —— All year /" N
: Summer ; A
15%._ 5 — — Winter !,- \‘
r’. .‘
i X S wind speed E N I i // \\\ E
WEST gasT e /;/_\7_7_ Ve %
Wi-16 R, ‘,\\\
S 2.1 - s TN
So@in-2 et RN R
Os-10 Nl
06-6
4-6
. M-
S0UTH mo-2 I . . . \
0 4 8 12 16 20
Time of day
Wlnter__ — Summer_ NORTH
156
10%
: : L ind d
gt m\f}gpend WEST ust \[mqspea
! - . E4-16
Cm =i
Comn-12 mE10-12
Os-10 Cle-10
Os-8 . . . Oe-8
Hi-6 . 46
-4 . . -
BOUTH- mo-2 ... BOUTH Moz

b.

Figure 3. a) Daily means of snow accumulation and ablation at AWS 1 in 2009 and 2010
and air temperature. b) Wind roses and diurnal cycle of wind speed for the whole
measurement period, winter season and summer season.

e The tripod should be as light and as bright as possible to resist the
harsh weather conditions.

e A second system, installed next to the glacier, emerged as the safest
way to ensure continuous data collection.

e Time-lapse cameras, besides the application for stereoscopy, are a use-
ful tool to understand and observe surface and near-surface conditions
of a glacier. Cost-effective systems are easily available for such pur-
poses.

e The "daytime ventilation", radiation shield ventilators directly connected
to independent dedicated solar panels, is an efficient way to ensure the
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power supply of the instruments. The effect of this ventilation strategy
on the temperature measurements especially during night is not yet
quantified.

e If there are adequate financial resources, a direct measurement of all
four radiation components using accurate sensors is a good solution to
avoid complex and imperfect data post-processing.

e If there are enough slots available on the data-logger, the measurement
of the tilt of the mast simplifies many aspects of data post-processing.

e The signal quality flag provided by the SR50 sensor provides useful
information for efficient data filtering. There should be a memory slot
reserved on the data logger for this number if ever possible.

The authors will be pleased to answer any further questions and are open
to suggestions or comments regarding this list.

In the meantime, the efforts of measuring near surface meteorology
on Zhadang Glacier have provided us with outstanding and unique data
(see Fig. 3) that in the near future will allow accurate and state-of-the-
art investigation of surface energy and mass exchange from a logistically
difficult remote high altitude site.
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Appendix B

Influence of the high-altitude Nam Co lake on

local precipitation patterns

Summary. Lakes are important components of the climate system. The Tibetan Plateau, host
of about 1260 lakes larger than 1 km?, remains poorly studied in this regard. Large lakes like the
Nam Co (1980 km? area, 4724 m a.s.l.) are expected to significantly influence their environment
but this was rarely investigated using numerical modelling before. This document condenses
the results of three modelling experiments using the Weather Research and Forecast (WRF)
model. The experiments are designed to study the influence of the Nam Co lake on local
precipitation patterns during four selected years (2002-03 and 2008-09). We investigate the
influence of assimilating satellite-derived lake surface temperatures (ST) instead of using the
standard WREF initialization approach. Furthermore, we run an idealized experiment where
the Nam Co lake has been replaced by grasslands to quantify the influence of the presence of
the lake on local precipitation spatio-temporal variability. We find that assimilating lake ST
has a positive impact on the simulated cloud frequencies and precipitation patterns, especially
during the months of August to December. The standard WRF approach proves to be an
acceptable compromise for selected applications at regional scale but should be used carefully
for hydrological impact studies. According to our simulations, the presence of the lake reduces
precipitation averaged over the Nam Co drainage catchment of about 8%. This number becomes
larger when considering the neighbouring regions on the eastern (lee) side of the lake. The
effect of the lake is most notable in summer, when the colder surface inhibits convection. We
also observe lake-effect snowfall events in Autumn. The influence of these events on yearly
precipitation amounts is less significant.
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B Influence of the high-altitude Nam Co lake on local precipitation patterns

Preamble: the content of this document will be re-arranged into a manuscript that will be submitted

for publication in a peer-reviewed journal in 2014. Foreseen co-authors: Riithrich, F., Kropacek, ]., Biskop,
S.and D. Scherer. Foreseen journal: Theoretical and Applied Climatology. The document is organised
around the nine graphics that provide the information needed to reach the conclusions stated here. To
help the reader of this already lengthy thesis, the text is composed of key arguments and conclusions that
should be sufficient to understand the figures and the results of the study.

Introduction

Lakes have a strong influence on local climate. They interact with the atmosphere by exchanging
moisture and thermal energy, and they have (among other characteristics) distinct heat capacity,
surface albedo and roughness. The most observed effects of lakes are (i) the inhibition of
convection in summer when the water is colder than surrounding land areas, and (ii) the
initiation of precipitation in autumn/winter when the water is warmer and provides moisture
and energy to the atmosphere (Wilson, 1977).

For weather forecast purposes and because of their remarkable effect on local climate, the
lake-atmosphere interactions in the Great Lakes region (North America) have been intensively
studied (e.g. Burnett et al., 2003; Kristovich and Spinar, 2004; Laird et al., 2009; Gula and Peltier,
2012). Also in Europe the role of lakes in a changing climate have been analysed using regional
climate simulations (Samuelsson et al., 2010). So far, studies of lake-atmosphere interactions on
the Tibetan Plateau (TP) have been mostly observational (Haginoya et al., 2009; Biermann et al.,
2013; Kropacek et al., 2010). To our knowledge, two modelling case studies (over a short period
of time) were conducted at Nam Co (Li et al., 2009; Gerken et al., 2013). In this study we analyse
a four-years time period, thus we provide the first climatological investigation of lakes effect on
the climate of the TP.

The TP hosts about 1260 lakes that exceed 1 km? in surface (Kropacek et al., 2013). The majority
freeze in winter but the ice-phenology is highly variable both in space (between lakes) and
in time (inter-annual variability). Icing period inter-annual variability could be correlated to
autumn snow cover patterns on the lee side of lake Nam Co (Kropacek et al., 2010).

The Weather Research and Forecast (WRF) model is a widely used limited-area atmospheric
model. There is no explicit treatment of the lakes in the model, therefore the lake ST must be
either assimilated or obtained elsewhere. This is problematic at higher grid resolutions (from 1
to 10 km) when local characteristics such as land-cover become increasingly important. In the
HAR 10 km domain, 316 grid-points are classified as inland water bodies (Fig. B.1).

Before version 3.3.1, WRF had no special handling of lake ST initialisation, leading to highly
unrealistic conditions (Li et al., 2009; Maussion et al., 2011a). Since V 3.3.1, the ”standard
approach” in WRF! is to use information available from the large-scale input dataset: the

lwe call it “standard” here but this initialisation technique still requires active changes to the default “out-of-the-box”

configuration of WRF, which we believe to be problematic (especially for incoming users not aware of this potential
problem)
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surrounding land surface temperatures are averaged and the computed value is used to initialise
(or update) lake ST on a daily basis. In this study we intend to test and analyse the validity of
this approach.

The benefit of model-based approaches is that it is possible to run idealized simulation with
modified boundary conditions. With the purpose of quantifying the effect of the lake on
precipitation amounts and seasonality we also designed a sensitivity experiment where the

Nam Co lake has been removed.

Data and methods

Lake surface temperatures

The observational dataset used in this study is the ArcLake dataset v2.0 (MacCallum and Mer-
chant, 2011, 2012). This dataset contains observations of lake ST from the series of (Advanced)
Along-Track Scanning Radiometers (ATSRs). ARC-Lake v2.0 data products cover the period
1991 to 2011. We use the CGREC9D time series datasets (spatially and temporally averaged day-
time reconstructions, per-lake). For each lake and each day a surface temperature is provided,
making this product particularly handy to use in automatized frameworks. The dataset focus is
on large lakes (larger than 500 km?) resulting in 263 target lakes worldwide out of which 15 are
located in the HAR 10 km domain (Fig. B.1).
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B Influence of the high-altitude Nam Co lake on local precipitation patterns

Figure B.2: Frequency of clouds occurrence in August at 16 H CST for (a) HASaR-C and (b) WRF. The Nam Co lake
shore (black line) and Nam Co basin (black dashed line) are indicated, as well as the “Land area” (grey box,
see text and Fig. B.6)

Cloud frequency

To evaluate cloud occurrences at Nam Co we use the “High Asia SAtellite Retrievals - Clouds”
dataset (HASaR-C, Riithrich et al., 2013). This dataset is generated using a novel gross-cloud
retrieval method for the TiP using logistic regression models. It has a spatial resolution of 6 km
and half-hourly temporal resolution for the period 1998-2008. Due to data gaps, this dataset is
available for comparison during the years 2002-2003 only. We use monthly frequencies of cloud
occurrence, for all months/hours with more than 80% available data. As an example, the cloud
frequency at 16 H China Central Time (CST) at Nam Co is shown in Fig. B.2 (a). The equivalent
cloud frequencies computed from the WRF model output are shown in Fig. B.2 (b). A grid box
in the WRF model is classified as cloud when cloud water + ice mixing ratio exceeds a threshold
value of 107® kg kg L.

Model experiments

The starting point of this study is the High Asia Reanalysis dataset (HAR). For the production
of HAR, the WRF standard method was used to initialize lake ST every day. The surrounding
land surface temperatures are averaged daily and the computed value is used to initialise (or
update) lake ST on a daily basis. When the lake ST obtained this way falls below -3°C, the lake
surface category is changed to ”ice/snow” in the model.

To assess the validity of this approach, we conducted a new experiment (ArcLake) with as-
similated lake ST. For this purpose, we developed a tool to automatically attribute a lake ST
from the corresponding ArcLake to inland water bodies in the WRF domain. With this tool,
all large water bodies become a measured lake ST (smaller isolated water bodies continue to
be initialized with the standard method, see Fig. B.1). If the lake ST falls below 0.1°C, the lake
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surface category is changed to ”frozen ground” in the model.

We chose to analyse a period of four years which is a compromise between computation effort
and a sufficiently long time period to allow us build composites of for instance monthly values.
The years 2002, 2003, 2008, 2009 were chosen because they are representative of the observed
inter-annual variability (2003 and 2009 being rather average years, 2008 being a cold year and

2002 a warm year).

Results

Figure B.3 shows the decadal average of daily lake ST at Nam Co, from the HAR dataset
(Standard) and from observations (ArcLake). The Standard method is close to observations
in Spring, which means that the observed thawing date of the lake is closely related to the
warming of the surrounding surface. In Summer and Autumn the two curves differ largely,
since the thermal inertia of water and the increased energy supply from solar radiation are
not considered by Standard. A cold bias in the FNL dataset can also contribute to the colder
temperatures. The lake in Standard freezes much sooner (October) and the daily variability is
(too) large. According to the ArcLake dataset, the lake freezes between January and February
and thaws between March and May, in accordance with previous studies (Kropacek et al., 2010,
2013).

Which effect does this temperature discrepancy have on simulated precipitation? The differences
in annual precipitation (percentage) between ArcLake and Standard are shown in Fig. B.4.
Differences can reach more than 20% of annual precipitation in the close vicinity of the lake,
10 to 20% on the lee side (westerly wind directions largely dominate throughout the year,
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B Influence of the high-altitude Nam Co lake on local precipitation patterns

Figure B.4: Difference (%) in total annual precipitation between ArcLake and Standard over Central TP. Positive values
indicate that there is more precipitation in ArcLake.

see Kropacek et al., 2013; Maussion et al., 2014), and smaller changes of 2% are observed a
hundred kilometres away. Yearly averaged, ArcLake produces uniformly more precipitation,
mostly between August and October, the other months showing no significant difference. The
mechanisms leading to this increase in precipitation are analysed with more detail below.

Assimilating more realistic Lake ST does not necessarily imply that quantitative precipitation
estimates from the model are more accurate. Unfortunately, observations on the TP are scarce,
and no precipitation dataset has a sufficient accuracy to assess the benefits of Lake ST assimila-
tion. Therefore, in a first approach, we compare cloud occurrence over the lake surface between
the HASaR-C dataset and Standard and ArcLake experiments (Fig. B.5). The upper panel of
the figure displays diurnal cycles of cloud frequencies (CF) in February (Fig. B.5 a) and August
(Fig. B.5 b). There is a marked daily cycle of CF in February, with a minima at 11:00 and a
maxima around 18:00 (solar time leads CST from about 2 hours in Tibet). The modelled cycle is
really close to observations, with a slight underestimation which could be due to the empirical
definition of clouds by the WRF model. In August the daily cycle is less pronounced, but there
is a reduction of CF during the day which is more evident in WRF. The lower panel of the figure
displays annual cycles of monthly CF at night time (00:00 to 03:00, Fig. B.5 ¢) and afternoon time
(15:00 to 18:00, Fig. B.5 d). Observed and modelled CF follow similar variations throughout the
year, again with a pronounced underestimation of WRE. Maximum CF is reached at night in
summer and in the afternoon in spring. For all cases, ArcLake performs better than Standard,
but the differences are moderate. These results indicate that it is appropriate to assimilate
ArcLake temperatures in the WRF model.

The effect of the lake is best observable when comparing CF over the lake surface between ArcLake
and NoLake (Fig. B.6 a). For comparison, we reproduce the same analysis with observed CF
(Fig. B.6 b). Nevertheless, we have to use a trick: the “NoLake” area in the observations is
replaced by a region of similar size close enough to the lake, see Fig. B.2. This may alter
the results and is therefore not analysed quantitatively. The effect of the lake is largest at
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Figure B.6: Differences in cloud frequency for each month and time of day (CST). (a) Between ArcLake and NoLake
over the lake surface. (b) In the HASaR-C dataset between the lake and land areas (grey box in Fig. B.2).
Brown colours in summer indicate that there are less clouds over the lake than over land.

afternoon and in spring/summer. This is confirmed by observations, which also show a slight
increase of CF at night and winter. This could be explained by fog (not resolved in WRF?) or by
observational errors over the icy lake surface.

To assess the influence of the lake from the hydrological perspective we spatially average
monthly precipitation over the Nam Co drainage basin for all three experiments (Fig. B.7).
ArcLake produces more precipitation than Standard throughout the year, for a total increase
of 7% in annual precipitation. The differences are largest in August and September, when the
Standard Lake ST are too cold. From October to April, ArcLake produces more precipitation
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Figure B.7: Monthly precipitation (mm d 1) averaged over the Nam Co basin for the three WRF experiments.

than the other experiments. The inhibition effect of the lake is best seen in June/July when
NoLake produces noticeably more precipitation. Compared to NoLake, ArcLake reduces the
basin-average precipitation by 8%. This result is interesting in the context of glacier extent on
the Nyaingentanglha range (Paper V): there is a much larger area of ice on the south exposed
ranged than to the north range flowing into the lake. In Paper V we argued that this difference
could be due to rainshadow effects on the monsoonal moisture flow coming from the southeast
in summer. Our results present an alternative explanation: the presence of the lake can be

responsible for less precipitation on the northern side too.
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Figure B.8: (a) frequency of snowfall events (> 0.1 mm d~!) during the October to December period for ArcLake. (b)
Difference between ArcLake and Standard during the same period (positive values indicate that there are
more snowfall events in ArcLake).

In Fig. B.8 a, we show the frequency of snowfall events from October to December at Nam
Co. On Fig. B.8 b, we verify that the lake is responsible of a substantial part (about 50%) of the
snowfall events. These are located on the lee side of the Nam Co lake. The events north of Nam
Co are related to the neighbouring Silling Co lake (Fig. B.1).
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Figure B.9: Panorama of the clouds surrounding the Nam Co lake in spring. The sky above the lake is cloud-free while
small low-level convective clouds produce localized precipitation over land. Picture taken by the Author on
the 2011.05.19 in late afternoon.

Conclusions

ii.

ii.

iv.

. The Nam Co lake has a major influence on cloudiness, mostly in summer when the

lake is cooler than surroundings. This is confirmed by both numerical simulations and
observations (Figs. B.2, B.5 and B.6) and consolidates the results from previous studies.

The panorama picture shown in Fig. B.9 is a “real-life” illustration of this effect.

The lake ST obtained from surrounding land surface temperatures, without any consider-
ation of the physical properties of the lake, are not realistic. This method leads to a much

cooler lake than observed (Fig. B.3).

From a) and b) it appears that the Standard lake ST lead to a substantial overestima-
tion of the lake-related convective inhibition in summer (Fig. B.5) and therefore to an

underestimation of precipitation.

The lake in Standard freezes 3 to 4 months earlier than observed. This leads to a probable
underestimation of lake-effect snowfall (Fig. B.8), but his could not yet be verified with
ground truth data. A validation method based on MODIS data (Kropacek et al., 2010) is
under consideration. The amounts of precipitation concerned by this modification are
rather weak at the basin scale but expected to have a larger influence on longer time-scales
(snow cover remains on the ground during winter) and for hydrological/glaciological
applications where snowpack plays an important role.

. The WRF model is able to reproduce the expected effect of the lake. Further processes

such as land-see breeze (not shown here) are also correctly represented, illustrating the
importance of accurate lake ST for atmospheric simulations. Therefore, we recommend
to use either observations or an appropriate physically based lake ST model in the WRF
model (and in similar atmospheric models). Without having tested it, we can advance
with large confidence that using a climatological Lake ST instead of the standard WRF

method would produce more realistic results in any case.
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