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Abstract. The Tibetan Plateau and the adjacent high moun-be shown that the runoff from the glaciered areas seems to
tain regions of the Himalayas play an important role in the be the most important component to explain the increasing
global climate dynamic through its impact on the Asian amount of lake water.

monsoon system, which in turn is impacting the water re-
sources of this extremely vulnerable region. To provide fur-
ther knowledge about the changing impact of rainfall pat-
terns, spatial and temporal variability of snow cover contri-

bution, amount of snow and ice melt runoff, evapotranspira- he Tib | . K ithin th h
tion as well as dynamics of wetlands and permafrost water! € Tibetan Plateau is a key area within the earth system

balance studies are required. This is of particular importancéNd S outstandingly relevant for the global climate dynam-

in terms of global climate change because of a severe gap itfs .due' to its huge extensmp on high altitudes and the re-
the knowledge of the short, mid and long term implications sulting importance for the Asian monsoon system. Although
on the hydrological system there have been many investigations on parts of this complex

gcosystem in the recent past, knowledge about physiograph-

This study concentrates on the macroscale catchment o - )
the lake Nam Co, located at 4718 ma.s.l. at the foot of thelCal processes and todays anthropogenic impact on the Ti-

Nyaingentanglha Mountains in central Tibet {30 90° E) betan ecosystem and its spatial and temporal dimensions is
The water balance of the Nam Co basin is dominatéd b till limited. In the last decades a number of research studies
semi-arid climate, snow and ice melt runoff and high evap_investigated parts of the global change impact on the Tibetan

oration rates due to the high radiation input and the low airPIateau and presented results about climate developiient (

humidity. The observed temperature rise, glacier retreat, per‘—:’t al, 2001 Treydte et al.2006 Wang and Ding200§ Wu

mafrost decay and lake level increase indicate significant sys‘-at al, 2009, glacier retreat‘(hompson etal2003 Ye.et al,
tem changes and the high sensitivity of the Tibetan Plateagooa’ lake hydrology Cyranoskj 2003, and vegetation pat-
on global warming. The development of a suitable water bal-lems Chen et al.2005 Zhou et al, _20063' i
ance model and its preliminary application was the main ob-_ "€ mean temperature on the Tibetan Plateau increased by
jective of this study. The development was done with the0-02°C per year during 1971-2000u et al, 2007, which
Jena Adaptable Modelling System JAMS along with existing IS much faster than the global average of 0.¢4otal over
scientific process components of the J2000 module libranfh€ last 100 yearsSplomon et al.2007. Temperature pro-
which were partly further developed to reflect the specificlections for the 21st century predict that the temperature on
conditions of the high elevation Nam Co basin. the Tibetan Plateau will rise by 2.5intil 2050 and BQ until

The preliminary modelling exercise based on gridded datz2 100 Rupa Kumar et al.2009. In contrast to an increas-
from a downscaled ECHAMS data set provided reasonabldn9 temperature trend over the entire Tibetan Plateau, several
estimates about the important hydrological water balanceSt“‘_jies show s_patial variability in precipitation trends. Most
components of the Nam Co basin. With the modelling results'€9ions, especially the eastern and central part of the Tibetan

the observed lake level rise could be reproduced and it could’/atéau, have become wetter over the past several decades,
while the western part has become dri¥u(et al, 2009.

Changes in extreme precipitation indices show increasing

Correspondence td?. Krause trends in the southern and northern Tibetan Plateau but de-
BY

(p-krause@uni-jena.de) creasing trends in the central Tibetan Plate¥ou(et al,
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Fig. 1. Nam Co basin test site and its position on the Tibetan Plateau.

2010. The prediction of effects of climate change on the precipitation in the early stages of the ablation season in May
summer monsoon rainfall is very uncertain due to the localand June 2008 led to an increasing mass balance and rela-
topographic characteristics causing a high spatial and tempdively low and constant river runoff from the glacier termi-
ral variability of rainfall. nus.Chen et al(2008 assessed that between 1970 and 2007
Changing precipitation and evapotranspiration rates are dithe glacier area of the Nam Co basin decreased by 3721 km
rectly affecting the amount of available water for runoff gen- In the same period the area of Nam Co lake increased by
eration. Due to rising temperatures more precipitation will 72.6 k.
fall as rain instead of snow which will lead to short and Lake fluctuations are investigated on the Tibetan Plateau
long term storage decreases. In consequence the majoriip the last 30 yearsYe et al.(2008 found both — lake size
of glaciers on the Tibetan Plateau were retreating dramatidecreases and increases — of lakes in the Mapam Yumco
cally during the last decades. In the last 40 years the glacierbasin in western Tibet between 1974 and 20@anduo
on the Tibetan Plateau shrank by 7%, with a decrease oét al. (2009 monitored four smaller lakes in the vicinity of
4.5% during the last 20 year€NCCC 2007). Projections the Nam Co using Landsat TM and CBERS data. They re-
of glacier retreat suggest that glacier shrinkage will accelerported lake area increases since 1975 with accelerating speed
ate significantly with continuing global warmin@¢lomon  in 2000-2005. Lake level changes obtained by satellite al-
et al, 2007 which will affect the hydrological regime of river  timetry were published bylaheu(2003; Berry et al.(2005;
basins originating in the Himalayas: first by increasing dis- Harrison et al(200§. The Nam Co lake level is observed
charge due to accelerated melting rate, and subsequently tsince 2005 during ice free periods (May—Octob&gJ et al,
decreasing stream flow much lower than at present as glaci€2006 Zhou et al, 20060. Zhou et al.(20068 concluded
water storage is reduceBiiksson et al.2009. that the lake level rise of 36 cm from May to mid September
Field observations on the Zhadang glacier south of the2005 was caused by higher rainfall and melting snow during
lake Nam Co showed that the glacier mass balance in this rethe summer season, whereas less precipitation and retention
gion is not only influenced by the air temperature, but is alsoof water in ice and snow cover indicated a lower input which
strongly affected by the precipitation seasonality — signifi- led to a 10 cm lake level decrease in autumn.
cantly more than by the annual amouKiafg et al, 2009. Although there have been many investigations on parts of
The mass balance in the years 2005/2006 and 2006/200the complex ecosystem of the Nam Co basin in the recent
of Zhadang glacier was strongly negative caused by highepast, comprehensive hydrological system dynamic studies or
air temperature and lower precipitation during the ablationhydrological model simulations to estimate the water balance
period resulting in distinct glacier melt runofKang et al, are missing. Adequate knowledge about the interrelated hy-
2008. However, the lower summer temperature and higher drological system components and processes is still limited,
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especially on their spatial and temporal dimensid@@hner 3 Material and methods
(2006 stated that water balance estimates are still afflicted
with major uncertainties due to methodological limits in the 3-1  Input data

spatial estimation of rainfall rates and widely lacking evap- The Chinese project partner of the Institute of Tibetan

otranspiration records, particularly on the Tibetan Platea . ) :
and adjacent high mountain systems. Distributed, proceSLSJl_Dlateau Research (ITP) provided hydro-meteorological data

. . . . measured at the Nam Co research station for the time pe-
oriented hydrological modelling can provide further knowl- b

edae about the complex brocess interactions on the Tibet riod 2005-2008. These measurements include air tempera-
Plsteau piexp a‘pure, radiation, wind speed and direction, precipitation, air

pressure and relative humidity. Apart from the Nam Co sta-

tion no other station is located within the study area. Data
2 Study site lake Nam Co from other meteorological stations outside the Nam Co basin

south of Nyaingentanglha Mountains in the Brahmaputra re-
The lake Nam Co (3ON/9C° E, 4718 ma.s.l.) is the largest gion was found not to be representative for the study area
lake in Tibet and the biggest lake in the world in that height. because the Nam Co region features significantly colder and
It is located at the foot of the north slope of the Nyaingen- drier conditions. Because of the limited availability of ob-
tanglha Mountain in central Tibet. The lake itself covers served data, gridded global and regional climate projections
an area of approx. 2000 Knwith a drainage basin of about had to be used to provide driving data for the hydrological
11000 kn? (Fig. 1). modelling. For this purpose a downscaled ECHAMS5 data

The Institute of Tibetan Plateau Research, Chineseset @Ahrens and Dobler2008 generated with a combined
Academy of Sciences (ITP-CAS), operates a research stgdynamical and statistical) downscaling approach was used.
tion at the eastern end of the lake. Here, climatological ob-Since the gridded climate data provided only precipitation,
servations as well as measurements of runoff and lake leveiemperature and wind speed as direct climate input variables,
fluctuations are undertaken since 206&iig et al, 2008 relative humidity and sunshine hours had to be derived. Rela-
Zhou et al, 2006. Additionally, some climate measure- tive humidity was estimated from temperature and dew point
ments as well as snow and ice hydrological data are availtemperature; sunshine hours were derived from cloud cover
able from Zhadang glacier, located at the north-eastern slopand potential sunshine duration.
of Mt. Nyainquentanglha. Here, in 2005 two automatic To assess the quality of the climate variables, the data set
weather stations (AWS) were set up at elevations of 5400vas compared to another gridded climate data set from the
and 5800 ma.s.l., complemented by the installation of a rainClimate Research Unit (CRU) and to observed data from the
gauge near the terminus in May 2007. Nam Co station. The comparison of gridded temperature and
The climate of the Nam Co region is located at the in- precipitation values from downscaled ECHAMS5 und CRU

tersection of the Westerlies, the winter monsoon, the Souttor the time period 1961-2000 showed that (1) the projected
West Asian monsoon, and the East Asian monsd<mg temperatures had a high agreement whereas precipitation
et al, 2007). During the summer months (June—September)data were less correlated, (2) precipitation of the ECHAMS
the Nam Co basin is controlled by the Indian Monsoon, data set was significantly higher than the precipitation of the
while dominated by Westerlies during the dry winter sea- CRU data sets, (3) both data sets showed the same trends
son. The Nam Co basin features semi-arid subarctic plateawith more or less the same magnitude. The comparison of
climate according to the climate classification developed bythe gridded data with measured data of the Nam Co research
the Chinese Meteorological Adminstrationiy, 1998. At station showed a reasonable accordance but also discrepan-
the Nam Co the annual mean temperature was measured ages which will have to be investigated in more detail in the
0°C with a large daily and seasonal variabiliBh@ng etal.  future. For this first study only the downscaled ECHAM5
2008. The highest monthly temperature is abouf@0and  data were used. They were considered to be sufficient for
the lowest around-12°C. The large diurnal temperature gra- the estimation of the long term water balance of the Nam Co
dient (absolute maximum and minimum temperatures werebasin.
observed as 20%& and—30.3°C) indicates the strong con-
tinentality of the area. The Nam Co basin is located in the?"l'1 The model J2000g

rain shadow of the Himalayas and the annual precipitation i . .
estimated as about 300-500 mm occurring mainly during thé:Or this study, the J2000g modérause and Hanis¢i2009

was used which was developed for historical simulations as
summer monsoon seasath{ et al, 2004. The annual pre- b

S X well as for long term hydrological projections. This model
cipitation amount at Nam Co station from 2005 to 2008 was
measured as 415 miilang et al.2008. was adapted from the J2000 mode€tduse 2001, 2002 and

implemented within the JAMS modelling framework system
(Kralisch and Krause2006 and can be categorised as a spa-
tially distributed conceptual hydrological model with a min-
imum number of calibration parameters. The model J2000g
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requires spatially distributed information related to topogra- N

phy, land use, soil type and hydrogeology to estimate specific, . R . . R A

attribute values for each modelling unit. J2000g also requires

meteorological inputs (precipitation, minimum as well as av-

erage and maximum temperature, sunshine duration, wind . o . o

speed, and relative humidity). From this input data net radia- :

tion and the potential evapotranspiration (PET) according to e )

the Penman-Monteith approach is calculated using the meth; . . ft:"‘ . . Legend

ods presented iAllen et al.(1998. % ®  Grid points
Snow accumulation and snow melt are simulated with a E]ga‘;z”s

day-degree approach followed by a soil moisture account-| . . o . . B o Co Lake

ing module consisting water storage with a capacity defined Nam Co Basin

from the field capacity of the specific soil type within the O Kiometers

respective modelling unit. Soil water storage is only emp-

tied by evapotranspiration uptake. The actual evapotranspirarig. 2. Simplified spatial distribution of modelling units and climate
tion is determined by the saturation of the soil water storagegrid cells.

the potential evapotranspiration and a calibration coefficient.

The runoff is generated only when the soil water storage is at . . o ) ) )
saturation and partitioned into direct runoff and percolation | N€ entire basin was distributed into 21 modelling units
based on the slope of the modelling unit and the underlyingVith areas between 5 and 20003<mT_he land surface was
hydrogeology. The percolation component is transferred to depresented by 15 modelling units with an average elevation
groundwater storage and then into baseflow by a linear stor®f 5060 ma.s.l., the lake surface was composed of three mod-

age approach. The total streamflow of a catchment result§"i”9 units with an average elevation of 4725 ma.s.l. ar_nd thc_e
from the summation of the direct runoff and the baseflow 9laciered area was represented by three response units with
components from each modelling unit. an average elevation of 5600 m a.s.l. For each modelling unit

elevation, slope, aspect, dominant land cover and soil type

For this specific project two additional modules were im- _ ’ ) )
plemented into J2000g — a glacier module and a lake module’V@s defined using GIS and provided as a J2000g compliant

The glacier module is based on the methodHotk (2005 ~ Parameter file.
which calculates melt from snow and ice using a degree-day-

factor approach. The lake module considers lake evapora’“-)"3 Model setup and calibration

tion according tenmar(194§ and is tracking the volume e 15 the lack of long term observation data of stream-
changes that result from the hydrological dynamics in thegq,, or jake volume the model was not calibrated for the

lake basin. _ _ _ _ _Nam Co basin. Moreover, model parameters obtained in an
_When using gridded climate input data as drivers for dis-gipine catchment in Austria were transferred and used for

tributed modelling one has to make sure that the mass and eRre Nam Co with only one minor adaptation. That means the

ergy balances of the data set are preserved in the modelling;se temperature parameter which controls the melt of the

results. This was considered by assigning each modellingnow and glacier was increased to a value oPE.50 com-

unit exactly one climate data grid cell and passing the cli-pensate the insufficient spatial resolution of the gridded cli-

mate data to the modelling unit without further interpolation ,ate data. Without such adaptation the runoff from glaciers
or regionalisation. The disadvantage of this approach is th§,s,,1d have been much too high in summer times.
insufficient representation of small or regional scale climate

patterns. In terms of the Nam Co basin this is of particu-
lar importance for the mountain range in the south. In theset Results and discussion
parts elevation controlled gradients in temperature, rainfall

and other weather elements could not be fully represented. With the J2000g model of the Nam Co catchment a long term
mean annual air temperature ofL.7°C for the period of

3.2 Catchment distribution November 1961 to October 2010 was simulated. The coldest
year was estimated with4.5°C, the warmest with 8C. The

Due to the limited data availability a simple catchment dis- mean annual precipitation was estimated as 526 mm/yr with
tribution was used in this study. Unlike the traditional HRU- a range between 409 and 661 mm/yr. Relative humidity was
concept which is normally used with J2000g, simplified calculated as 53% in the long term mean varying between
modelling entities were created by overlay of the grid cells44 and 66%. The potential ET was calculated as 685 mm/yr
from the downscaled ECHAMS data and land cover typeswhereas the actual ET was estimated to be 520 mm/yr. The
(lake, glacier, land surface). FiguBeshows the lake basin mean total annual amount of water generated on the non-
and the coarse modelling entities. glaciered land surface flowing into the lake was simulated
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to be 4.48km/yr. The mean total annual amount of wa- 1960 1970 1980 199 2000 2010
ter from the glaciered areas was computed as 7.P2km
whereas the lake balance (without inflows) was negative with
—4.67 kn¥lyr. These numbers indicate the likely importance §gg
of the glacier dynamics for the observed lake level rise. 2

The trend analysis of the modelling results reproduced the °
patterns already discussed in the literature (€anpg et al, 2
2008. To quantify whether trends are significant or not a 4, ot evapetransprationmm)
signal to noise ratio (SNR) was calculated as the ratio be- °
tween the trend and the standard deviations of the anomalies ™
SNR values of larger than 1 are assumed to show a significan iﬁﬁ Aatualevapotranspiraton [miml
trend Bormann 2005.

Annual precipitation showed no significant trend over the 200
period of 1961-2010. The mean air temperature showed € «
non-significant (SNR 0.92) increasing trend which amounted *
to 0.69°C in the 50 yr period. A significant increasing trend 'gg e
(SNR 1.15) of +6% was also found for relative humidity.

The other climate variables and also the potential (PET)
and actual evapotranspiration (AET) did not show signif-
icant trends. The land surface runoff showed a decreas-
ing trend which was not significant (SNR 0.78). A signif-
icant (SNR 1.27) increasing trend was found for the simu-
lated glacier runoff and related to the fact that a significant
(SNR 1.23) decreasing trend for the average glacier mass bal-
ance was calculated. The annual anomalies calculated by the
subtraction of the 1960—-1990 mean from the annual sums or
means are shown in Fi§.

The analysis of the single decades between 1961 and
2010 showed that the first decade (1961-1970) was very
wet with a precipitation of about 18 mm/yr above average
whereas the following decade was very dry with a precipita-
tion of 15 mm/yr below average. The following three decades
showed average rainfall amounts with anomalies betwégen
and +2 mm/yr. The first and the third decade showed colder
temperatures of about0.3°C below average whereas the
last two decades from 1991 to 2010 were both about®©.3
warmer than the average. The second decade was slightly 0
warmer (+0.08C) than the long term average. O

The simulated actual evapo(transpi)ration (AET) values NN
for the decades show relatively constant values for the lake o,b\’ 1\ o,"b\’ o,°’\’
evaporation between 738 and 755 mm/yr which is close to
the value of 760 mm/yr reported bylorrill (2004 for the  Fig. 4. Actual evaporation rates for the five simulated decades and
lake Ahung Co which is about 150 Knfrom Nam Co onthe  the three different land cover types.
same elevation. Evapotranspiration from land surface with-
out glaciers is much lower due to the limited water avail-
ability. It was estimated as 482 mm/yr for the entire period, On the basis of precipitation, actual evapotranspiration as
with a minimum value of 467 mm/yr in the second decadewell as snow and glacier melt the runoff generation was cal-
and a maximum value of 501 mm/yr at the end of the simu-culated by J2000g for the three different land cover types
lation period. During the entire 50yrs a slight increase ofland surface, lake surface and glaciers. In this simplified
AET on land surface was calculated. The AET from the model it is assumed that the entire runoff generated on one
glaciered areas was estimated as only 55 mm/yr stemmingf these land cover types is contributing directly to the lake
from sublimation from the snow cover. When the glaciers Nam Co.
are snow free the model assumes that no evaporation occurs. The largest contribution to the lake water volume was
Figure4 shows the AET values for the five decades and thecomputed from the glaciered areas. This is even more im-
three different land cover types. portant taking into account that only about 4% of the entire
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Air temperature [°C]

Land surface runoff [mm]
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Fig. 3. Mean basin wide annual anomalies (from 1960-1990 mean)
of various climate and water balance terms.
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g |:| Glaciers
’g |
< The sum of all water inflow to the lake minus the lake
E 47 ] ] ] evaporation for the 50yrs period resulted in an increase of
| the lake volume by 33.5kfn This volume that is related
S to the average lake surface equals a lake level rise of about
*i;f 0 o e o 17.5m or 35 cm/yr. This is in good correlation with measure-
ments and literature values. At the Nam Co the lake level is
o registered since 2005. From remote sensing information us-
4 ing a combination of various altimetry sensors an increase
o o of the Nam Co lake level of about 2.5m from 2000 to 2009

(=31 cmlyr) was estimated. The comparison between these

O L O observed values and the simulated lake level is shown in
&N Fig. 7. The data gaps in the observed data occur primarily
v v v v P in times when the lake is frozen which is very often damag-

ing the measurement equipment.

Figure 7 shows the general agreement between the ob-
served and the simulated lake level. The discrepancies be-
tween the observation and the simulation are partly caused
basin is covered by glaciers. Figubeshows the observed by the use of the climate projection data and the simplified
and simulated runoff volumes from the glaciered regions.model structure. However, the result shows that the magni-
The discrepancy between measured and simulated runoff itude is matched well by the model.
partly caused by the fact that the model was run with pro-
jected climate data for the period of 2001 to 2010 which is
different than the climate which was responsible for the ob-5 Conclusions and outlook
served runoff. Under this consideration a reasonable agree-
ment of the simulated glacier contribution with measuredThis study presented a hydrological system analysis and
runoff values from the outlet of the Zhadang glacier from modelling of the basin of the lake Nam Co in Tibet aiming
2007 and 2008Kang et al, 2008 could be stated. at a better understanding of the driving forces controlling hy-

Figure6 shows the water in contribution in kior each  drological processes in the context of a likely changing cli-
decade and for each land cover type. The balance of the lakenate and monsoon dynamic in Asian high-altitude environ-
without inflows from land surface and glaciers is negative ments. Because of the insufficient availability of measured
but is not showing a trend in the 50yrs period. The runoff climate data to drive the model gridded data from a down-
generation from the land surface is relative high in the firstscaled ECHAMS5 data set was used. With that data set a rea-
wet decade and very low in the last decade primarily becaussonable simulation of the water balance could be achieved. It
of increasing evapotranspiration. The continuous rise in airis unchallenged that the study contains a vast amount of un-
temperature is causing a rising trend in the water contributiorcertainty resulting from the input data and the model parame-
from the glaciered part of the catchment. terisation and the model structure. Some minimal validation

Fig. 6. Absolute water contribution to Nam Co lake in Rrfrom
the three different land cover types.
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could be done by the comparison of the model results withChen, F., Kang, S., Zhang, Y., and You, Q.. Glaciers and Lake
the few observations of lake level changes and glacier melt Change in Response to Climate Change in the Nam Co Basin,
runoff available for the catchment. In the near future the in: CAS Annual Report of Nam Co Monitoring and Research

data situation will become much better as different research Station for Multisphere Interactions, 3, Chinese Academy of Sci-

groups are investigating different aspects of the complex sys-_€nce: 51-59, 2008. _ _
tem of the Nam Co. Chen, X., Zhang, X., and Li, B.: Influence of Tibetan Plateau on

. . . tation distributions in East Asia: delli ti
Despite the uncertainty the presented modelling study éi%? iﬂfgel 'Slglu;grzgnzo%ss Sia: & modeling perspecave,

Str?ssed the importance of the melt Water runoff from gIaC!erSCNCCC: China National Report on Climate Change 2007, China

which cover only 4% of the basin to explain the lake level rise  National Committee on Climate Change, Tech. rep. No. 1, 2007.

which was observed in the last decades. In the 50yr long pecyranoski, D.: The long-range forecast, Nature, 438, 275-276,

riod the simulated melt water contribution from the glaciers  2005.

to the lake was always higher than the contribution by runoffEriksson, M., Xu, J., Shrestha, A., Vaidya, R., S., N., and Sand-

from the glacier free land surface. The trend analysis showed strom, K.: The changing Himalayas: Impact of Climate Change

that the simulated glacier melt was the only variable which ~on Water Resources and Livelihoods in the Greater Himalayas,

showed a significant positive trend during the simulated pe- CIMOD, Kathmandu, 2009.

riod. Harrison, J., Berry, P., Garlick, J., and Freeman, J.: Assessment
. of multi-mission radar altimeter performance over the Amazon

Future work should concentrate on a reduction and quan- basi

e . . . asin, ESA Pub. SP-614, 2006.

tification of the overa_ll “”Ce_”a'”ty by. using chmate datg Hock, R.: Glacier melt: a review of processes and their modelling,

f_rom other sources with a hl_gher spaual_ resolut|oln. Ad.d|— Prog. Phys. Geog., 29, 362391, 2005.

tional data for model validation which will be available in kang, S., Qin, D., Ren, J., Zhang, Y., Kaspari, S., Mayewski, P. A.,

the future will help to analyse the model structure and the and Hou, S.: Annual Accumulation in the Mt. Nyaingentanglha

model parameterisation. To use the model for projection of Ice Core, Southern Tibetan Plateau, China: Relationships to At-

the future the current glacier module needs to be extended mospheric Circulation over Asia, Arct. Antarct. Alp. Res., 39,

to simulate not only glacier melt but also the glacier mass 663-670, 2007.

balance. Kang, S., Gao, T., Zhang, Y., Yang, W., Yu, W., Chen, F., and Zhou,
S.: Early Onset of Rainy Season Supresses Glacier Melt: A Case
Study on the Zhadang Glacier, Tibetan Plateau, in: CAS Annual
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