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10 Abstract. The hydrology of the lake-rich Tibetan Plateauniportant for the global climate yet little is knovabout the
thermal regime of Tibetan lakes due to scant daf.(i) investigated the characteristic seasonaptgature patterns and
recent trends in thermal and stratification regohéakes on the Tibetan Plateau and (ii) testedpiréormance of the one-
dimensional lake parameterization scheme FLaké®iTibetan lake system. For this purpose we coetbihree years of in
situ lake temperature measurements, several deofdatellite observations and the global reanalglata. We chose the two

15 largest freshwater Tibetan lakes—Ngoring and Gyprinas study sites. The lake model FLake faithfuliproduced the
specific features of the high-altitude lakes and wabsequently applied to reconstruct the verjicabolved heat transport in
both lakes during the last four decades. The meulgdested Ngoring and Gyaring were ice-coveredliout 6 months and
stratified in summer for about 4 months per yeahwi short spring overturn and longer autumn overtln summer the
surface mixed boundary layer extended to 6 — 8 pthdend was about 20% shallower in the more tuByidring. The thermal

20 regime of transparent Ngoring responded more slyotgatmospheric forcing than Gyaring, where thghker turbidity
dampened the response. According to reanalysis datdemperatures and humidity increased, whesedar radiation
decreased since the 1970s. Surprisingly, mean tik@eratures did not change, nor did the phenotifgige cover or
stratification. Lake surface temperatures in summaeased only marginally. The reason is thatrtbeease in air temperature
was offset by the decrease in radiation, probably @ increasing humidity. This study demonstraiies air temperature

25 trends are not directly coupled to lake temperatared underscores the importance of short-wavatradifor the thermal

regime of high-altitude lakes.

1 Introduction

The hydrological regime of the Tibetan highlandexsremely complex and highly sensitive to climakanges (Gu et al.
2005; Ma et al. 2012; Yang et al. 2014). The PlawfaTibet plays a crucial role in the global watgcle because it directly
30 affects the monsoon system and is the origin obmAgian rivers (Su et al. 2015) including the Igel, Yangtze, Mekong,
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Salween, Brahmaputra (Yarlung Tsangpo), and IndiverR (Fig. 1). The Plateau contains thousandsakéd, whose
hydrological regime is closely connected to glasipermafrost, as well as in- and effluents (Zh2®iyl; Zhang et al. 2013).
The particular climatic environment of the Tibeflateau, with low air pressure and intense soldiatian, creates a unique
land-atmosphere interaction (Ma et al. 2009), whibeelake system is a crucial component of theorei heat and mass
balance (Liu et al. 2009; Gerken et al. 2013; laleR015; Wen et al. 2015; Dai et al. 2016). Tfares changes in the regional
water budget of the Tibetan Plateau driven by dlalaaming are of key importance for climatic chasgaé continental scales.
Recent evidence indicates that the number of lakethe Tibetan Plateau is increasing, highlightiilmbal warming effects
and local anthropogenic activity, such as infragtiee construction on permafrost (Cheng and Wu 20Dii7et al. 2009; Yang
et al. 2010). Hence, to estimate how lakes mayctffe regional climate, it is necessary to qugritie seasonal thermal
dynamics of lakes and ponds, with particular refeesto the vertical thermal stratification, the regime, and the lake
interactions with the lower atmosphere.

Due to the importance of lakes for understandirgglobal-scale changes on the Tibetan Plateauraestadies have been
performed in recent years on lake dynamics anddkesphere interactions. The amount of evaporatmhheat flux, and
their change, were revealed in lakes in the Tib&ateau during the pre- and post-monsoon periddgifioya et al. 2009;
Xu et al. 2009). Biermann et al. (2014) measuredttinbulent fluxes over wet grassland and a shalédw with the eddy
covariance method at the shoreline in the Lake Rarbasin. Li et al. (2015) recently studied therabteristics of the energy
flux and the radiation balance over Ngoring Lakétivthe development of lake schemes and atmospireritels that include
the lake surface (Sun et al. 2007), other studiee Investigated the effects of the Tibetan Platakes on local climate (Li
et al. 2009; Wen et al. 2015; Yang et al. 2015)veMtheless, compared to other lake-rich regionsghef world, like
Fennoscandia, Northern Canada, or the East-Sib&tiadra, the lakes of the Tibetan Plateau are patudied, despite their
extraordinary thermal regimes due to strong sedsomhsynoptic variations.

A major problem in resolving the energy and moistbudget of high-altitude lakes is the lack of ldegm observations.
Observational data on the physics of Tibetan Platekes are scarce and mostly confined to rematsirsg data on lake
surface characteristics, such as lake surface teype (Lin et al. 2011; Zhang et al. 2014). Oba#ons of air-lake fluxes
using eddy covariance methods over Tibetan Pldtd@s are too fragmentary to estimate the seasanaltions (Biermann
et al. 2014; Li et al. 2015). Furthermore, lackkabwledge of the heat transport within the lakeewaolumn, including
seasonal formation of thermal stratification, ahertmal dynamics under ice cover, have limited cwdearstanding of lake-
atmosphere interactions on climatic scales.

While first brief reports were recently present¥dafg et al. 2014; Wen et al. 2016) on the mixingditions and vertical
heat transport within the lake water bodies, tta@eeno observational data covering the annual bifitiaor long-term trends
in thermal conditions and stratification in Tibetakes since no regular lake monitoring was peréatin this area in the past.
In this situation, modeling of decadal variabililake dynamics can provide an insight into thgaing changes on seasonal
to climatic time scales, provided that model paerfance is tested against available observationalaashorter periods. On

the other hand, validation of models for parametegi lakes in weather prediction and climate stsidBeof significant value
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per se, particularly because it is crucial to priypaccount for the heat budget of one of the lardgke systems worldwide to
adequately model heat and mass transport on atpigrievel.
In view of these challenges, the present study ditoe

- Characterize the seasonal stratification regimeiemdover formation in lakes of the Tibetan Plateaing the two largest

5 freshwater lakes of the region as examples.

- Test the ability of the lake model FLake (Mirono®038; Kirillin et al. 2011) to simulate the main feees of the lake
thermodynamics in high-altitude conditions as aepbéal tool to parameterize the Tibetan lake systemegional climate
modeling.

- Quantify the mean trends in the thermal and icémegf Tibetan lakes during the last half-centung o estimate the

10 climate-driven changes in the seasonal stratificgpiattern.

For this purpose we combine 3-year observationthersurface heat budget from Ngoring Lake (Wen.e2@L6) with the
surface temperatures from the AVHRR SST producsé@at al. 2010), the one-dimensional lake temperand mixing
model FLake and the long-term forcing from the ER#erim and NCEP/NCAR global atmospheric reanalyi@énay et al.
1996; Dee et al. 2011). In situ and satellite datathe surface temperatures are primarily usedat@ate the model

15 performance at short and long time scales, resfaytiThe model is forced by reanalysis data in tifferent configurations,
corresponding to the two neighboring large freslewétkes located in the north-eastern part of tlageBu—Ngoring and
Gyaring. Both lakes undergo virtually the same apheric forcing, but differ in mean depth and watansparency.
Therefore, a comparison of the model results allogtonly quantifying the seasonal and climaticrabteristics of the mixing
regime, but also estimating the response of the tlaérmal structure to variations in the subsurfadéation regime and total

20 depth of the water column.

2 Methods
2.1 Study sites

Ngoring (Big Blue Lake) and Gyaring (Big Gray Laksometimes referred as the ‘twin lakes’, are kavge freshwater lakes
in the source region of the Yellow River (Huang lda)the eastern Tibetan Plateau (Figure 1). Theslake located at 34.5-
25 35.5°N and 97-98°E, less than 50 km from each p#tan altitude of ~4300 m a. s. |., which couh&sn among the world’s
highest freshwater lakes. The Yellow River flowtigh both Gyaring and Ngoring. The lakes are sunded by hills covered
with alpine meadows. Cold semi-arid continentahelie prevails in the lake basin, and the long-tr&53-2012) monthly
mean air temperature varies from 7.7 °C in Julyl&2 °C in January, with an annual mean of -3.7L%it al., 2015); the
average annual precipitation is 321.4 mm (Data f@hima's National Climate Center). The lakes agecimvered from early
30 December to mid-April.
Ngoring Lake has a surface area of 616.Kihe mean and maximum depths are 17 and 32 nectgply. The mineralization

in the lake water is low with a conductivity of 40mS cm'. The lake is oligotrophic, fish in the lake areeraand aquatic

3
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plants grow only in the riparian areas. The rembldée water transparency does not exceed 3m (&&t)2Gyaring Lake has
a similar surface area (526 Rnbut is shallower than Ngoring Lake with an averaepth of 8.9 m and maximum depth of
13.1 m. Lake water is more turbid than in Ngoriwgh Secchi depth (transparency) of only 1 m (K@t4£). Due to the close
geographical location and similar surface areath lades are subject to virtually the same atmospliercing, but differ in

5 their depths and water transparency — two majaofaadetermining radiative heat transport withie thater column and
formation of thermal stratification. Also, both &dare fresh, so that effects of salt on dengigitiSitation can be neglected

in modeling.

2.2 Lake temperature data

The lake-atmosphere heat exchange and charadterédtithe air-lake boundary layer were systemayicatbserved over

10 Ngoring Lake during the summer open water seasb281d-2013 (Li et al. 2015; Wen et al. 2015; Laét2016; Wen et al.
2016). The bulk surface temperatures obtainedeselbservations comprise the primary dataseefiflying the lake model
in this study. The bulk temperatures of the lakdame water were recorded by 109L probes (Cam@méntific, Inc.) at
water depths of 0.05, 0.20, 0.40 and 0.60 m duhirgbservation period. All sensors in the 0.6 itktburface layer recorded
essentially the same temperatures within the pt@lbesiracy, so the 4 time series were verticallgraged for the subsequent

15 analysis. The incoming and outgoing shortwave andwave radiation were measured with a net radien{@\R-1/CNR-
4, Kipp and Zonen) 1.5 m above the lake.

2.3 Modeling

Modeling was performed with the lake temperature mixing model FLake (Mironov 2008; Kirillin et.a011)—a highly
parameterized bulk model of the lake thermal regimecifically designed to parameterize inland vgateregional climate
20 models and numerical weather prediction. FLakeai&el on a two-layer parametric representationeo¥éntical temperature
structure. The upper layer is treated as well-miaed vertically homogeneous. The structure of tiveet stably-stratified
layer, the lake thermocline, is parameterized usirgglf-similar representation of the temperatuxdile. The same self-
similarity concept is used to describe the tempeeastructure of the thermally active upper layethe bottom sediments
(Golosov and Kirillin 2010) and the ice cover (Miav et al. 2012). The depth of the mixed layerasmputed from the
25 prognostic entrainment equation in convective cimas, and from the diagnostic equilibrium boundeyer depth
formulation in conditions of wind mixing againsetktabilizing surface buoyancy flux. The integraapgroach implemented
in FLake allowed combining high computational e#fiecy with realistic representation of the majoygibs behind turbulent
and diffusive heat exchange in the stratified watdumn. As a result, FLake is widely used for lagpresentation in land
schemes of regional climate models, being impleettramong others, into the surface schemes of #eiWer Research and
30 Forecasting model (WRF, Mallard et al. 2014), HTESSECMWEF, Dutra et al. 2010), SURFEX (Meteo FranBalgado
and Le Moigne 2010), and JULES (UK Met Office, Regrand Jones 2010). Thanks to its robustness amgutational

efficiency, FLake has become a standard choicdinmate studies involving the feedbacks betweennidlavaters and the
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atmosphere, and is used operationally in the NWRBelsoof the German Weather Service (DWD), the EemopCentre for
Medium-Range Weather Forecasts (ECMWF), the UK ®ffice, the Swedish Meteorological and Hydrologitadtitute
(SMHI), the Finnish Meteorological Institute (FMAjd others.

2.4 Lake temperatures from SST Pathfinder product

As an additional source of the lake surface tenmipegastimations, we used AVHRR Pathfinder Ver&dh(PFV5.2) remote
sensing data, obtained from the US National Oceapbic Data Center and GHRSST (http://pathfindefcimoaa.gov). The
PFV5.2 data are an updated version of the Pathfivdesion 5.0 and 5.1 collection described in Castesl. (2010). Among
the available lake surface temperature productsA¥HRR Pathfinder data have the longest time cayer(1982-2012) and
a 4 km spatial resolution, distinguishing both Giygrand Ngoring as water surfaces. The lake maskeoPFV5.2 includes
25 grid points for Gyaring, 5 of which are ‘opentara points not adjoining the lake shoreline, aridpdints for Ngoring, 8
of which are ‘open water’ points. In the furtheraysis, only spatial averages of water temperatin@a the open water

points were used (Figure 1) to reduce the poteimtileience of the surrounding land on the tempeeataadings.

2.5 Long-term model forcing from reanalysis data

In the absence of direct climatic observationgtierstudy area, we adopted two widely used glasaialyses of atmospheric
fields, the NCEP/NCAR Reanalysis 1 (previously NO¥PAR Reanalysis 40, Kalnay et al. 1996), and tRAHnterim
Reanalysis produced by the European Centre for iedRange Weather Forecasts (ECMWEF, Dee et al. 28bih datasets
rely on different atmospheric models and data aksion schemes. Accordingly, we first compared theface layer
meteorology of the Tibetan Plateau from the twanadgsis datasets, and then we investigated howutface meteorology
affected the modeled lake physics. The parametad to force the lake model were 6-hour surfacerlaljaracteristics: 2-m
air temperatur@, [recalculated to °C], 2-m air humidigg [mb], incoming solar radiatiors [W m?], 10-m wind speedlio
[m sY], and total cloud coveN [0-1]. The period 1975-2014 was applied for maugliorced by NCEP/NCAR, and a shorter
period of 1979-2014 was used for the ERA-driven etiod, since the ERA Interim data are availablesih979.

2.6 Model setup and validation

We avoided tuning the model-specific parametersadgarithms to the observed lake data, with theeption of the lake heat
content at the initial stage of the open water@eafhe water temperature immediately after thebreakup was set to 4°C
independently of the modeled water temperaturemglihe preceding ice cover period. This amendra@ned to account
for heating of the water column by solar radiatitoming the ice covered period, which is not consden the current version
of FLake. Neglecting heating by solar radiationgteating the ice cover did not introduce large exin FLake applications
to low-altitude, seasonally ice-covered lakes (Kir2010; Bernhardt et al. 2012) where the incogrsnlar radiation in winter

is lower and the relatively thick snow cover dangp#re radiative heating. However, in the high-adté, low-latitude lakes
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of the Tibetan Plateau, the radiation penetratiegite appears to be an important component dakesheat budget, so that

the water temperatures directly after ice breakepckse to the maximum density value (Wen et@L6}.

The water transparency characteristics used immibel configuration were adopted from (Kar 2014)eTight extinction

coefficienty was calculated as the reciprocal of the Secchihdepy = Chs?, assuming €= 1.8, an approximate mid-value

5 of the range reported in previous studies (seevesin Kirillin and Shatwell 2016 and Shatwell et2016).

Model performance was assessed by comparing dadyages of modeled and observed (in situ and gejefurface

temperatureTs) between May and October. The satellite data doetiamostly only one data point on a given day,civimay

increase error. Some outliers existed usually uitkercover or subzero skin temperatures. RlK 0 were excluded from

modeled and observed data, i.e. also the wholedeered period. Different aspects of model perforceawere examined
10 including model bias (Eqg. 1), centred root mearesgerror RMSE, Eq. 2), normalized standard deviatiero{, EQ. 3), as

well as normalized root mean square ertpa(dls, Eq. 4 and 5).

bias = A — & @
RMSE, = |2 S, (Gn; = ) = (0, = 0)) @)
rorm = | Ty = )2/ 37 (01— 02 ©
15 L= ['5Li-m)?/ |31, 07 @)
L= EEL - myr Y -0 ©

Herem ando; are the modeled and observed values, respectaetym ando are their means.

2.7 Statistics and trend analysis.

The lakes were defined as stratified when the wdiffee between surface and bottom temperatyreT, > 0.5 K for summer
20 stratification, andls — Tp < -0.5 K or when the ice cover thicknédsg > 0 for winter stratification. Stratification duian, as
well as stratification start and end dates, giveday of the year (doy), refer to the longest wrinipted stratification event
each year/season. The lakes were defined as miked they were not stratified. Spring and autumrrtove were defined
as the longest uninterrupted period of mixing feilog winter and summer stratification, respectivéty simulations, when
the lakes froze in winter, they always remaine@drountil thaw in spring. Therefore, the ice coderation, as well as freeze
25 and thaw dates, refer to both the longest uninpéedi period of ice cover and the total number gfsdaf ice cover in each
winter season. Seasons are defined from typicalohygical and ice regime as winter: Jan-Mar, Spriflygr — Jun, Summer:
Jul-Sep, Autumn: Oct-Dec. Trends in data were assksgsing linear regressions. Homogeneity of vaeand normality of
residuals were assessed by inspecting plots addualsi vs fitted values and normal quantile-quargites. Leverage was

assessed using Cook’s distances. All statisticalyars were performed with R version 3.3.0 (R a@em 2016).
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3. Results
3.1 Model performance

The model simulated the lake surface temperatuwgagithe ice-free period well (Fig. 2, Table 1peltemperature bias of
the model was negligible (<1% of the range of terapee variability) forced by both the NCEP and ERAanalyses (Fig. 4).
5 The correlation between modeled and observed valassnotably high for the ERA input:= 0.96, or 92% of variance
captured by the model. The NCEP forcing providéghsly worse resultst = 0.93 or 86% of correctly simulated variance.
The normalized standard deviatiandm) was also better for the ERA forcing, differingin 1 by less than 0.3%, whereas
onormWas around 1.25 for the NCEP input (Fig. 4).
Comparison of the model results to the satellita d@monstrated a slightly worse but still qualily acceptable agreement
10 (Table 1, Fig. 3). Among obvious reasons for theagieement is the low and irregular temporal réisolwf the remote
sensing data, as well as the differences betweesutiace temperatures in situ and the valuesetkampirically from remote
infrared radiation measurements. The validatiorihef satellite data against the bulk in situ temjpees yielded similar
divergences to the model-satellite comparisoncatitig that the uncertainties in the satellite degee the primary reason for
their deviation from the modeling results. The Hiétedata from the Pathfinder SST produced gemetailgher surface
15 temperatures than both in situ data and modelisigits with the bias varying between 0.4 K forttivee years of observations
and 0.7-1.5 K for the 30 years of the modeling ltsgTable 1).
The strongest deviations of the model results ftioenin situ temperatures and remote sensing data ebserved in the late
spring and early summer (Figs. 2, 3). These deriatresulted apparently from the model uncertarntiethe prediction of
the ice cover breakup. No long-term time serieshenice breakup dates are available for the lakeéseoregion, making it
20 impossible to quantify the model performance onitigeregime. An indirect estimation of the ice lnga dates from the
surface temperatures in 2011-2013 suggests thatdldel error amounts to several weeks.
Since the model driven by the ERA data performedegaly better than with the NCEP input, the resuh seasonal
characteristics and climatic trends are discussémAbbased on the ERA-FLake configuration. Theontes of the NCEP-
driven model were overall similar to those of theA=driven model with slightly higher water tempenas and weaker
25 thermal stratification. The statistics are presenteTable 2, and an extended discussion of NCERlteis omitted for the

sake of brevity.

3.2 Seasonal temperature and mixing regime

The modeled seasonal course of thermal stratifinadind ice regime was typical for a dimictic regi(rutchinson 1975;
Kirillin and Shatwell 2016) in both Tibetan lak&sple 2). The ice-covered period lasted for 26-28kg and the ice thickness
30 reached its maximum of 0.8-1.0 m in early Marcle heelted on 16 May +-1 week, followed by a 2-3 wpekiod of full
mixing (spring overturn). These phenological chtggstics of the seasonal stratification were inmin Ngoring and Gyaring
since they were not significantly affected by thiedences in the morphology and water transpareBogh lakes stratified

7
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for 16-19 weeks in summer (Fig. 5). The autumn twar(period of complete mixing) started arounddet in Ngoring and
about 3 weeks earlier in the shallower Gyaring.ufiut mixing also lasted longer in Gyaring, so thahmer stratification
was shorter. The full mixing period lasted 4-6 kseavhich is two times longer than the spring owert a remarkable feature
of the seasonal mixing regime with important effeah the lake biogeochemistry as discussed belb@.simmer surface
5 temperatures in Ngoring (12.01 °C) and Gyaring {&2C) were similar. The temperatures at the lad¢om were in turn
appreciably higher in shallower Gyaring (7.96 °C&26 °C), which also implies generally higher méamperatures in this
lake. The differences in the water transparencwéen Ngoring and Gyaring were evident primarilythie thickness of the

surface mixed layétmix (epilimnion) in summer: in Ngorinigmix was 1.5-2.0 m deeper than in Gyaring (Fig. 6).

3.3 Trends in atmospheric forcing

10 Atmospheric forcingThe mean trends in the principal atmosphericaldess differed in the NCEP and ERA reanalyses @ abl
3). The ERA data showed significant trends onlgiintemperature (as warming at ~0.28°C per decad@)n air humidity.
A positive humidity trend was present in the NCERadoo, whereas no trend existed in the air teatpez. In turn, the NCEP
data suggested a weak but statistically significgerease of cloud cover and a barely distinguikhdbcrease in wind speeds
significant at ~97 % confidence level. The pictwas clearer when the trends were split into seddons: both reanalyses

15 showed an increase in air temperatures in summer2e0.5°C per decade (with higher trend valueth&éERA data).T,,
however, remained unchanged in spring and sanktimran (statistically significant in NCEP only, &t5 °C per decade, and
insignificant in ERA at -0.15 °C per decade). Thestrsignificant increase @& occurred in winter (slightly stronger in ERA
at 0.7°C per decade), resulting in a positive trenadnnualT, in the ERA data, but an insignificant trend in @alil, in the
NCEP data. The decrease in the solar radiationrimeer, as the major driver of the regional heagetidvas remarkable in

20 both datasets (-3.8 W-frdecad#g in ERA vs -1.2 W ni decadg in NCEP).

3.4 Long-term lake response to atmospheric trends

Several characteristics of the seasonal thermaheedid not reveal any significant long-term tremusither of the two lakes
based on model simulations with both reanalysias#ds. These characteristics included the datesseft and breakup of the
ice cover, ice thickness, dates of full mixing prieg, dates of the maximum ice thickness and efrttaximum surface

25 temperature, bottom temperature and mean lake tatopes in summer. The fact that mean water terhjperaemained
essentially unaffected by long-term atmospherindsein both lakes is rather unexpected in viewhefriumerous reports on
lake warming throughout the world. In the ERA-@nivresults, the surface temperatdrigdid not increase significantly in
either lake, whereas according to the NCEP reaisaljisincreased at 0.24°C per decade and 0.18°C pedéécaNgoring
and Gyaring, respectively (Table 4).

30 There were marginally insignificant signs of anre&se in stratification and decrease in mixing s€tbe lake water column

in Ngoring, but not in Gyaring, under NCEP forcimggluding a weak decrease of the mixed layer dépt7 m decadk



Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-632, 2016 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Published: 23 December 2016 Sciences
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

significance level 0.06 only) accompanied by a dase in the deep water temperatures (0.29 K décpd®.10). Also the
increase i was slightly weaker in Gyaring (0.18 K decadss. 0.24 K decadein Ngoring).

4 Discussion
4.1 Model performance

5 FLake demonstrated good abilities to capture theenthl characteristics of high-altitude lakes. Intipalar, the good
simulation of the surface temperature indicates ttie model is suitable for lake representationdopled land-atmosphere
modeling of the Tibetan Plateau and other alpirgiores. The performance of the model for the twoetdn lakes is
comparable to that reported previously in tempefidtellin 2010; Stepanenko et al. 2014; Shatwelae 2016) and tropical
(Thiery et al. 2014) lakes. The results understioeeimportance of the atmospheric input for theextrsimulation of lake

10 thermodynamics: The ERA Interim—a more recent reaismdataset with updated data assimilation—presin appreciably
better FLake output, while the older generation ROECAR dataset demonstrates an appreciable blakéntemperatures
as well as slightly higher root-mean-square erdbetter performance of the ERA reanalyses oveiTthetan highlands, in
particular, in reproducing the observed long-teremds in air temperature, has been also reportedrirer studies (Bao and
Zhang 2013).

15 The major drawback of the model, which should lketanto account when simulating the thermal regah@ibetan lakes,
as well as other high-altitude lake systems wittestended ice-covered season and low snow pretgpitan winter, is an
oversimplified representation of the winter coratis during the ice-covered period. The performarfdé_ake at simulating
ice cover in temperate freshwater lakes was prelyoanalyzed by Bernhardt et al. (2012). FLakeweB as all other lake
parameterization schemes currently used in landspitere coupling of climate models (Hostetler efl@D3; Subin et al.

20 2012), neglects heating of the water column byrsa@diation penetrating the ice cover. One of thgative effects of this
simplification is the error in simulating the idédkness and the ice breakup date. It was notiplessi quantitatively estimate
this effect in the present study due to the ladkd-term observations on ice-on and ice-off date=vertheless, the modeled
duration of the ice cover from October-NovembeMay-June and the ~1 m maximal ice thickness in fEibéakes agree
with the existing occasional field observations @& al. 2016). The modeling results on the icekiiess may be assumed

25 more reliable than ice break-up dates since ice/irés mainly governed by the ice-atmosphere hadgbt (Aslamov et al.
2014; Lepparanta 2015), which is well capturedhgyrmodel. Another apparent error introduced byewilg the under-ice
radiative heating is that the mean heat contetiteofake after ice-off is underestimated. The ttaswd strong underestimation
of the lake surface temperatures in early summegtinfy into account strong constraints on the coatmrial costs of the lake
parameterization schemes, a remarkable improvemerggional climate models can be achieved by eltenthe lake

30 modules to include one of the integrated bulk atgors of solar heating and convective mixing depelb earlier (Mironov
et al. 2002; Oveisy and Boegman 2014).
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The surface temperatures provided by the AVHRR firetér product were generally higher than bothito and modeled
temperatures. The reason for the positive biasti€lear: we may tentatively relate the error tamaarestimation of the cool
skin effect by the current AVHRR algorithm and hifpesize that corrections for the atmospheric rafiatused in the
empirical Pathfinder SST algorithms do not perfavell over high-mountain regions with low atmosphetensity/radiation.
5 The cool skin effect, while not considered direatlypur study, is however expected to be even gepm high-altitude lakes

than in the ocean, due to strong radiative heatirpermanent cooling at the lake surface (Li.€2@l5).

4.2 Seasonal thermal regime and ice conditions

Both studied lakes are clearly dimictic and shheetypical features of this type of mixing reginoeiid in other regions: two
periods of weak vertical mixing lasting several tisseparated by shorter periods of full verticaiing (overturns) in spring

10 and in autumn. As follows from the modeling resudtparticular difference of the dimictic regimeTiibetan lakes from those
in lowland temperate regions is the comparablytgheriod of spring overturn (SO), so that summaatsication forms only
about one week after ice-off. This is apparentlg thuthe alpine climatic conditions, where the Bwtemperatures produce
relatively long ice-covered periods, which lastiluiate May or early June. The solar radiation fiaxthe early summer is
however much stronger than at lower altitudes arndkty heats the upper water column directly afteroff.

15 Since spring overturn was short, the major biogeogbal processes that take place when oxygenatéatsuvater comes
into contact with the highly mineralized sedimehbusld occur in autumn, when overturn is longer. Tharacteristics of
biogeochemical processes in Tibetan lakes areljaugd&nown, but some key features, in particullag, dxygen regime, may
be deduced from the seasonal stratification pafteatosov et al. 2007). Due to the low eutrophmaf both lakes, oxygen
consumption rates are probably low. Strong vertisggen gradients and an oxygen deficit in thepdparts of the lakes

20 probably develop during ice-covered periods, whenlake surface is isolated from the atmosphersdweral months. This
oxygen deficit in turn may trigger biogeochemicalgesses at the interface between the water aridghly mineralized lake
sediment, such as methane production. The spriaguowm may be too short to completely replenishdigleted oxygen after
winter, so that the anoxic conditions may persisthie deep layers of lakes throughout the sumnesose isolated by the
stratification. In this case, the most intensivet@nge between the lake hypolimnion and the atnespincluding potential

25 emissions of methane and carbon dioxide should pros@ably appear during the autumn overturn.

4.3 Lake response to climatic trends in external faing

Surface temperatures of lakes are recognized asriamt indicators of regional climate change driignglobal warming
(Adrian, others). In temperate climate regions,miag trends in lakes are reported to be closedathtemperature trends
(Arhonditsis et al. 2004; Danis et al. 2004; Kirl2010; Schneider and Hook 2010). Some studies swggest that temperate
30 lakes warm faster than the atmosphere due to stiogtef the ice covered period and, as a reswghéri storage of incoming
solar radiation (Austin and Colman 2007; KintisdL2). On the other hand, tropical and alpine lakesl to warm more
slowly than the air above (Livingstone 2003; Volme al. 2005; Coats et al. 2006). A recent synshesavailable lake

10
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temperature data (O'Reilly et al. 2015) has rew&ligh geographic variability in lake warming trenadver the globe. In
particular, no significant warming trends were deiieed for lakes on the Tibetan Plateau. Our resolieed suggest that
Tibetan lakes have not been warming during thesiagéral decades and provide insight into the nméstrs behind this.
Atmospheric warming trends were present in botimabBeis datasets, although these were unevenlyibdited over the
seasons. Air temperature increased in summer (stayegly in the ERA reanalysis at 0.5 K decatigan in NCEP at 0.2 K
decadd), remained unchanged in spring, decreased in aut(gignificantly only in NCEP at -0.5 K decaleand
insignificantly in ERA at -0.15 K decadg and increased in winter (slightly more in ERA-8t7 K decadévs +0.4 K decade
Lin NCEP). The winter warming trend was strongemtthe summer trend, but its effect on lakes iskvekee to isolation
from the atmosphere by the ice cover. The stagifyisignificant but rather small tendency for tbéckness to decrease at ~1
cm decad# simulated in both Ngoring and Gyaring may be ealab the overall effect of a warmer atmosphengiiter.
Despite the overall warming of the atmosphere, tvhias especially apparent in the ERA dataset, tvaeno significant
trend in the lake surface temperatures in the E®&€ed results, and only a slight increasing trenthe NCEP results. This
fact is closely connected to the negative trenihénsolar radiation, which decreased in the ERAskttat 3.8 Wrhdecade

1, more than 3 times faster than in the NCEP datAseharacteristic feature of Tibetan lakes as camag with lowland lakes
is their stronger heating by solar radiation arsda @esult, a persistently warmer lake surface thamtmosphere (Wen et al.
2016). Hence, the effects of the air temperatucesse on the lake heat budget were counteractétebyeduced radiative
heating, resulting in no significant long term cgarof the mean lake temperatures (Fig. 7). This cesult of the present
study indicates that trends in the lake temperatame not coupled directly to the increase of tineteamperature and
underscores the crucial role of short-wave radiefio thermal conditions in alpine lakes.

In general, the response of the stratificationmegio changes in external atmospheric forcing epdend clear Ngoring was
stronger than in shallow and more turbid Gyarindpiclv was most apparent in the NCEP-forced resélitplausible
explanation of this effect is that the high turbiddf the Gyaring water dampened the effects oh&igir temperatures and
weaker solar radiation. In the transparent watéfdgoring, the effect of the radiation decreasdigributed over a water
column several meters thick, whereas the increfidbeoair temperature affects the heat transpotheatupper air-water
interface. This decoupling of the two counteractirends produced a temperature increase at ther lggpsdary with a
simultaneous decrease of the heat content in therwalumn beneath, resulting in a shallower mil@gr and stronger
stratification. In Gyaring, on the other hand, bititk decrease in radiation and the increase tewmiperature are concentrated
at the lake surface: the daytime heat is storedshallower surface layer, and is more quicklyaséel to the atmosphere by
night-time cooling. Thus, the opposing trendsiinemperature and radiation effectively cancelheather at the lake surface
with little effect on the thermal characteristiddeeper waters.

The radiation decrease can be hypothetically rélaiehe direct effect of anthropogenic aerosolkigl altitudes. Another
possible reason for the lower solar radiation flasthe Tibetan highlands might be increased evdjmoraand as a result,
higher air humidity, which is also supported byifies trends in the humidity and cloud amount prese reanalysis data. In

particular, Shen et al. (2015) report local coolingr the Tibetan Plateau due to increased evaporasulting from increased

11
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vegetation growth. The exact mechanisms of theedeser of the solar radiation of the Tibetan Platemuire further

investigation.
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Tables

Table 1: Goodness of fit statistics for simulationgn Ngoring and Gyaring based on surface temperatur@ Simulations were forced
by either the ERA-Interim or the NCEP/NCAR reanalyses The last row shows a comparison of satellite-derdd surface
temperatures with in-situ measurements in NgoringStatistics are described in the methods (Eqg. 1 —.5)

Reference Bias RMSE RMSE.

Lake Forcing data (K) (K) (K) I2 Is Gnorm
Ngoring NCEP in-situ 0.24 2.07 1.62 0.15 042 1.25
Ngoring ERA in-situ 0.11 111 1.10 0.10 0.29 1.00
Ngoring NCEP satellite -0.77 212 1.98 0.21 0.54 251.
Ngoring ERA satellite -0.70 1.87 1.73 0.18 0.48 31.0
Gyaring NCEP satellite -1.47 3.17 281 0.32 0.87 481.
Gyaring ERA satellite -1.42 2.47 2.01 0.25 0.67 21.2
Ngoring In situ satellite -0.39 2.49 2.73 025 0.64 0.77
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Table 2: Mean characteristics of the seasonal therrheegime in Ngoring and Gyaring forced by the NCEP/NCAR and ERA-Interim
reanalysis datasetsTs, Tb, and Tm are temperatures at the surface, bottom, and avegeed over the whole water column, respectively;

hmix and hice are the thickness of the mixed layer and the iceower respectively; doy is day of the year.

Variable Units  Ngoring NCEP  Ngoring ERA Gyaring NCEP  Gyaring ERA
mean sd mean sd mean sd mean sd
Maximum s °C 156 1.1 141 08 16.5 1.2 151 09
Timing of maximuniTs doy 2222 108 220.1 9.8 212.2 135 211.0 14.0
Stratification duration d 113.6 15.9 134.6 12.9 81.6 32.2 1155 146
Stratification start doy 165.1 10.6  153.3 8.2 167.8 15.0 151.3 8.0
Stratification end doy 278.8 7.4 287.9 6.2 251.3 16.9 266.7 9.2
Winter stratification duration d 196.3 6.0 180.6  10.0 203.8 7.3 186.0 9.7
Total Ice duration d 189.9 5.6 173.0 9.2 200.4 6.1 182.7 9.9
Freeze time doy -45.9 31 -35.2 55 -55.7 4.0 443 53
Thaw time doy 142.6 4.9 136.5 7.6 143.2 4.9 137.0 7.5
Maximum hice m 1.0 0.04 0.8 0.04 1.0 0.04 0.9 0.04
Timing of maximumhice doy 68.8 7.2 57.9 10.0 67.0 6.2 56.1 11.4
Spring overturn duration d 22.0 11.0 16.3 9.0 20.1 12.4 13.1 8.9
Spring overturn start doy 142.6 4.9 136.5 7.6 143.7 53 138.8 8.3
Spring overturn end doy 163.7 10.5 152.3 8.2 166.1 13.7 150.2 7.9
Autumn overturn duration d 30.9 8.9 31.1 8.6 52.2 19.5 46.9 114
Autumn overturn start doy 279.2 7.0 288.0 6.1 251.1 184 267.2 103
Autumn overturn end doy 310.1 3.6 319.1 4.1 303.3 3.9 314.1 4.4
Ts (summer mean) °C 128 07 120 05 13.1 06 122 05
T (SUMMer mean) °C 104 05 9.2 0.5 11.7 0.8 102 07
To (summer mean) °C 73 13 6.3 1.0 9.7 1.7 80 1.1
hmix (SUMmMer mean) m 7.5 1.0 5.6 0.5 5.6 1.2 3.8 0.6
hice (winter mean) m 0.9 0.03 0.8 0.04 0.9 0.03 0.8 0.04
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Table 3: Comparison of meteorological variables intte ERA and NCEP reanalysis datasetsr : incoming solar radiation [W m?],
Ta: 2-m air temperature [°C], &a: 2-m air humidity [mb], Uio: 10-m wind speed [m g], N : total cloud cover [0-1]. Trends are given
in units of the variable per year when significantat p < 0.05 (*),p < 0.01 (**) andp < 0.001 (***).

Variable ERA NCEP

Mean sd Trend Mean sd Trend
Annual
Ir 191.97 3.75 179.25 1.61
Ta -4.47 0.63 0.0282** -5.59 0.49
€ 3.30 0.18 0.0085** 6.34 0.38 0.0156**
Ui 4.01 0.11 4.98 0.20 -0.0060*
N 0.57 0.03 0.32 0.02 0.0008**
Winter
IR 167.63 2.35 152.07
Ta -13.11 1.49 0.0696** -16.19 1.45 0.0486*
€ 1.09 0.11 2.77 0.21 0.0095***
Uio 5.11 0.38 5.72
N 0.58 0.05 0.24 0.03  0.0009*
Spring
IR 247.25 6.62 232.41 2.84
Ta 0.46 0.58 0.18 0.68
€ 4.03 0.28 7.91 0.58 0.0194*
Uio 3.76 0.16 4.96 0.27 -0.0089*
N 0.67 0.04 0.0013* 0.42 0.03
Summer
IR 204.80 10.26 -0.3824* 204.39 4.36 -0.1196*
Ta 4.74 0.84  0.0504*** 6.09 0.71 0.0248**
€a 6.41 0.48 0.0262*** 11.03 1.06 0.0314*
Uio 2.98 0.13 4.21
N 0.61 0.05 0.43
Autumn
Ir 148.35 3.68 128.21 1.40 0.0468*
Ta -10.08 1.00 -12.58 1.03 -0.0460**
€ 1.63 0.17 3.59 0.24
Uio 4.22 0.32 5.03 0.35
N 0.43 0.05 0.22 0.03 0.0010*
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Table 4: Trends in characteristics of the lake thermbaregime. Abbreviations as for Table 2.
Variable Units Ngoring NCEP  Ngoring ERA  Gyaring NCEP Gyaring ERA
(per year) Trend p Trend p Trend p Trend p
MaximumTs °C 0.032* 0.023
Stratification duration d 0.492* 0.022
Stratification start doy -0.274 0.058
Stratification end doy 0.218* 0.029
Winter stratification duration d -0.376* 0.023
Maximum hice m -0.001* 0.034 -0.001* 0.031 -0.001* 0.037
Autumn overturn duration d -0.338**  0.004
Autumn overturn start doy 0.216* 0.021
Autumn overturn end doy -0.122* 0.012
Ts (Summer mean) °C 0.024* 0.012 0.015 0.071 0.018* 0.033
hmix (SUMmMer mean) m -0.027 0.057
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Figure 1: Study site map and the points of the AVHR Pathfiner grid used for estimation of the surfaceemperature from satellite
5 data. The green shaded region is the Tibetan Plateashown as land above 2000 m a.s.l.
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Figure 2: Comparison of results from the Flake modeforced by (a) NCEP/NCAR and (b) ERA-Interim reanalyses against the in-
situ lake surface temperatures in Ngoring. Thick sadl (red) lines are model predictions; thin solid (fue) lines are in situ bulk

5 temperatures at 0.5 m depth; Half-tone (gray) linesare the skin surface temperatures determined fronthe upward long-wave
radiation (Li et al. 2016); symbols are the availat# Ts estimations from satellite data.

22



Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-632, 2016 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Published: 23 December 2016

(© Author(s) 2016. CC-BY 3.0 License.

Discussions
O

Sciences

2 T T T T T T

A. Ngoring : ' o 3
15- o I | Legal |l | §
R
ol B A:IEFEF’. glnﬂa!gnnn|ﬁnalr naf I
o AR AR AR AR A
s sall LS ll YO R (Ttal s L
_,% j'ﬂutll DE 1 lIEl Slaioye Ili| AVEIE
¢ LA
go0 I.ql l.!.-; . uln

g B.Gyaring’l [ I§
T . L 1
U§)15— %ﬁ‘
108 o ( i Q i ﬁ 2 r
E;i’ig L
5 vileo § E‘!E
g L 14
08 1985 : 190 1995 2000 201 “

Figure 3: Modeled lake surface temperatures (linesand the Pathfinder SST data (symbols) for 1982-201i# (a) Ngoring and (b)
Gyaring. Thick lines are from the Flake model forcedby the ERA-Interim reanalysis, thin gray lines arefrom NCEP/NCAR forcing.

23



Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-632, 2016 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Published: 23 December 2016 Sciences
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Ngoring Gyaring
a b
15 | 3: . r o o
N o
: o gl . | £
b Hie 2
o
S oor o R - =
- 0 % © ° %:’ o@}c é
o o B ° %méas w
o
'g 5t sco o ° I % g:g.
—
8 o C L L 1 L I
I o
ko) c <o d o %
S 15+ - cot2 I
54 o (I 4 oo e
g o ?’q,nuﬂ’ %°°°& <
o) . . P8 g & %
S 10f, w2 T e e a
° £ o o :‘go" w
e ogfe %
5° o o &ef
g e ° °°§
1 1 1 1 %g 1 1
5 10 15 5 10 15

Observed temperature (°C)

Figure 4: Comparison of observed and modeled lakaigace temperatures in Ngoring (a, c) and Gyaringl§, d) forced by the ERA-
Interim reanalysis (a, b) and the NCEP/NCAR reanalyss (c, d). Blue circles are derived from satellite ata and green squares from
in-situ measurements. Only values from May to Octoér are shown.
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Figure 5: Modeled seasonal thermal stratification pttern and ice cover development in (a) Ngoring an¢b) Gyaring. The model was
forced by the ERA-Interim reanalysis. Only values fom May to December 1979 are shown. The black linetise ice cover thickness.
The white line is the bottom of the surface mixed lger defined as the depth of the maximum vertical t@perature gradient.
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Figure 6: Typical modelled vertical profiles of temperature in Ngoring (stars) and Gyaring (circles) inthe middle of the summer
stratification period (12 Aug 1979).
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Figure 7. Trends in annual mean air temperature (apnd solar radiation (b) from ERA-Interim, as well astrends in modeled mean
summer lake temperature (c) in Ngoring (blue) and @aring (green).
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