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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 ) . N

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). It impacts the monsoon circulation as a bar-
tion of ice cover were calculated for three groups of lakes'ier 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. Furthefions 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 correlainented by satellite records such as snow distribution (Shreve
tion of ice phenology variables with parameters describing€t al-, 2009; Xu et al., 2009; Krapek 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.,
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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 64 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 &lchange 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 formatiorlakes. There are several factors that affect both the duration of
usually begins along the shore of shallow bays. Ice growthjce 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 variableslimensional 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 indi1ake 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 oin 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 3
effect has been described in the case of Nam Co, which is |
a large saline lake in the central part of the plateau (Li et | %
al., 2009), and has been analysed by remote sensing data b
Kropatek 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).
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1.4 Obijectives
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 lakes10m wind speed(c) mean 10m 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 m_askeq out for

ature presented by both Magnuson et al. (2000) and Dibiké2r1ty- Flow arrows are shown for every 7-th model grid point and

et al. (2011) (based on ground observations and modellin |nd|c.ate average wind d|rec_t|on and wind speed. See Sect. 3.4 for

. ) . £?etalls 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 microwavelimate 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 6C
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 ssites 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 from 10 m wind speed and direction for 2001-2010. Wind speed
MODIS 8-day snow composites, for a representative groufis 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 ma.s.l. and d@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 0.1kd) their number reaches almost 6880, The study area features favourably low cloud cover during
covering a total area of around 43000%nout of which  winter and spring periods, and the data acquisitions by opti-
1260 lakes exceed 1 Knfliang 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 salinity he classification scheme matches the needs of this study as
of its surface brine reaching up to 425g'(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 gL. 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; Kropcek 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 lakes/alues 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 of the three groups over the period from 2001 to 2010 and standard
data, all lakes larger than 100 Rrwvere selected. This re- deviations §) of both variables, which is a measure of variation of
sulted in 65lakes that are well-distributed over the TP C& Cover duration amongst the lakes in each group.

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

Yumco, Nau Co, Chabyer Caka and Ringinyububu Co) had to Group Z'ee\?n t’;/ln(:zn Zrzin pel obet bbbl

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

able extraction of ice phenology. For instance, the Yamzhog 5 49255 _84 146.9 149 474 209 424

Yumco has a highly complex tentacle-like shape that results B 47800 -54 2350 109 61.2 159 70.1
C 46000 -12 4012 72 427 126 382

in an extremely noisy signal. In order to account for regional
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, elevation, . .
latitude, longitude, shape index, and mean temperature) int|hg ice phenology. Unfortunately, for further important fac

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 corresponcivpeed for each group (Fig. 3) show a clear seasonality of

to relatively geographically compact regions Ioca_lted in the oth the variables and differences in temperature amongst
north-west, north-east and south, respectively. This approac

. . 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

o group A s of the water curve during the summer period, when it is not
I 1o due to cloud cover.

7 /\ 1 In order to identify correctly the FU in case of multiple in-
/ _____ Is 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-
X lation of the first point below and above the threshold. All

— Wind Speed A identified points representing the ice phenology dates were

--- Temperature *ed

sl o o 0 Y plotted together with the open water curve for a visual check.
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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 variThe 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 theeurve 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 causetkr 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 oneadation 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; Kadgk 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 eventawvere: 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 classificatioms 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)driidr*
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 shapédy 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 lakegBromwich 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 Researci—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 Maussiorpoints, but the inter-annual and annual variability of wind
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speed are well-reproduced by the model with-&mf 0.44.
Contours of mean temperature, wind speed and wind direc
tion on the TP are shown in Fig. 1. Based on the reanalyse!

data, the mean annual temperature was identified for eac |
lake. In addition we derived a thawing index as the cumula-
tive temperatures above°Q, and the freezing index as be- 1 T [3s°N
low 0°C days. These two variables characterize the temper j e 45! !47
ature in periods that affect ice thawing and ice melting re- 3 Yot 33'1’ 342
spectively. Correlation coefficients were calculated betweer ! Z i’ ““i
. .y . . e 21 27 . <
variables describing ice phenology and those describing the =" ! j= l! l! '! e
local and climate factors (see Table 3). 55 o g YD
e 2 B2 30°N
I duration of break-up period 23' 3.6
. . I duration of complete ice cover
4 Results and discussion . 24 =
duran‘on of freeze-up period m i ¥ ;ﬂ
80°E 85°E 90°E

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). L

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 ant# appears (hat thereé was no Compiete Ireeze-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 d with a | iod of bel
greater than group C. Owing to these high differences in ice arsh climate and with a long period of temperatures bejow

cover duration amongst the groups, any general figures foP C. This occurs also in the case of some Iarge_lgkes like, for
the whole TP would not be representative. Statistical Signif_mstance, Taro Co. In order to exclude the possibility that the

icance of the differences in DCI and DI amongst all three Ehegon:ena is only ran(rj]omknglfse Itrll the data, qwcf:k—looks Otf
groups was checked by ANOVA (Analysis of variance be- andsat scenes were checked lor the presence of open water

tween groups) test (F-value = 13.8, P-value =0.001 for DCIin 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%d2 1 GroupA
variation in ice phenology variables in the groups. -

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 qf noise .in the signal (_)btaineqow 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 conBy the Kunlun Mts. (Fig. 2, Appendix A). Three lakes are lo-

plex shape. Since the lower limit of the used method, in terms . .
T : e cated further in the east, somewhat separated from the main
of lake size, is shape dependant, it would be difficult to set

a threshold of certain minimal lake size as a clear Iimitationgroup surrounded by lakes of the group B. The reason why

of the method. In the case of some lakes, open water Waghese lakes belong to the group A instead of the group B is

. o : . __a low mean-annual temperature (Lixi'Oidaim Ge7.4°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 = e . .
. : the mean value for the group B:5.4°C. The ice regime of
the water, for instance in the Ulan Ul Lake. C . : ) .
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 %), 21 Jan 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 highesfing 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 1.4 5.9 35
enced by the high trend of the two lakes Aksayqin and North g —02 17 4.9 48
Heishi, with extremely low values of DCI in 2001 and 2003. ¢ ~11 _16 3.1 21
4.2.2 GroupB

_ o _ ~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 mean 4.2.3 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 Bilin 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 thdakes. Statistically significant values at the level of significance 0.02
whole period from 2001 to 2010, and there are no signs of"® bold.

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

y , . R / X DCI DI FO FU BU Wl
(“caka” means “salty lake” in Tibetan). Another interesting — 016 o1 —030 009 002 —o83
. . . P ongitude . . —0. . . —0.
lake in this group is Tangra Yumco, which is r.ega}r(_jed as the latitude 049 044 045 033 012 063
deepest lake on the TP (Wang et al., 2010). Itis divided into a  aptitude 040 043 -—025 020 016 065
northern and a southern part by a narrow strait. The northern meantemp.  -063 -0.70 061 -048 -035 0.64

part freezes over later or not at all, as seen on Landsat im- ;?:ev;i;%mii ‘g'gg _8-23 8-28 ‘g'jg _83‘51 8-21
ages (for instance on _31 Me_lrch 2007, 27 February 2008 and ,eiimeter/area 029 027 —037 024 017 —009
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, whiletify the reason for this; however, this may be owing to some
having an outlet towards Chabyer Caka, is a fresh water lakgocal 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 cas&.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%mom- 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 309 (@ 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 10Gkislikely
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), meaningindr = 0.45 for DI of the group of the large lakes) with lat-
that even if the lakes were grouped with respect to the factorstude 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.

DCl DI FO FU BU Wl
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. —0.80 -081 085 —073 -047 0.64 Ice phenology was derived for 59lakes on the TP from
;hawing inc‘ijex -074 -075 081 -072 -046 0.66 MODIS 8-day composite data. The obtained results imply
reezing index —0.82 —0.83 085 -0.73 -047 0.61 B : : s
perimeter/area 079 049 049 043 026 —0.05 that despltg some influence qf local settings, e.g. s:_almlty,
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 gradienpther 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 ic&egional 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 pretime plays an important role in regional and global climate.
sure, which can be expressed by temperature lapse rate. THeée ice phenology of the studied lakes, averaged over the
selection of the large lakes leads to a significant increase imcquisition 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. Fanp 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-
WCI 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 (re<clusion 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 1 105 4.3 21 32 1063 571 1922 121  8Nov 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 12 2.8 3.0 169.1 216 2198 163 4Nov 25Nov 14May 11Jun
Chem Co 4961 2 0.2 0.0 -14 1.6 1453 19.7 1974 106 13Nov 28Nov 22Apr 30 May
Gozha Co 5080 5 2.4 2.0 2.0 09 165.6 16.3 2409 19.0 9Nov 28Dec 12 Jun 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 75 256 7.2 115 1247 259 1716 285 15Nov 9Dec 12 Apr 5 May
Longmu Co 5004 4 -3.6 0.1 7.5 9.9 241 323 949 305 11Jan 16Jan 9Feb 16 Apr
N. Heishi 5049 11 12.9 7.7 -1.0 0.9 160.2 55.7 228.6 9.1 5 Nov 2Dec 11 May 22 Jun
Taiyang 4881 55 —-06 02 -28 6.2 1882 13.1 2136 129 16Nov 30 Nov 7Jun 18 Jun
Yang 4778 14 8.3 3.9 0.0 0.0 146.1 627 2244 16.6 290ct 27Nov 22Apr 10Jun
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 12 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 26Dec 16Feb 11 May
Ayakkuh Lake 3876 50 4.6 9.6 40 141 415 18.9 88.3 15.0 16 Dec 3Jan 14Feb 15Mar
Dajia Co 5145 23 34 09 -04 0.0 974 440 1558 31.0 29Nov 31Dec 8 Apr 4 May
Dogai Coring 4818 48 2.5 0.5 7.3 3.4 33.4 30.7 90.8 40.8 31Dec 1Jan 4 Feb 1 Apr
Dorge Co 4688 58 1.9 0.3 -0.1 0.0 1448 291 2219 94 170ct 22Nov 17 Apr 27 May
Dorsoidong Co 4929 46 -09 18 -06 0.3 1469 6.5 180.8 104 22Nov 7Dec  3May 22May
Geysa Co 5198 22 —-79 9.6 3.8 1.2 101.1 40.7 156.0 319 6 Dec 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 -16 1.9 12 0.3 1849 109 2280 196 250ct 24Nov 28May 10Jun
Jingyu 4713 51 3.3 3.0 -04 03 1769 189 2111 7.1 7Nov 23Nov 20 May 7 Jun
Lamagang-
dong Co 4812 8 -16 28 -04 0.1 1533 9.7 2046 148 15Nov 8Dec 10 May 7 Jun
Memar Co 4920 9 -0.7 0.2 -03 0.0 169.1 150 2328 132 260ct 19 Nov 8 May 16 Jun
Migrig-
gyangzham Co 4935 47 -43 24 -19 19 1315 27.0 1942 13.4 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 34 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 36.7 102.8 60.3 24Dec 29Dec 25 Jan 6 Apr
Yaggain Canco 4872 45 8.9 12.5 15.5 216 1170 513 136.8 55.0 1 Dec 6 Dec 2 Apr 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 0.2 733 416 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 17Dec 1Jan 1Jan 21 Apr
Co Nag 4585 42  -41 3.0 -35 2.4 80.7 23.8 1409 225 14Nov 11Dec 2 Mar 4 Apr
Co Ngoin 4563 32 1.1 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 1.6 1248 53 1723 155 12Nov 10Dec 14 Apr 4 May
Dogze Co 4465 29 07 0.6 -17 3.1 104.6 7.7 132.2 9.7 6Dec 16Dec 31Mar 18 Apr
Dung Co 4551 41 —-45 80 -53 78 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 00 00 O00Jan 00Jan 00Jan  00Jan
Gyaring Co 4649 31 -06 01 -12 18 76.0 210 1132 88 30Dec 18Jan 4 Apr 22 Apr
Kyebxang Co 4615 4  -17 6.2 -21 169 1272 78 1616 7.7 22Nov 6Dec 13 Apr 3 May
Langa Co 4570 15 -0.2 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 16.7 9 Jan 2Feb 15 Apr 5 May
Monco Bunnyi 4684 25 10.7 7.0 -01 0.0 30.6 37.3 106.8 21.4 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 8.3 167.0 169 18Nov 24Dec 12Apr 4 May
Ngangzi Co 4685 28 -12 06 -12 2.2 92.3 133 1326 8.1 26 Nov 9Dec 11 Mar 8 Apr
Npen Co 4666 39 27 14.9 2.8 2.4 847 31.3 1305 17.8 22Dec 10 Jan 5 Apr 1 May
Paiku Co 4580 24 0.0 0.0 —4.0 21 3.8 12.0 59.5 26.7 3 Feb 6Jan 10Jan 4 Apr
Pangkog Co 4527 34 -08 1.1 -56 229 1505 6.9 2048 198 230ct 17Nov 17 Apr 16 May
Puma Yumco 5013 36 -33 12 -11 15 106.0 27.6 1282 87 28Dec 12Jan 28Apr 6 May
Pung Co 4529 40 27 0.7 -29 3.8 879 288 1283 152 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 109 12Jan 18Jan 24Jan 24 Apr
Urru Co 4554 30 —-1.6 0.3 0.1 0.0 57.0 238 1164 7.9 31Dec 20Jan 18 Mar 26 Apr
Xuru Co 4714 26 0.0 0.0 1.2 0.4 5.2 8.6 69.1 15.9 1 Feb 9Feb 15Feb 12 Apr
Zhari Namco 4612 21 0.8 0.5 -01 0.0 83.3 9.4 121.8 7.8 16 Dec 4Jan 29 Mar 17 Apr
Zige Tangco 4568 43 -30 318 -24 287 1237 101 1456 8.3 1Dec 10Dec 13Apr 26 Apr

AcknowledgementsThis work has been carried out within Bolch, T., Yao, T., Kang, S., Buchroithner, M. F., Scherer, D., Maus-
the frame of the German Research Foundation (DFG) Priority sion, F., Huintjes, E., and Schneider, C.: A glacier inventory for
Programme 1372, “Tibetan Plateau: Formation — Climate — the western Nyaingentanglha Range and the Nam Co Basin, Ti-
Ecosystems” under the codes BU 949/20-13, SCHE 750/4-3. This bet, and glacier changes 1976-2009, The Cryosphere, 4, 419—
study was supported by the National Natural Science Foundation of 433,d0i:10.5194/tc-4-419-201@010.

China (No. 41001033). The MODIS data were gratefully provided Box, J. E., Bromwich, D. H., Veenhuis, B. A., Bai, L.-S., Stroeve, J.

by the National Snow and Ice Data Center (NSIDC). We would like  C., Rogers, J. C., Steffen, K., Haran, T., and Wang, S.-H.: Green-

to thank two anonymous referees for providing detailed and useful land ice sheet surface mass balance variability (1988—2004) from

comments that improved the revised version of the manuscript. calibrated polar MM5 output, J. Climate, 19, 2783-2800, 2006.

Bromwich, D. H., Bai, L. H., and Bjarnason, G. G.: High-resolution
regional climate simulations over Iceland using Polar MM5,
Mon. Weather Rev., 133, 3527—3547, 2005.

Brown, L. C. and Duguay, C. R.: The response and role of ice
cover in lake-climate interactions, Prog. Phys. Geog., 34, 671—
704,d0i:10.1177/0309133310375652)10.

Che, T., Li, X., and Jin, R.: Monitoring the frozen duration of Qing-
hai Lake using satellite passive microwave remote sensing low

Barry, R. G.: Mountain Weather and Climate, Cambridge University ~ frequency data, Chinese Science Bulletin, 54, 2294-2299, 2009.
Press, Cambridge, UK, ISBN 978-0-521-86295-0, 506 pp., 2008 Dibike, Y., Prowse, T., Saloranta, T., and Ahmed, A.: Response

Barry, R. G. and Maslanik, J. A.: Monitoring lake freeze-up/break- of Northern Hemisphere lake-ice cover and lake-water thermal
up as a climate index, Glaciol. data rep., GD-25, 66—79, 1993.  structure patterns to a changing climate, Hydrol. Process, 25,

Bianduo, Bianbaciren, Li, L., Wang, W., and Zhaxiyangzong: The = 2942-2953, 2011.
response of lake change to climate fluctuation in north Qinghai-Duguay, C. R., Prowse, T. D., Bonsal, B. R., Brown, R. D., Lacroix,
Tibet Plateau in last 30 years, J. Geogr. Sci., 19, 131-142, 2009. M. P., and Menard, P.: Recent trends in Canadian lake ice cover,

Edited by: T. Zhang

References

www.the-cryosphere.net/7/287/2013/ The Cryosphere, 7, 28064, 2013


http://dx.doi.org/10.5194/tc-4-419-2010
http://dx.doi.org/10.1177/0309133310375653

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

Hydrol. Process, 20, 781-801, 2006. Liston, G. E. and Hall, D. K.: Sensitivity of lake freeze-up and

Eichenlaub, V. L.: Lake effect snowfall to the lee of the Great Lakes: break-up to climate change: a physically based modeling study,
Its role in Michigan, B. Am. Meteorol. Soc., 51, 403-412,1970.  Ann. Glaciol., 21, 387-393, 1995.

Gao, Y., Tang, M., Luo, S., Shen, Z., and Li, C.: Some aspects ofLivingstone, D. M.: Break-up dates of alpine lakes as proxy data
recent research on the ginghai-xizang plateau meteorology, B. for local and regional mean surface air temperatures, Climatic
Am. Meteorol. Soc., 62, 31-35, 1981. Change, 37, 407-439, 1997.

Haginoya, S., Fujii, H., Kuwagata, T., Xu, J., Ishigooka, Y., Kang, Liu, X. D. and Chen, B. D.: Climatic warming in the Tibetan Plateau
S., and Zhang, Y.: Air-lake interaction features found in heat and during recent decades, Int. J. Climatol., 20, 1729-1742, 2000.
water exchanges over Nam Co on the Tibetan Plateau, Sci. OnMagnuson, J. J., Robertson, D. M., Benson, B. J., Wynne, R. H.,
line Lett. Atmos., 5, 172-175, 2009. Livingstone, D. M., Arai, T., Assel, R. A, Barry, R. G., Card, V.,

Hall, D. K., Riggs, G. A., and Salomonson, V. V.: updated weekly.  Kuusisto, E., Granin, N. G., Prowse, T. D., Stewart, K. M., and
MODIS/Aqua Snow Cover 8-Day L3 Global 500 m Grid V005, Vuglinski, V. S.: Historical trends in lake and river ice cover in
[list the dates of the data used], Boulder, Colorado USA: National the Northern Hemisphere, Science, 289, 1743-1746, 2000.
Snow and Ice Data Center, Digital media, 2007. Maussion, F., Scherer, D., Finkelnburg, R., Richters, J., Yang, W.,

Howell, S. E. L., Brown, L. C., Kang, K. K., and Duguay, and Yao, T.: WRF simulation of a precipitation event over the
C. R.: Variability in ice phenology on Great Bear Lake and  Tibetan Plateau, China —an assessment using remote sensing and
Great Slave Lake, Northwest Territories, Canada, from Sea- ground observations, Hydrol. Earth Syst. Sci., 15, 1795-1817,
Winds/QuikSCAT: 2000-2006, Remote Sens. Environ., 113, do0i:10.5194/hess-15-1795-2Q2011.
816—-834d0i:10.1016/j.rse.2008.12.00Z009. Maussion, F., Curio, J., Finkelnburg, R.,0M, T., and Scherer,

Hsu, H. H. and Liu, X.: Relationship between the Tibetan Plateau D.: A decadal regional atmospheric reanalysis dataset for cen-
heating and East Asian summer monsoon rainfall, Geophys. Res. tral Asia and the Tibetan Plateau — examples of applications
Lett., 30, D2066¢d0i:10.1029/2003GL017902003. in hydrology and glaciology, Geophysical Research Abstracts,

Jiang, Q., Fang, H., and Zhang, J.: Dynamic changes of lakes and Vol. 14, EGU2012-3412-1, EGU General Assembly, 2012.
the geo-mechanism in Tibet based on RS and GIS technologyMénard, P., Duguay, C. R., Flato, G. M., and Rouse, W. R.: Simula-
Remote Sensing of the Environment: 16th National Symposium tion of ice phenology on Great Slave Lake, Northwest Territories,
on Remote Sensing of China, edited by: Tong, Q., Proceedings Canada, Hydrol. Process, 16, 3691-3706, 2002.
of the SPIE, Vol. 7123, 71230S-71230S-8, 2008. Niu, T., Chen, L., and Zhou, Z.: The characteristics of climate

Kouraev, A. V., Semovski, S. V., Shimaraev, M. N., Mognard, N.  change over the Tibetan Plateau in the last 40years and the
M., Legrésy, B., and Bmy, F.: The ice regime of Lake Baikal detection of climatic jumps, Adv. Atmos. Sci., 21, 193-203,
from historical and satellite data: Relationship to air temperature, doi:10.1007/BF02915702004.
dynamical, and other factors, Limnol. Oceanogr., 52, 1268-1286 Phan, V. H., Lindenbergh, R., and Menenti, M.: ICESat derived el-
2007. evation changes of Tibetan lakes between 2003 and 2009, Int.

Kropacek, J., Feng, C., Alle, M., Kang, S., and Hochschild, V.: Tem-  J. Appl. Earth Obs.,17, 12-280i:10.1016/j.jag.2011.09.015
poral and Spatial Aspects of Snow Distribution in the Nam Co  2012.

Basin on the Tibetan Plateau from MODIS Data, Remote Sens.Ruosteenoja, K.: The date of break-up of lake ice as a climatic in-
2,2700-2712, 2010. dex, Geophysica, 22, 89—99, 1986.

Kropacek, J., Chen, F., Hoerz, S., and Hochschild, V.: Analysis of Sato, T. and Kimura, F.: How does the Tibetan Plateau affect the
Icing Cycle and Snow Distribution in a Basin on the Tibetan transition of Indian monsoon rainfall?, Mon. Weather Rev., 135,
Plateau from Passive Microwave and Optical Data, proceedings 2006-2015, 2007.
of the 31st Annual EARSeL Symposium 2011, Prague, CzechShreve, C., Okin, G., and Painter, T.: Indices for estimating frac-
Republic, May—June 2011a. tional snow cover in the western Tibetan Plateau, J. Glaciol., 55,

Kropacek, J., Braun, A., Kang, S., Feng, C., Ye, Q., and Hochschild, 737-745, 2009.

V.: Analysis of lake level changes of Nam Co in Central Tibet by Skamarock, W. C. and Klemp, J. B.: A time-split nonhydrostatic
synergy of satellite altimetry and evaluation of optical satellite  atmospheric model for weather research and forecasting applica-
imagery, Int. J. Appl. Earth Obs., 17, 3-11, 2011b. tions, J. Comput. Phys., 227, 3465-3485, 2008.

Kutzbach, J. E., Prell, W. L., and Ruddiman, W. F.: Sensitivity of Skinner, W. R.: Lake Ice Conditions as a Cryospheric Indicator for
Eurasian Climate to Surface Uplift of the Tibetan Plateau, J. Detecting Climate Variability in Canada, Proc. of Snow Watch
Geol., 101, 177-190, 1993. '92, WDC-A Glaciological Data Report, 25, 204—240, 1993.

Latifovic, R. and Pouliot, D.: Analysis of climate change impacts Ueno, K., Fujii, H., Yamada, H., and Liu, L. P.: Seasonal heating of
on lake ice phenology in Canada using the historical satellite data the Tibetan Plateau and its effects on the evolution of the Asian
record, Remote Sens. Environ., 106, 492-507, 2007. summer monsoon, J. Meteorol. Soc. Jpn., 79, 419-434, 2001.

Lehner, B. and Bll, P.: Development and validation of a global Walker, A. E. and Davey, M. R.: Observation of Great Slave Lake
database of lakes, reservoirs and wetlands, J. Hydrol., 296, 1-22, ice freeze-up and break-up processes using passive microwave
2004. satellite data, 16th Proceedings of the Canadian Symposium on

Li, M., Ma, Y., Hu, Z., Ishikawa, H., and Oku, Y.: Snow distri- Remote Sensing, 7-10 June, Sherbrooke, Quebec, Canada, 233—
bution over the Namco lake area of the Tibetan Plateau, Hy- 238, 1993.
drol. Earth Syst. Sci., 13, 2023-2081®:10.5194/hess-13-2023- Walsh, S., Vavrus, S., Foley, J., Fisher, V., Wynne, R., and Lenters,
2009 2009. J.: Global patterns of lake ice phenology and climate: Model sim-

ulations and observations, J. Geophys. Res., 103, 28825-28837,

The Cryosphere, 7, 287301, 2013 www.the-cryosphere.net/7/287/2013/


http://dx.doi.org/10.1016/j.rse.2008.12.007
http://dx.doi.org/10.1029/2003GL017909
http://dx.doi.org/10.5194/hess-13-2023-2009
http://dx.doi.org/10.5194/hess-13-2023-2009
http://dx.doi.org/10.5194/hess-15-1795-2011
http://dx.doi.org/10.1007/BF02915705
http://dx.doi.org/10.1016/j.jag.2011.09.015

J. Krop acek et al.: Analysis of ice phenology of lakes on the Tibetan Plateau 301

do0i:10.1029/98JD02274.998. Yao, T.: Map of glaciers and lakes on the Tibetan Plateau and
Wang, J., Peng, P, Ma, Q., and Zhu, L.: Modern limnological fea- adjoining region, 1:2000000, Xi'an Cartographic Publishing

tures of Tangra Yumco and Zhari Namco, Tibetan Plateau, Jour- House, Xi'an, China, 2007.

nal of Lake Science, 4, 629-632, 2010. Yao, T., Pu, J., Lu, A,, Wang, Y., and Yu, W.: Recent glacial retreat
Wang, R. L., Scarpitta, S. C., Zhang, S. C., and Zheng, M. P.: Later and its impact on hydrological processes on the Tibetan Plateau,

Pleistocene/Holocene climate conditions of Qinghai-Xizhang China, and surrounding regions, Arct. Antarct. Alp. Res., 39,

Plateau (Tibet) based on carbon and oxygen stable isotopes of 642—650, 2007.

Zabuye Lake sediments based on carbon, Earth Planet. Sc. LettYe, Q., Kang, S., Chen, F., and Wang, J.: Monitoring glacier varia-

203, 461-477, 2002. tions on Geladandong mountain, central Tibetan Plateau, from
Weyhenmeyer, G. A., Meili, M., and Livingstone, D. M.: Nonlinear 1969 to 2002 using remote-sensing and GIS technologies, J.

temperature response of lake ice breakup, Geophys. Res. Lett., Glaciol., 52, 537-545, 2006.

31, L07203d0i:10.1029/2004GL01953@004. Ye, Q., Wei, Q., Hochschild, V., and Duguay, C. R.: Integrated
Wilson, J.: Effect of Lake Ontario on precipitation, Mon. Weather  observations of lake ice at Nam Co on the Tibetan Plateau
Rev., 105, 207-214, 1977. from 2001 to 2009, Geoscience and Remote Sensing Symposium

Wu, Y. and Zhu, L.: The response of lake-glacier variations to cli- (IGARSS), 2011 IEEE International, 24-29 July 2011, Vancou-
mate change in Nam Co Catchment, central Tibetan Plateau, dur- ver, 3217-3220¢0i:10.1109/IGARSS.2011.60499@D11.
ing 1970-2000, J. Geogr. Sci., 18, 177-189, 2008. Zhang, G., Xie, H., Kang, S., Yi, D., and Ackley, S. F.: Monitoring
Xu, L., Niu, R., Zhao, Y., Li, J., and Wu, T.: Snow cover mapping lake level changes on the Tibetan Plateau using ICESat altime-
over the Tibetan Plateau with MODIS and ASTER data, Proc. try data (2003—-2009), Remote Sens. Environ., 115, 1733-1742,
SPIE 2009, 7471d0i:10.1117/12.836452009. 2011a.
Xu, Z. X., Gong, T. L., and Li, J. Y.: Decadal trend of climate in the
Tibetan Plateau-regional temperature and precipitation, Hydrol.
Process., 22, 3056-3065, 2008.

www.the-cryosphere.net/7/287/2013/ The Cryosphere, 7, 28034, 2013


http://dx.doi.org/10.1029/98JD02275
http://dx.doi.org/10.1029/2004GL019530
http://dx.doi.org/10.1117/12.836457
http://dx.doi.org/10.1109/IGARSS.2011.6049904

