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Abstract:

 Long-term observations of lake water level are essential to our understanding of the evolution of Tibetan lake system. CryoSat-2 radar altimetry data over the Tibetan Plateau (2010–2014, P2) is used to extend lake level measurements from ICESat laser altimetry (2003–2009, P1). This study evaluates the performance of CryoSat-2 data by comparing with gauge-based water levels that are calibrated by ICESat-observed water level time series, and quantifies the uncertainty of water-level change rate estimates from satellite altimetry measurements. We completely investigate the 131 lakes that were observed by both ICESat and CryoSat-2. The mean change rate of water level for all of examined lakes in P2 (0.19 ± 0.03 m·year–1) is slightly lower than that (0.21 ± 0.02 m·year–1) observed in P1. The extended lake level time series also indicates that, in the past few years, lakes in the Northern Changtang (especially in Hol Xil) showed accelerated growth; and that the extensive lake level rises north to the Gangdise Mountains, during 2003–2009, were found dampened during the CryoSat-2 observation period. The spatio-temporal heterogeneity of precipitation observed from weather stations can be used to partly explain the observed temporal pattern of lake level changes over different sub-zones of the plateau.
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1. Introduction

Recent research reveals dramatic changes in water level and mass budgets of Tibetan lakes in the early twenty-first century [1,2,3,4], indicating a sharp alteration existing in mass balance of Asian “water tower” [2,4,5] and an evident signal of climate dynamics [3,6,7,8,9]. These findings greatly depend on the lake elevation measurements by the Ice, Cloud, and land Elevation satellite (ICESat), as long-term in situ hydrological observations at the plateau scale are unavailable due to the remoteness and broad coverage of the Tibetan Plateau (TP).

One of the advantages of ICESat laser altimetry is the small footprint size with a diameter of ~70 m [10], which makes it an effective alternative to measure elevations of earth surface at a fine scale. However, the short temporal coverage of ICESat data (2003–2009) impedes the investigation of change trends of water level at a long timescale. In contrast, plenty of radar altimetry missions provide practical measurements of continental water surface elevations with a temporal coverage of more than twenty years since the 1990s, such as TOPEX/POSEIDON, ERS-1/2, Envisat, and Jason-1/2, at the accuracy ranging from centimeters to decimeters [11,12]. However, these radar altimeters are only suitable for large water bodies and many lakes are only visited by one or two satellites due to their large-size footprints and along-track/cross-track spacing [13,14]. Thus, it is necessary to seek a solution of synthesizing multiple satellite altimetry datasets for sustainable monitoring on Tibetan lake dynamics.

The ESA satellite CryoSat-2, launched in 2010, carries a radar altimeter named Synthetic aperture Interferometric Radar ALtimeter (SIRAL) [15]. Compared to conventional radar altimetry, the CryoSat-2 SIRAL provides earth surface measurements at a much higher resolution in the along-track direction, about 300 m. This higher spatial resolution opens new possibilities with respect to monitoring small lakes in the Tibetan Plateau. The CryoSat-2 altimetry data is essential to sustain accurate water-level measurements for Tibetan lakes by ICESat. This study targets at examining whether dramatic changes of Tibetan lakes were accelerated or shifted by extending the six-year window of the ICESat-based lake level data. Prior to synthesizing the ICESat and CryoSat-2 altimetry data, we evaluate the accuracy of CryoSat-2 altimetry observations and consistency with ICESat data based on gauge-based lake level data. Additionally, the possible links of different change patterns of lake levels with precipitation variability are discussed.



2. Study Area, Data and Methods


2.1. Tibetan Lakes

The Tibetan Plateau is the highest plateau on Earth, with an average elevation exceeding 4000 m (Figure 1). It is surrounded by many large mountain ranges, such as the Himalayas, Kunlun Mountains, and Qilian Mountains, and is home to the largest group of high-altitude lakes. The climate of the region is characterized by strong seasonality. The majority of precipitation, more than 60%–90% of the annual total, fall between June and September and less than 10% fall between November and February [16,17]. In summer, several regional or large-scale atmospheric circulations, such as the Indian monsoon and the East Asian monsoon, bring most of the TP’s precipitation. In winter, the climate is mainly dominated by cold and dry westerlies [18]. Due to its broad spatial coverage and rapid terrain changes, climate of the TP shows strong spatial and temporal variability.

Figure 1. Map of study area showing the spatial distribution of Tibetan lakes and topographic characteristics. Digital elevation model (DEM) shown in this figure is derived from SRTM DEM dataset. The white triangles and green nail symbols represent, respectively, the locations of weather stations and validated lakes selected for this study.
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2.2. CryoSat-2 Altimetry Data

The CryoSat-2 satellite was launched on 8 April 2010, carrying a new type of altimeter operating in Ku-band. The SIRAL altimeter is able to operate in three different modes: Low Resolution mode, SAR mode and SAR Interferometic (SARIn) mode [19]. Over rugged terrains (such as high Asia), SIRAL is operating in SARIn mode. Due to the use of a second antenna (interferometry), a correction for the cross-track slope is performed [15]. It is therefore expected that CryoSat-2 is able to find more reliable water level samples for lakes surrounded by rapidly changing topography [15]. Furthermore, CryoSat-2 operates in a 369-day repeat cycle, which is built of shifting subcycles of 30 days [20]. Thus, the density of CryoSat-2 ground tracks is high (7–8 km spacing at the Equator) and many small water bodies are covered. Since the spacing is dense, larger lakes are visited more often. Geophysical and atmospheric corrections are used to correct altimeter measurements from different perturbations due to the environment and ensure the highest precision output data. We used Level-2 SIRAL SARIn mode data over Tibetan lakes [19], which include each month of the period July 2010 to April 2014.



2.3. ICESat Altimetry Data

NASA’s ICESat altimetry measurements were used to examine water level variations of the lakes during 2003–2009. The reliability of ICESat altimetry data used for investigating water level changes of Tibetan lakes has been confirmed by comparing with hydrological station data, radar altimetry, and lake area data derived from optical images [1,2,7,21,22]. We obtained the ICESat Level-2 altimetry data (Release-33) during 2003–2009 from National Snow and Ice Data Center [3,10].



2.4. In Situ Lake Level Observations and Other Materials

Due to the low accessibility of high-altitude lakes, there are only a few Tibetan lakes with multi-year water level observations. In this study, we obtained the gauge-based lake level data of Namco (30.50°–30.90° N, 90.27°–91.05° E) and Yamzhog Yumco (28.73°–29.18° N, 90.30°–91.10° E). It should be noted that the water area of Yamzhog Yumco is featured by a narrow (less than several kilometers in width) and zigzag shape, and thus it may be considered as the representation for evaluating the performance of satellite altimetry on small lakes. For Namco, the field observation station is located close to the southeast shore, and daily water levels have been observed manually at the gauge near the Namco Station (30.7730° N, 90.9620° E) since 2005. For Yamzhog Yumco, daily gauge-based lake level was observed at Baidi Station (29.1278° N, 90.4403° E), covering the period 2003–2013. Some of lake level measurements were missing or excluded possibly due to the influences of strong lake waves or harsh weather conditions.

To further discuss the possible link of Tibetan lake dynamics with precipitation variability, we obtained annual precipitation data of 51 national weather stations near Tibetan lake basins between 1991 and 2013 from the China Meteorological Data Sharing Service System [7]. The geographical locations for selected stations and multi-year averages of climate for each station are shown in Table 1.


Table 1. Description of selected meteorological stations and two climatic variables temperature (T) and precipitation (P) in different sub-zones of the Tibetan Plateau.



	
Station ID

	
Name

	
Elevation (m)

	
Latitude (°)

	
Longitude (°)

	
T (°C)

	
P (mm)




	
Mean

	
Std.

	
Mean

	
Std.






	
South Tibet




	
55773

	
Pali

	
4302.0

	
27.7333

	
89.0833

	
0.5

	
0.6

	
448.2

	
55.3




	
55690

	
Cuona

	
4280.3

	
27.9833

	
91.9500

	
0.3

	
0.6

	
425.1

	
58.7




	
55655

	
Nielaer

	
3810.0

	
28.1833

	
85.9667

	
4.0

	
0.6

	
601.8

	
113.4




	
55696

	
Longzi

	
3860.0

	
28.4167

	
92.4667

	
5.7

	
0.4

	
299.7

	
64.0




	
55664

	
Dingri

	
4300.0

	
28.6333

	
87.0833

	
3.5

	
0.5

	
302.9

	
77.5




	
55680

	
Jiangzi

	
4040.0

	
28.9167

	
89.6000

	
5.4

	
0.5

	
280.9

	
59.9




	
55681

	
Langkazi

	
4432.4

	
28.9667

	
90.4000

	
3.4

	
0.6

	
381.6

	
80.9




	
55569

	
Lazi

	
4000.0

	
29.0833

	
87.6000

	
7.3

	
0.5

	
353.7

	
93.0




	
56307

	
Jiacha

	
3260.0

	
29.1500

	
92.5833

	
9.6

	
0.5

	
530.1

	
118.8




	
55578

	
Shigatse

	
3836.0

	
29.2500

	
88.8833

	
7.0

	
0.5

	
440.9

	
111.4




	
55598

	
Zedang

	
3551.7

	
29.2500

	
91.7667

	
9.4

	
0.7

	
401.9

	
97.9




	
55589

	
Gongga

	
3555.3

	
29.3000

	
90.9833

	
8.9

	
0.5

	
416.5

	
114.9




	
55585

	
Nimu

	
3809.4

	
29.4333

	
90.1667

	
7.4

	
0.5

	
358.0

	
82.9




	
55591

	
Lhasa

	
3648.9

	
29.6667

	
91.1333

	
8.9

	
0.7

	
463.3

	
90.7




	
55572

	
Nanmulin

	
4000.0

	
29.6833

	
89.1000

	
6.2

	
0.4

	
480.3

	
129.7




	
55593

	
Mozhugongka

	
3804.3

	
29.8500

	
91.7333

	
6.5

	
0.7

	
571.4

	
116.4




	
55437

	
Pulan

	
3900.0

	
30.2833

	
81.2500

	
3.9

	
0.7

	
147.3

	
46.5




	
Southern Changtang




	
55493

	
Damxung

	
4200.0

	
30.4833

	
91.1000

	
2.3

	
0.7

	
489.2

	
105.0




	
55472

	
Xainza

	
4672.0

	
30.9500

	
88.6333

	
0.5

	
0.6

	
346.6

	
76.5




	
55279

	
Bange

	
4700.0

	
31.3833

	
90.0167

	
−0.1

	
0.7

	
340.2

	
73.8




	
55299

	
Nagqu

	
4507.0

	
31.4833

	
92.0667

	
−0.3

	
0.7

	
455.4

	
83.1




	
55248

	
Gaize

	
4414.9

	
32.1500

	
84.4167

	
0.8

	
0.8

	
187.7

	
41.7




	
55294

	
Anduo

	
4800.0

	
32.3500

	
91.1000

	
−2.2

	
0.8

	
470.9

	
65.4




	
northeastern TP




	
56029

	
Yushu

	
3681.2

	
33.0167

	
97.0167

	
3.9

	
0.7

	
480.2

	
68.4




	
56046

	
Dari

	
3967.5

	
33.7500

	
99.6500

	
−0.3

	
0.7

	
562.0

	
61.2




	
56034

	
Qingshuihe

	
4415.4

	
33.8000

	
97.1333

	
−4.0

	
0.9

	
518.2

	
70.2




	
56021

	
Qulaima

	
4175.0

	
34.1333

	
95.7833

	
−1.4

	
0.7

	
429.1

	
73.2




	
56043

	
Guoluo

	
3719.0

	
34.4667

	
100.2500

	
0.1

	
0.6

	
515.6

	
72.7




	
56065

	
Henan

	
3500.0

	
34.7333

	
101.6000

	
0.0

	
0.6

	
561.7

	
90.7




	
56033

	
Maduo

	
4272.3

	
34.9167

	
98.2167

	
−3.0

	
0.7

	
342.3

	
51.5




	
52974

	
Tongren

	
2491.4

	
35.5167

	
102.0167

	
6.5

	
0.6

	
402.8

	
65.2




	
52943

	
Xinghai

	
3323.2

	
35.5833

	
99.9833

	
1.9

	
0.4

	
374.5

	
70.8




	
52868

	
Guizhou

	
2237.1

	
36.0333

	
101.4333

	
7.8

	
0.5

	
251.1

	
50.7




	
52856

	
Qiaboqia

	
2835.0

	
36.2667

	
100.6167

	
4.9

	
0.6

	
315.6

	
40.4




	
52836

	
Dulan

	
3189.0

	
36.3000

	
98.1000

	
3.7

	
0.5

	
222.8

	
57.7




	
52818

	
Golmud

	
2807.6

	
36.4167

	
94.9000

	
6.1

	
0.6

	
44.6

	
16.6




	
52825

	
Nomhon

	
2790.4

	
36.4333

	
96.4167

	
5.6

	
0.5

	
51.3

	
25.9




	
52866

	
Xining

	
2295.2

	
36.7167

	
101.7500

	
6.0

	
0.5

	
413.1

	
60.3




	
52754

	
Gangcha

	
3301.5

	
37.3333

	
100.1333

	
0.3

	
0.5

	
383.3

	
41.3




	
52737

	
Delingha

	
2981.5

	
37.3667

	
97.3667

	
4.7

	
0.5

	
205.4

	
58.9




	
52765

	
Menyuan

	
2850.0

	
37.3833

	
101.6167

	
1.5

	
0.5

	
511.4

	
60.6




	
52713

	
Da Qaidam

	
3173.2

	
37.8500

	
95.3667

	
2.8

	
0.7

	
94.0

	
35.2




	
52657

	
Qilian

	
2787.4

	
38.1833

	
100.2500

	
1.7

	
0.5

	
413.7

	
62.6




	
52645

	
Yeniugou

	
3320.0

	
38.4167

	
99.5833

	
−2.4

	
0.6

	
428.1

	
81.8




	
52633

	
Tuole

	
3367.0

	
38.8000

	
98.4167

	
−1.9

	
0.5

	
311.4

	
59.6




	
Northern Changtang (Hol Xil)




	
56004

	
Tuotuohe

	
4533.1

	
34.2167

	
92.4333

	
−3.3

	
0.8

	
305.7

	
74.5




	
52908

	
Wudaoliang

	
4612.2

	
35.2167

	
93.0833

	
−4.7

	
0.6

	
325.3

	
57.9




	
51886

	
Mangya

	
2944.8

	
38.2500

	
90.8500

	
4.1

	
0.5

	
48.6

	
23.5




	
52707

	
Xiaozaohuo

	
2767.0

	
36.8000

	
93.6833

	
4.7

	
0.6

	
31.4

	
13.1




	
52602

	
Lenghu

	
2770.0

	
38.7500

	
93.3333

	
3.3

	
0.5

	
17.6

	
8.8






Notes: The temperature and precipitation of weather stations are referenced to the multi-year averages during 1991 and 2013. The std. means the standard deviations for annual mean T and annual P.








2.5. Height Reference System Conversion of Satellite Altimetry, Data Processing and Estimation of Lake Level Trends

Water level measurements from the two satellite altimetry datasets are referenced to different ellipsoids and height data: the ICESat dataset contains corrected surface ellipsoidal heights referenced to TOPEX/Poseidon ellipsoid and geoid heights referenced to Earth Gravity Model (EGM) 2008; while the CryoSat-2 data are referenced to WGS84 and EGM96. In order to make them comparable, we first converted ICESat height data to the reference system of CryoSat-2 data. Then, on-lake satellite altimetry footprints were selected via the water mask of Tibetan lakes derived from Landsat image classification [2,23]. The binary water mask, at a resolution of 30 m, is sufficient for identifying altimetry footprints in this study. As the satellite altimetry may be influenced by cloud cover, lakeside terrains or signal saturation (such cases given in [1]), elevations for on-lake footprints probably do not represent the actual lake water levels. Therefore, after masking out non-water measurements, the footprints with abnormal water level measurements were further detected by outlier detection based on the box plot method. The general procedures of multi-source lake level data processing and merging are similar to the methods introduced in prior studies [9]. Additionally, visual inspection and interactive editing were also conducted for the processed lake level data by automated procedure. In general, the lower height measurements were used to estimate the mean of each lake entity, as the “contaminated” factors (e.g., cloud, terrains) tend to generate height overestimates.

Temporal trends of lake level were fitted through elevation observations of all on-lake footprints during the examined periods using the robust fitting method. The robust fitting uses an iterative re-weighted least squares approach in which all samples receive an equal weight for the first iteration and subsequently decreasing weights are given to points that deviate further from the regression model iterations until the regression coefficients converge [24]. The trend represents the mean change in lake surface elevation over the satellite acquisition period. In this approach, altimetry periods are implicitly weighted according to the number of on-lake footprints. In addition, we also calculated the trends estimated by linear regression of footprint-averaged elevations on each observation period, which are mostly similar to that by robust fitting and, thus, are not shown. The robust fitting method is less sensitive to random noises especially in case of the small number of footprints. The 95% confidence levels represent the statistical error of the trend fitting.




3. Results and Analysis


3.1. Evaluation of Cryosat-2 Altimetry Data on the Two Typical Lakes

Gauge-based water level data (in situ data) for Namco and Yamzhog Yumco, in form of relative lake surface heights, were used to compare with lake levels from CryoSat-2 altimetry. As shown in Figure 2, the ICESat altimetry measurements are significantly correlated with gauge-based data, with the correlation coefficients (r) of 0.98 and 0.99 for Namco and Yamzhog Yumco. Given high consistency between the two datasets, it is safe to adjust the relative gauge water-level data to orthometric heights by adding an offset of mean differences between ICESat and in situ data (4725.55 m and 4423.11 m for Namco and Yamzhog Yumco, respectively). Then the adjusted gauge data can be directly compared with the water level data from CryoSat-2. For Namco the absolute mean error (AME) and relative mean square error (RMSE) are −0.12 m and 0.18 m, respectively; for Yamzhog Yumco, the AME and RMSE are −0.17 m and 0.28 m, respectively. The results indicate good agreement between CryoSat-2 altimetry measurements and gauge data and high consistency with ICESat altimetry data. The relatively larger bias of CrySat-2 altimetry on Yamzhog Yumco could be partly attributed to the more narrow lake water extent comparing with Namco.

Figure 2. Evaluation of satellite altimetry measurements with in situ lake level data for Namco, and Yamzhog Yumco. Plots (a,b) Comparison of time series of combined ICESat/CryoSat-2/in situ lake levels; scatter plots (c–f) comparisons of paired (sampled in the same date) in situ water level (x-axis: m) and ICESat/ CryoSat-2 altimetry measurements (y-axis: m).
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It is worth noting that CyroSat-2 altimetry measurements for both lakes show negative biases, which are probably attributed to the combined effects originated from multiple factors including the underestimation caused by water surface penetration of the CryoSat-2 altimetry in SARIn mode [25], data processing [26], or instrumental bias between both altimeters of ICESat and CryoSat-2 [27]. We corrected the CyroSat-2 altimetry data by adding the underestimation biases (Namco: −0.12 m, Yamzhog Yumco: −0.17 m) and calculated regression slopes of adjusted lake level time series. The results show a bias of less than 0.03 m·year−1 (Figure not shown). This bias is relatively marginal compared with the change rates of water level for most of examined lakes. Additionally, as the accuracy validation was conducted only for two lakes, it is difficult to conclude that the bias is from systematic deviations of the CryoSat-2 altimetry; thus, we do not apply extra correction on the combined ICESat/CryoSat-2 altimetry datasets for other lakes in the following analysis. The change rate of 0.03 m·year−1 is determined as the threshold of identifying whether lakes may be in normal fluctuation.

The combined ICESat/CryoSat-2 water-level time series provide more than one-decade record of lake dynamics, revealing different evolution characteristics which are not indicated over the ICESat mission (Figure 2). For example, the extension of CyroSat-2 altimetry data shows the stagnation of rising trend or even slightly decreases in Namco lake level after 2009. In contrast, combined lake level time series of Yamzhog Yumco suggests a sharp decrease at the rate of −0.52 m·year−1 (p < 0.001), which is more rapid than that (−0.41 m·year−1) during 2003–2009. These characteristics can be well depicted by both gauge and satellite-based lake levels.





3.2. Water Level Changes of Tibetan Lakes Based on Combined Satellite Altimetry Measurements

Tibetan lake level changes during 2003–2009 have been investigated in some earlier studies based on ICESat data [1,3,21]. In this study we focus on examining and comparing the lake level changes during the two observation periods 2003–2009 (P1) and 2010–2014 (P2). We completely investigate 131 lakes larger than 1 km2 and with both ICESat and CryoSat-2 measurements for more than three years. By utilizing the robust linear regression method, we respectively obtained change rates of water level during the two periods P1 and P2. During the P2 period, the mean rising rate for all of examined lakes is 0.19 ± 0.03 m·year–1, in comparison with the mean rising rate of 0.21 ± 0.02 m·year–1 observed in P1. More specifically, 22.9% lakes are found with obvious water level declines (less than –0.03 m·year–1) during P2, higher than that of P1 (12.2%), which indicates a downward trend of water level change for the examined lakes in the P2 period.

The spatial pattern of lake level changes between P1 and P2 is characterized by strong heterogeneity in different climatic and geographic sub-zones (Table 2 and Figure 3). The spatial division of different climate sub-zones is referenced to the climate regionalization of China [28] with minor adjustments on the boundaries by referring to the division of lake watersheds. The most obvious discrepancies of water-level changes during the two sub-periods are observed in the Southern Changtang (north of the Gangdise Mountains) where the mean change rate decreased in P2, and the Northern Changtang and Kunlun, where rising rates of water level increased obviously. Lakes in the western TP and Central Qinghai showed no obvious differences in change rate estimates between the two sub-periods. In contrast, lakes in South Tibet showed obvious declining trends in water level during both P1 and P2, with the mean change rates of −0.19 ± 0.01 m·year–1 and −0.18 ± 0.03 m·year–1, respectively. It is worth mentioning that the change rate of lake level during 2003–2014 is not between that during P1 and P2 for sub-zone R1 and R6. That may be because the lake level variations in 2009/2010 (the gap between ICESat/CryoSat-2 altimetry missions) are not considered. For example, large water level declines for Yamzhog Yumco (Figure 2) in 2009 lead to larger decreasing rate of −0.52 m·year–1 during 2003–2014 than that estimated for 2003–2009 (−0.41 m·year–1) and 2010–2014 (−0.45 m·year–1). Another reason is larger uncertainties for the change rate estimates in the sub-period P2 due to the shorter lake level time series.

Figure 3. Water-level change of Tibetan lakes derived from combined ICESat and CryoSat-2 measurements. (a) Change rates of lake level during 2003–2014; (b) difference of change rates of lake level between the two periods 2003–2009 and 2010–2014. R1-8 show eight sub-zones with different geographic and climatic features: R1, South Tibet temperate and semi-arid; R2, southern Changtang subarctic and semi-arid; R3, northern Changtang subarctic and arid; R4, western TP temperate and arid; R5, northern Kunlun temperate and arid; R6, Central Qinghai subarctic and semi-humid; R7, Qaidam Basin temperate and arid; R8, northeastern Tibetan Plateau temperate and semi-arid.
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Table 2. Comparison on change rates of lake level in different climate sub-zones observed during three periods 2003–2009, 2010–2014 and 2003–2014.



	
Sub-Zones

	
Climate Type

	
Area (km2)

	
Area-Averaged Lake Level Change Rates (m·year−1)




	
2003–2009

	
2010–2014

	
2003–2014






	
R1-South Tibet

	
temperate and semi-arid

	
1775.16

	
−0.19 ± 0.01

	
−0.18 ± 0.03

	
−0.25 ± 0.01




	
R2-Southern Changtang

	
subarctic and semi-arid

	
11812.17

	
0.28 ± 0.03

	
0.18 ± 0.02

	
0.19 ± 0.01




	
R3-Northern Changtang

	
subarctic and arid

	
2368.56

	
0.32 ± 0.01

	
0.48 ± 0.08

	
0.34 ± 0.01




	
R4-western TP

	
temperate and arid

	
586.76

	
0.13 ± 0.01

	
0.02 ± 0.02

	
0.02 ± 0.02




	
R5-Northern Kunlun

	
temperate and arid

	
1028.86

	
0.23 ± 0.01

	
0.56 ± 0.02

	
0.33 ± 0.01




	
R6-Central Qinghai

	
subarctic and semi-humid

	
830.81

	
0.19 ± 0.01

	
0.08 ± 0.04

	
0.05 ± 0.01




	
R7-Qaidam Basin

	
temperate and arid

	
312.81

	
0.03 ± 0.03

	
0.04 ± 0.15

	
0.03 ± 0.02




	
R8-northeastern TP

	
temperate and semi-arid

	
5247.79

	
0.13 ± 0.00

	
0.19 ± 0.02

	
0.14 ± 0.00




	
Total area (TP lakes)

	
23962.91

	
0.21 ± 0.02

	
0.19 ± 0.03

	
0.16 ± 0.01











The extension of elevation measurements with CryoSat-2 altimetry data favors the examination of change trends of lake water level at a longer timescale. Figure 3a presents change rates of water level for the 131 lakes from 2003 to 2014. There are 80 (61.1%) lakes that show increasing water level (≥0.03 m·year−1), 33 (25.2%) lakes with declined water levels (≤−0.03 m·year−1), and 18 lakes (13.7%) at relatively stable stages (−0.03–0.03 m·year−1). The most significant growth is observed in lakes in the central Changtang Plateau and Hol Xil, with slighter increasing or even decreasing water level for lakes in the peripheral areas. Further, we calculated the difference between change rates of lake levels observed during P1 and P2 (shown in Figure 3b). Most lakes in the Southern Changtang showed decelerated water level rises or even shrinking trends. For example, the largest lake in Tibet, Silingco, showed a slowing water-level rising rate of 0.45 m·year−1 during 2010–2014, compared to the change rate of 0.69 m·year−1 during 2003–2009. The water level time series of Namco (as seen in Figure 2a) is another good example [29]. In contrast, lakes in the northern plateau (around the Hol Xil and Tanggula Mountains) were experiencing accelerated increases in water level.






4. Discussion on the Potential Cause of Regional Lake Change Patterns

The main driving force behind dramatic lake dynamics over the TP has been under debate recently [3,6,7,30,31,32,33,34]. One viewpoint supports that increasing glacial meltwater is the primary factor of rapid lake expansions in the Tibetan Plateau as most mountain glaciers showed obvious retreats during the past decades. It can hold water only for a few lakes that are supplied with sufficient meltwater runoff by a large number of mountain glaciers within the catchments, such as in the Tanggula Mountains [35]. According to results in Phan et al. [36], over half of Tibetan lakes are almost not supplied by glacial meltwater. Some recent research indicate that increasing precipitation may be the main driving mechanism of lake growths at the plateau scale [3,6]. As analyzed in Section 3.2, most of examined lakes over Hol Xil showed accelerated growths while rising rates of lake levels along the Gangdise Mountains decreased. Thus, whether the lasting water-level rises or dampened trends for different lakes were associated with change patterns of precipitation in different sub-areas is further examined below.

Figure 4 illustrates time series of annual precipitation and lake level anomaly (water level variations relative to the initial lake stage during the studied period) between 2003 and 2013 over four sub-areas including South Tibet, Southern Changtang, Northern Changtang and the northeastern TP. Other sub-areas are not examined here due to the lack of weather stations and sparse lake distribution. The selected weather stations in each sub-area are presented in Table 1 and Figure 1. It can be found that lake level dynamics agree with annual precipitation variability in general, particularly for specific years with obviously high or low precipitation. The correlation coefficients (rH_P) between annual lake level variations and precipitation are higher than 0.5 for the four sub-areas. In South Tibet, annual precipitation showed significant decreasing trends (−7.4 mm·year−1, p < 0.01) since the late-1990s. The annual precipitation averages in the periods 2003–2009 (401.0 mm) and 2010–2014 (384.9 mm) were evidently lower than precipitation average during 1991–2002 (412.7 mm). The lasting precipitation decreases could be a major factor resulting in continued shrinkage for lakes in South Tibet (rH_P = 0.54, p < 0.1). In contrast, annual precipitation during 2003–2013 for other three sub-areas was mostly higher than multi-year averaged precipitation during 1991–2002. It largely accounts for the situation that most lakes in the inner and northeastern TP exhibited large rises in water level in the 2000s. However, contrasting different phases during 2003–2014 (i.e., P1 and P2), the temporal patterns of lake water level vary with different sub-areas.

Figure 4. Comparison of time series of annual precipitation (P, left axis: mm) and lake level anomaly (water level variations relative to the initial water stage in the studied period) (right axis: m) between 2003 and 2013 for four different sub-zones: (a) South Tibet; (b) Southern Changtang; (c) Northern Changtang; and (d) the northeastern Tibetan Plateau. The precipitation time series are obtained by averaging multi-station data in each sub-zone, and the red symbol indicates the multi-year averaged annual precipitation during 1991–2002, as a reference baseline; lake level anomaly are obtained by averaging water level anomalies observed in September–November (at stable stage) for all lakes in each sub-area.
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Along the Gangdise Mountains, there are at least ten lakes larger than 100 km2. From historical Landsat images and ICESat measurements, these lakes showed extent expansion and water-level rises in the 1990s and early 2000s [1,2,6,21,37,38]. However, the trends began to slow down or even reverse in the past few years. This shift matches the temporal pattern of annual precipitation, which showed significant increase (~12 mm·year−1, p < 0.01) from 1994 to 2005 and then followed by strong inter-annual variability. The precipitation average during the phase P2 was ~20 mm less than that in P1. In comparison, precipitation in the northern Changtang showed strong inter-annual variability during 2003–2009 and then became obviously higher after 2009. It is inferred to be largely associated with accelerated water-level rises for most lakes in this sub-area (rH_P = 0.59, p < 0.05). The above analysis confirms the associations of lake level change patterns and precipitation variability in different sub-areas. However, the contribution to lake water balances from other factors cannot be ignored, including glacial meltwater replenishment, groundwater discharge, and permafrost degradation, particularly for some lakes located in the Kunlun Mountains and Tanggula Mountains which are supplied by abundant glacial meltwater [39]. Thus, the next work will be to distinguish lakes with various dominated water supply ways and quantitatively estimate the role of different hydrological components on water budgets at basin scale.





5. Conclusions

The integration of ICESat and CryoSat-2 altimetry measurements allows for better understanding Tibetan lake dynamics at a longer timescale. In this study, both fine-scale satellite altimetry datasets are used for the investigation of lake level evolutions after the ICESat mission. By comparing with corrected gauge-based water levels of Namco and Yamzhog Yumco, CryoSat-2 altimetry data shows strong correlations with gauge-based data (r: 0.71 and 0.91, respectively), with negative bias of order 0.1 m. The error may cause a small biased estimate of change rate of lake levels but less than 0.03 m·year–1. The CryoSat-2 altimetry can be considered as a reliable extension of ICESat altimetry mission for monitoring Tibetan lake changes. The over-one-decade (2003–2014) elevation records reveal a generally similar spatial pattern of water-level change rate with that observed during 2003–2009 as reported in prior work. To compare lake level changes during the two phases of 2003–2009 and 2010–2014, the mean change rate of all of examined lakes in P2 (0.19 ± 0.03 m·year–1) is slightly lower than that (0.21 ± 0.02 m·year–1) observed in P1. Moreover, most lakes in Northern Changtang (especially for the Hol Xil Region) showed accelerated growth tendency; while lakes north to the Gangdise Mountains showed slowing water-level rises or even stagnations.

The combined longer time series of water level data is essential to our understanding of driving forces of Tibetan lake dynamics. The different change patterns of lake level are closely linked to the spatial heterogeneity of precipitation change observed from weather stations. However, a clear knowledge of the driving mechanism of Tibetan lake dynamics still requires longer and more extensive observations of Tibetan lakes, climate, glaciers, and permafrost. This research work reported herein is an important step towards integrating the wealth of high spatial-resolution altimetry data available from ICESat-1, Operation CryoSat-2, together with other satellite altimetry data that will be available in the near future, such as ICESat-2 mission, to provide sustainable observations on lake hydrologic system of the third pole.
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