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Abstract: Qinghai Lake is the largest lake in Qinghai-Tibet Plateau and China, it is also an important
part of the national ecological security strategy. Since 1950s, the water level of Qinghai Lake has been
changing rapidly, which induces great effects on the surrounding traffic facilities, residents’ safety
and the development of animal husbandry, etc. Therefore, it is necessary to study the water level
evolution and water balance of Qinghai Lake under the main impact of climate change. Based on
meteorological and hydrological data from Buha River Hydrological Station, Xiashe Hydrological
Station, and Gangcha Meteorological Station, CMFD, and water balance equation, this article first
analyzes the interannual and intra-year water level evolution characteristics of Qinghai Lake from
1956 to 2020, including lake surface precipitation (P), runoff into the lake (Rs) and evaporation
(E). Secondly, we conducted a study on the water level change characteristics calculated for fixed
months. Finally, the contribution rate of each factor to the fluctuation of Qinghai Lake water level was
quantitatively calculated using the ridge regression method. Results show that the annual average
water level declined at a rate of 0.8 m decade™! from 1956 to 2004, primarily due to E exceeding the
sum of P and R. However, from 2004 to 2020, the water level increased at a rate of 1.7 m decade ™!,
mainly attributed to the increase in P and Rs. Qinghai Lake exhibits evident intra-year variations,
with the water level starting to rise in May and reaching its peak in September, which aligns with
the monthly variations of R, P, and E. Furthermore, the impacts of the current year’s P, R, and E
on the annual water level fluctuations for fixed months of September to December is greater than
that of the previous year. Specifically, the contributions of the current year’s P, Rs and E to the water
level fluctuations calculated based on December data are 10%, 70%, and 20%, respectively. The
contribution rate of meteorological factors to the rise and fall of water level was wind speed (33%),
downward short-wave radiation (27%), precipitation (27%), downward long-wave radiation (11%)
and specific humidity (2%).

Keywords: Qinghai Lake; water level evolution; runoff; precipitation; evaporation; meteorological
factor; regression analysis

1. Introduction

As an essential component of the national ecological security framework, the Qinghai-
Tibet Plateau (QTP) is an important part of China’s ecological security construction. There
is the highest elevation, the largest area and the largest number of inland lakes on the
QTP, which are characterized by the concentration of saltwater lakes and salt lakes [1,2].
In the context of global warming, the overall climate of the plateau tends to be warm and
humid [3-5]. Under the climate change of increased precipitation, rising temperatures and
intensified glacier melting glacier melting [6,7], the water level of 76% of plateau lakes is
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rising, with an average increase rate of 2.1 m decade !, among which the water level of
lakes located in the middle and northern inner flow areas of the plateau is more obvious [8].

As the largest lake in the QTP and China, Qinghai Lake is an important barrier in
maintaining ecological security in the northern part of the plateau, preventing desertifi-
cation from spreading eastward in the northwest, and ensuring ecological security in the
eastern part of the plateau [9]. It is an important water vapor circulation channel and water
conservation area in northwest China [10]. It is also an important migration meeting point,
breeding ground and wintering ground for waterbirds [11]. In the context of climate change,
both temperature and precipitation in Qinghai Lake Basin show a significant increasing
trend [10,12]. The annual mean water level of Qinghai Lake showed a trend of first decreas-
ing and then rising, falling to the lowest level in 2004, and then rising continuously [13-15].
Qinghai Lake is the heart and soul of the Qinghai Lake Scenic Area, which encompasses
the scenery, culture, and natural landscapes around Qinghai Lake, making it not only a
beautiful tourist destination but also an important ecological conservation area in western
China. The change of lake water level will directly or indirectly affect the transportation
facilities, animal husbandry development, residents’ safety, tourism development and the
utilization of Qinghai Lake Scenic Reserve [16,17]. Hao et al. indicates that there has been
no significant change in the water quality of Qinghai Lake in recent years, but the increase
in water level may be an important reason for the expansion of the coverage area of flagella
in Qinghai Lake [18]. Hou et al. found that the continuous rise in the water level of Qinghai
Lake may result in erosion of shallow lake areas and the suspension of sediment, leading
to a decline in water quality [19]. Therefore, it is of great significance to study the evolution
law of Qinghai Lake water level under climate change and its mechanism analysis for the
understanding of the plateau water cycle and the protection of plateau ecology.

Water level data for Qinghai Lake can be obtained from the Xiashe Hydrological
station. In research areas lacking station observations, supplementing with satellite or
simulated data can also yield valuable research results [20,21]. Water level variations are
primarily influenced by climate and human activities [22], while Qinghai Lake’s water level
changes are mainly driven by natural factors [23]. Climate change causes the variations
in lake water level by affecting the recharge and loss of water balance. The main factors
affecting the changes in water quantity in Qinghai Lake are precipitation (P), evaporation
(E) and runoff into the lake (Rs) [24]. Most previous studies qualitatively revealed that the
increase in P and Ry was significantly positively correlated with the lake water level, while
the increase in E inhibited the increase in the lake water level [19,25-31]. Li et al. (2020)
concluded that the influence of last year’s factors (Rs, P and E) on the water level was
more significant than that of the current year, and further quantitatively evaluated the
contribution rate of the three variables to the water level fluctuation of Qinghai Lake
from 1961 to 2015 by using the principle of water balance and correlation coefficients as
Rs > P > E. For the same research period, Wang and Gao (2021) conducted work based on
the study of Li (2020) and further demonstrated through the quantitative analysis of ridge
regression that the contribution rate of the three variables to the water level fluctuation of
Qinghai Lake was R (38.2%) > E (31.4%) > P (30.4%). The rankings of evaporation and
precipitation were inconsistent. To sum up, the current studies about the effects of P, Rs and
E on the water level fluctuation have mainly focused on qualitative analysis, and the results
about quantitative analysis are not consistent. Thus, further in-depth research is needed.

Fluctuations of water level and changes in P, Rs and E are also affected by land surface
meteorological factors, but current studies are mostly limited to temperature, precipitation
and wind speed [13,30,32,33] and did not conduct a comprehensive quantitative analysis
of their respective contribution rates under the combined action of seven common meteoro-
logical variables (2 m air temperature, surface pressure, specific humidity, 10 m wind speed,
downward shortwave radiation, downward longwave radiation and precipitation), and the
contribution rates of other factors were still unclear. This study overcomes the shortcomings
of the current research, such as limited quantitative research on water level changes in
Qinghai Lake and insufficient research on the contribution of meteorological variables.
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In order to study the water level evolution and water balance of Qinghai Lake under
the background of climate change, the following actions are undertaken: (1) Firstly, the
evolution characteristics and the annual variation in Qinghai Lake water level in longer
series are analyzed; (2) Secondly, the relationship between the rise and fall of water level cal-
culated in fixed months and the synchronous changes in R, P and E is revealed; (3) Finally,
the contribution rates of P, Rg, E and their changes to water level evolution are revealed.

2. Study Area, Data and Methods
2.1. Study Area

Qinghai Lake (36°32'~37°15' N, 99°36/~100°47' E) with an area of 4522.7 km? in 2020
is the largest lake in China, located in the northeast of the QTP (Figure 1) [34]. It is the
confluence of the northwest arid zone, the eastern monsoon zone and the southwest cold
zone in China. At an elevation of about 3196 m a.s.l.,, Qinghai Lake spans roughly 105 km
in length and 63 km in width, exhibiting a dimictic nature that includes two seasonal
transitions: the first occurs in spring, typically around May, lasting 2-3 weeks, and the
second takes place in autumn, between November and December [35]. Annually, Qinghai
Lake freezes from mid-December to early January, becoming completely ice-covered by the
year’s end, with gradual thawing starting in late March and full melting by early to mid-
April, featuring an average ice thickness ranging from 32 to 37 cm over multiple years [36].
Its average and maximum depth are 21 m and 32.8 m, respectively [27]. From 2000 to 2020,
its area showed a trend of first decreasing and then increasing, and the area was the lowest
in 2004 (4200 km?) during 21 years [34]. During this period, the water volume increased at
arate of 0.54 Gta~! [7]. Qinghai Lake Basin is located in the northeast of the QTP (Figure 1),
with a total area of 29,661 km?2. The terrain decreases from northwest to southeast, with the
highest elevation of 5283 m a.s.l. There are about 50 rivers into Qinghai Lake in the basin,
mainly Buha River, Quanji River, Heima River, Shaliu River, Hargai River, etc. The flow of
the Buha River accounts for about 50% of the total flow into the lake [26]. The basin has a
continental climate with an annual average temperature of —4.6~4.0 °C, annual potential
evaporation between 1300 and 2000 mm, and annual precipitation ranging from 291 to
579 mm, primarily concentrated from June to September, with rainfall as the main form of
precipitation, and snowfall occurring mainly during the ice-covered period [10,37].
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Figure 1. Water system diagram of Qinghai Lake Basin and locations of Qinghai Lake and
three stations.
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2.2. Data
2.2.1. Gangcha Meteorological Station Data

The daily value dataset of China surface climatic data (V3.0) is from the data network
of the China Meteorological Administration. It contains the daily value of atmospheric
pressure, precipitation, relative humidity, wind direction, wind speed, sunshine duration
and other meteorological elements of 824 benchmarks and basic meteorological stations
in China. The data records start from January 1951. Since Gangcha meteorological sta-
tion (37°19'48"” N, 100°7'48" E) is the nearest national reference station to Qinghai Lake
(Figure 1). We extracted the precipitation from 1979 to 2018, which was continuous without
any missing data, and used this data to replace the lake surface precipitation, as well as
made meteorological attribution analysis.

2.2.2. CMFD Meteorological Data

The China meteorological forcing dataset (CMFD) is the first high spatio-temporal
resolution grid-based near-surface meteorological dataset, which is specifically designed
to study land surface processes in China. The dataset is composed of ground station data,
remote-sensing data and reanalysis data, and contains seven near-surface meteorological
elements: air temperature, surface pressure, specific humidity, wind speed, downward
shortwave radiation, downward longwave radiation and precipitation rate. The time span
is from January 1979 to December 2018, with a temporal resolution of 3 h and a spatial
resolution of 0.1°. Due to the larger number of sites used to generate the CMFD dataset, its
accuracy for China is better than internationally available reanalysis data. It is also one of
the most widely-used climate datasets in China [38,39]. Due to the absence and large error
of radiation data of Gangcha meteorological station, the downward shortwave radiation
and downward longwave radiation of CMFD from 1979 to 2017 were used to undertake
meteorological attribution analysis. Additionally, variables such as wind speed, pressure,
specific humidity, temperature, etc., were used to calculate lake surface evaporation.

2.2.3. Hydrographic Station Data

Annual mean water level data from 1956 to 2020 were measured at the Xiashe Hydrol-
ogy station [40]. The flow of the Buha River accounts for about 50% of the total inflow of
rivers into Qinghai Lake, so the inflow change of the lake is mainly affected by the runoff
of the Buha River. The actual inflow of the lake was calculated by the runoff recharge data
of the hydrology station in Buha hydrology station from 1956 to 2020.

2.3. Methods
2.3.1. Penman-Monteith Equation

Due to the lack of meteorological observations over the lake surface, CMFD meteoro-
logical data and the Penman—Monteith equation were used to calculate the lake surface
evaporation (E). Typically, the equation is applied to calculate lake surface evaporation
during the non-freezing period of a lake. However, the complete freezing period of Qinghai
Lake lasts approximately 80 days, and during this time, it is possible to consider it as a
freezing period for calculating lake surface evaporation. The Penman—Monteith equation is
as follows: A (Re—G)

n — Y
Aty A Ay g

where E is the daily evaporation (mm d 1), A is the slope of the saturated vapor pressure
curve at a given air temperature (kPa °C~1)and v is the psychrometric constant (kPa °C—1.
Ry, is the net daily radiation at the lake surface (M] m~2 d~!). G is the daily change in
lake water heat storage (MJ m~2 d~!). E, is the evaporative component due to turbulent
transport of water vapor by an eddy diffusion process. Detailed equations for calculating
Rn, G, E,, etc., can be found in another piece of research [41].
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2.3.2. Water Balance Equation

According to the water balance relationship, the following equation between water
level changes (AH) and the four variables affecting water balance can be established:

AH =P+Rs/S—E+Rg/S 2)

AH > 0 represents that the water level is rising, and vice versa represents that the
water level is falling. P is the lake surface precipitation, R is the recharge of surface water
into the lake, E is the lake surface evaporation, Ry is the recharge of groundwater into the
lake, and S signifies the lake surface area. Since observing groundwater runoff into lakes
directly is difficult, only the contributions of P, Rs and E were considered in the study [2].
For the convenience of calculation, R is used in the following text to represents Ry /S, so
that the units of all variables in the two sections of the equation are unified in m or mm.

2.3.3. Mann-Kendall Test Method

The Mann-Kendall (M-K) test method was used to determine whether the time series
has a monotonic increased or decreased trend. The details calculated equation can be found
in the reference [19]. This method is a non-parametric test closely related to the concept of
Kendall’s correlation coefficient. It is widely used for trend analysis, such as the significance
of trends in meteorological time series.

2.3.4. Sen’s Slope Analysis

Sen’s slope is a nonparametric medianbased slope estimator, the analysis was used
to calculate the difference in climate change trends before and after the change point. It is
suitable for trend analysis under nonnormal distribution conditions, which can reduce the
influence of data error and outliers [42]. For the set of pairs (A;, Aj), A; is a time series, the
slope is defined as follows:

— A

. Ay il . .
S = Median - i<j 3)

where S is the trend of climate elements. The negative value indicates a decreasing trend, the
positive value indicates an increasing trend, and the absolute value of the slope represents
the amplitude of change over the study period.

2.3.5. Ridge Regression

Ridge regression is an improved least square method and a biased estimation method
for collinear data analysis. Ridge regression was used to establish the regression equa-
tion between water level and its influencing factors, so as to quantify the quantitative
contribution of each factor to the water level change. The ridge regression equation is
as follows:

Y =pX+¢ 4)

where Y is the dependent variable, X is the independent variable, {3 is the regression
coefficient and ¢ is the error. Ridge regression parameter estimation equation is as follows:

A -1
B(K) = (XTX + KI) xTY ®)
where 3(K) is the ridge regression estimate of the regression coefficient, K is the ridge

parameter and I is the element matrix [24,43].
The standardized ridge regression equation is further established:

AH = a1P +b1Rs + 1E (6)
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AH = ayWS + b,SR + ¢oP + doLR + e,SH @)

where aj~e; are the standardized regression coefficients of the regression equation. P is the
lake surface precipitation, Rs is the runoff into the lake and E is the lake surface evaporation.
WS is the wind speed, SR and LR are downward shortwave and longwave radiation and
SH is the specific humidity.

According to the standardized coefficient of ridge regression, the contribution rate of
each factor to the water level change can be obtained:

o = ®
R = ||+'E'|+|| ©
o = [ o el o
45 = oo IR .
“”‘:mz+wﬂ+tj+Mﬂ+wz (12
“m::aﬂ+wﬂ+t;+Mﬂ+kﬂ (1)
HLR = |a2|+|b2+|§22|+|d2|+|ez| 14)
osH ez (15)

 Jag|+[ba|+|c2|+|d2|+]ez]

where «. (* represents seven factors) is the contribution rate of factor * to the water level
change. ap; and app are to distinguish the contribution rate of precipitation in the two
groups of variables, respectively.

2.3.6. Correlation Analysis

The correlation analysis of the water level and each influencing factor was carried out
separately, so as to reveal the influence of each factor on the water level. The correlation
coefficient is calculated as follows:

S » P 1o
—\2 —\2
VIR (6 =202 2 (- )
where R is the correlation coefficient between the variables x and y, x; is the water level of
year i, X is the average water level of all years, y; is an influence factor of year i and y is the

average multi-year value of an influence factor. 0 < R <1 indicates a positive correlation
between x and y, while —1 < R < 0 indicates a negative correlation between x and y [44].

(16)

3. Results and Discussions
3.1. Interannual Variation Characteristics of Water Level in Qinghai Lake

The multi-year average measured water level of Qinghai Lake is 3194.58 m. From
1956 to 2020, there were significant variations in the water level of Qinghai Lake (Figure 2),
showing a trend of initial decrease followed by subsequent increase during the entire
study period. From 1956 to 2004, the annual average water level of the lake exhibited a
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significant decreasing trend with a rate of 0.8 m decade!. The difference between the
highest (3196.99 m in 1956) and lowest (3192.86 m in 2004) lake levels was 4.13 m. The
periods of the 1970s and 1990s experienced the most rapid decline in water level, with an
annual average decrease exceeding 0.1 m. From 2004 to 2020, the lake water level increased
at a rate of 1.7 m decade ™!, and the rate of rise was significantly higher than the rate of
decline during the period from 1956 to 2004. In recent years, the water level has risen
sharply, especially in 2018 and 2019, with increases of 0.47 m and 0.55 m, respectively. By
2020, the lake water level had risen to 3196.34 m, which was 3.48 m higher than that in 2004,
reaching the level seen in the early 1960s.

3197.5 T T T T T T T T T T T
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31945
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31935
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Year
Figure 2. Interannual variations in the Qinghai Lake water level from 1956 to 2020.

3.2. Variations in Annual Water Level Difference in Qinghai Lake

The difference in the water level of Qinghai Lake is primarily influenced by the
combined effects of inflow runoff (R;), lake surface precipitation (P) and lake surface
evaporation (E) [45]. Among these, Ry constitutes the main input to the lake water and
accounts for approximately 43.5% of the lake’s water supply, significantly impacting the
water level variations [2,19]. According to the findings of Li et al. (2005), the Ry from the
previous year has a greater influence on the current year’s lake water level than the R
of the current year [46]. The annual water level fluctuations show a lagged response of
one year to the fluctuations in annual runoff. Extending their research series to cover the
years 1956 to 2020 (Figure 3a), we observed that there were 45 years in which water level
changes lagged behind runoff changes by one year, accounting for approximately 69% of
the total years, such as the years 1967 to 1968 and 2019 to 2020. Additionally, during years
with a higher R;, a more noticeable water level rise was evident. For instance, in 1989,
when the Buha River runoff was 61.77 m® s !, the water level rose by 0.32 m in the same
year. Similarly, in 2012, with the Buha River runoff at 58.76 m?3 s~ the water level rose
by 0.36 m in the same year. Conversely, during years with a lower runoff, the water level
experienced a significant decline, such as in 1995 and 2001. There were 17 years when these
water level differences synchronized with runoff changes, constituting approximately 26%
of the total years.
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Figure 3. Subfigures (a,b) respectively represent the multi-year variations of the standardized annual
water level difference (AH) and the water level difference calculated based on December (AH1,) with
the annual mean P, R and E.

The response of the water level to P also exhibits a similar lagged phenomenon
(Figure 3a), where the water level difference in 1989 lagged behind the P of the previous
year. Some researchers have also indicated through their studies that the water level
difference at Qinghai Lake lags behind changes in precipitation by one year [37,47]. From a
comprehensive perspective, the influence of last year’s P on the water level difference is not
as significant as the impact of Rs. The lagged relationship between E and the water level
difference appears to be less apparent (Figure 3a). However, Li et al. (2005) calculated lake
surface evaporation using observational data and found that the influence of last year’s E
on the current year’s lake water level is also notably greater than the impact of the current
year’s E.

3.3. Characteristics of Fixed-Month Water Level Difference at Qinghai Lake

The multi-year average monthly water level, inflow runoff (Rs), lake surface precipita-
tion (P) and lake surface evaporation (E) from 1956 to 2020 are shown in Figure 4. The lake
surface freezes from January to April, with a relatively small R; and P, resulting in a nearly
balanced water budget and insignificant water level changes. From May to September, R,
and P increase significantly, leading to a more pronounced rise in the lake water level. The
majority of the annual runoff and precipitation occur during the summer months, with
June to September contributing 83.14% and 82.23% of the total annual Rs and P, respec-
tively, and the water level peaks in September. From October to December, although E
decreases continuously, the reduction in the lake water supply component (Rs + P) leads to
a decreasing trend in water level.

In summary, when the monthly average components of the water balance equation
change, the lake water level responds rapidly. This might seem contradictory to the lagged
response phenomenon described in Section 3.2. However, this is not the case. Previous
studies calculating lake water level changes have often used annual mean water levels,
which incorporate a lot of hydro-meteorological information from the previous year, leading
to the observed water level lagging behind hydro-meteorological factors in many years.
To better reflect that the main influence on Qinghai Lake water level changes is from
contemporaneous hydro-meteorological factors, this study adopts a fixed-month water
level difference. Specifically, it defines the average water level difference between x month
of two consecutive years as AHy. Since most hydrological information occurs during the
summer, the analysis focuses on x = 9, 10, 11 and 12, representing September, October,
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November and December, respectively. For example, AH;; in 2020 represents the average
water level in December 2020 minus the average water level in December 2019.

15 T T T T T T T T T T T T 3194
MZNAH NSNE MNP [ZZIR, ——H
' e -3194.2
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N -43194.4
11}
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~, 07f 43195 =
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431952 o
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-3195.8
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Figure 4. Multi-year average monthly variations in water level difference (AH), P, Rs and E of
Qinghai Lake.

The correlations between AHy to AHj; and the annual average inflow runoff, lake
surface precipitation and lake surface evaporation of Qinghai Lake are analyzed and
presented in Table 1. The results indicate that the water level differences at Qinghai
Lake have significantly higher correlations with the respective factors of the current year
compared to the previous year. This suggests that the fixed-month water level difference
can effectively remove the interference from the previous year’s data. Additionally, under
the significance level o = 0.01, the correlation coefficients among AHg, AH;9, AHj; and
AHjy; are all greater than 0.90, and the root mean square errors are all less than 0.1 m. In
the subsequent attribution analysis of Qinghai Lake’s water level changes, it is theoretically
more effective to use the water level difference (AHj,) concurrent with the influencing
factors as the dependent variable. Therefore, this study utilizes AHj, for further research.
The standardized water level difference (AHj,) and the variations in annual average inflow
runoff, lake surface precipitation and lake surface evaporation are depicted in Figure 3b,
indicating a good synchronous variation pattern between AH;, and each influencing factor.

Table 1. Correlation between the water level difference (AHg ~ AHj;) and the annual average P, Rq
and E of both the current year (CY) and the previous year (PY).

AH, AHyg AHy AHj,
PY cy PY cY PY (% PY cY
Rs 0453 **  0.83**  036** 089  033**  (089** 034 0.88 ***
P 0.55 %%  057**  050%* 063  048**  0.66** 049 ** 0.65 ***
E -016  —0.37** —0.09  —049**  —0.05 = —050**  034**  —0.49 ©*

Note: **, correlation is significant at the 0.05 level (2-tailed); ***, correlation is significant at the 0.01 level (2-tailed).

3.4. Influence of Water Balance Components on Water Level of Qinghai Lake

The trend of the Qinghai Lake water level showed a significant inflection in 2004.
Table 2 presents the multi-year average values of lake surface precipitation (P), inflow
runoff (Rs) and lake surface evaporation (E) in two periods, along with their average
changes between the phases. During 1979 to 2004, the average P, Rs and E were 379.8 mm,
340 mm and 904.9 mm, respectively. Based on the lake water income term (P + R;), P, R¢
and E account for 52.8%, 47.2% and 125.7% of the water income, respectively. The water
balance equation resulted in an expenditure exceeding the income by 185.1 mm, leading to



Water 2023, 15, 3614

10 of 15

a water level decline of 1.70 m. In the period of 2004 to 2018, the average P, Rs and E were
449.3 mm, 610 mm and 907.8 mm, respectively, accounting for 42.4%, 57.6% and 85.7% of
the water income. The income exceeded the expenditure by 151.5 mm, resulting in a water
level rise of 2.55 m.

Table 2. Average value and variation in water balance components at different stages (unit: mm).

P Rs E P+Rg
1979-2004 379.8 340 904.9 719.8
2004-2018 449.3 610 907.8 1059.3
Variation 69.5 270 29 339.6

During these two periods, the average P, Rs and E increased by 69.5 mm, 270 mm and
2.9 mm, respectively. Despite a slight increase in evaporation, the increase in P and Rs was
significantly larger. The rise in P and R after 2004 is the main reason for the continued
increase in the Qinghai Lake water level.

3.5. Contributions of Water Balance Components to the Interannual Evolution of Qinghai Lake
Water Level

Considering the potential presence of multicollinearity among variables, correlation
tests were performed on the independent variables before quantitatively calculating their
contributions to the variation in the Qinghai Lake water level. The correlation coefficients
between Rs and P, as well as R; and E, are 0.57 and —0.34, reaching significance levels of
0.01 and 0.05, respectively, indicating evident interrelationships among the variables.

To address the multicollinearity, ridge regression analysis, a biased estimation method
used for collinear data analysis and an improved version of the least squares method, is
employed. In this study, ridge regression was used to establish the regression equation
between the water level difference at Qinghai Lake and influencing factors, allowing for
the quantitative calculation of their contributions to the water level changes. During the
study period, when the ridge parameter K was set to 1.396, the relative error between the
simulated and observed water level difference reached a minimum value of 0.935, and
the correlation coefficient of the regression equation was 0.924 (Figure 5). These results
indicate a good fit of the water level model, and the ridge regression coefficients of the
variables were relatively stable. Therefore, the ridge parameter was chosen as 1.396, and a
standardized ridge regression equation, as shown in Equation (6), was established. In this
equation, a, b and c represent the absolute values of standardized regression coefficients
and are 0.03, 0.18 and 0.05, respectively.

Based on the regression in Equation (6), the water level differences from 1979 to 2018
were fitted, and the correlation coefficient between the observed and simulated water level
difference in Qinghai Lake was 0.92. The significance test at the 0.01 confidence level was
passed, indicating that the ridge regression method effectively simulated the lake water
level changes (Figure 6).

Using Equations (8)—(10), the contributions of lake surface precipitation (P), inflow
runoff (Rs) and lake surface evaporation (E) to the water level difference were calculated.
The factors influencing the Qinghai Lake water level were ranked in terms of contribution
percentage as follows: Rs (70%) > E (20%) > P (10%).
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Figure 5. Comparison of the observed and simulated water level difference in Qinghai Lake from

1979 to 2018.

3.6. Contributions of Meteorological Variables to the Interannual Evolution of Qinghai Lake
Water Level

The correlation results (Table 3) between AHj; and the concurrent meteorological vari-
ables (wind speed, air temperature, specific humidity, air pressure, downward shortwave
radiation, downward longwave radiation and precipitation) indicate that the meteorologi-
cal factors related to the water level difference of Qinghai Lake are ranked in terms of their
correlation strength as follows: wind speed (WS), shortwave radiation (SR), precipitation
(P), longwave radiation (LR), specific humidity (SH), air temperature (AT) and air pressure
(AP). It should be noted that air temperature and air pressure did not pass the significance
test, which is consistent with the research findings indicating no significant relationship
between temperature and lake volume changes in the Qinghai Lake basin [48].

Table 3. The correlation between AH;; and contemporaneous meteorological variables, and the
contribution rate of meteorological variables to the change in water level difference in Qinghai Lake.

Variables Correlation Coefficient Contribution Rate (%)
ws —0.63 *** 33
AT 0.24 -
SH 0.41 *** 2
AP —0.11 -
SR —0.58 *** 27
LR 0.51 *** 11
P 0.55 *** 27

Note: ***, correlation is significant at the 0.01 level (2-tailed).

The factors other than air temperature and air pressure were identified as the main
influence factors of Qinghai Lake water level changes, and their multi-year variations are
shown in Figure 6. The multi-year average wind speed was 3.32 m s~ !, with minimum
and maximum annual wind speeds of 2.71 m s~! (in 2012) and 3.94 m s~ ! (in 1985),
respectively. The annual average wind speed showed a significant decrease at a rate of
0.025 m (s-a) ! (Figure 6a). The annual average precipitation was 402.6 mm, with the
lowest and highest annual precipitation values being 260.5 mm (in 1990) and 572.3 mm
(in 2017), respectively. The growth rate of annual average precipitation was 2.6 mm a !
(Figure 6b). The annual average downward shortwave radiation was 206.8 W m~2, with
a reduction rate of —0.23 W (m?-a)~! (Figure 6c), while the annual average downward
longwave radiation was 237.3 W m~2, with an increase rate of 0.30 W (m?-a)~! (Figure 6d).



Water 2023, 15, 3614

12 0f 15

The annual average specific humidity was 0.31 g g~ !, with minimum and maximum annual
specific humidity values of 0.28 g g~ ! (in 1986) and 0.34 g g~ ! (in 2017) (Figure 6e). These
meteorological factors can directly or indirectly influence lake water level changes. For
example, an increase in precipitation directly affects the water level rise, while the decrease
in average wind speed and downward shortwave radiation indirectly impacts the water
level rise by reducing lake surface evaporation.
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Figure 6. Standardized AH;; and contemporaneous meteorological variables.

According to Equation (7), a2, b2, c2, d2 and e2 represent the absolute values of the stan-
dardized regression coefficients, which are 0.082, 0.069, 0.068, 0.029 and 0.004, respectively.

The Qinghai Lake water level difference changes were fitted using the regression
equation, and the correlation coefficient between the observed and simulated values
was found to be 0.77, passing the significance test at a confidence level of 0.01. Using
Equations (11)—(15), the contribution rates of various meteorological factors to the changes
in the Qinghai Lake water level difference can be calculated (Table 3), which are ranked as:
WS (33%) > SR (27%) = P (27%) > LR (11%) > SH (2%).

3.7. Discussions

The limitations of this study and future efforts are as follows:

(1) In this study, the meteorological observation data (such as precipitation) used
were obtained from the Gangcha Meteorological Station. Despite being the nearest na-
tional reference station to Qinghai Lake, using a single station to represent Qinghai Lake
may introduce some degree of error. In future research, selecting the regional average
results from multiple meteorological stations near Qinghai Lake may yield a more accurate
representation of the lake’s meteorological conditions.

(2) Due to the focus on long-term time series data in this study, underground water
data are relatively scarce. Therefore, in the water balance equation, we have omitted the
underground water inflow term. However, research by other scholars has indicated that,
during the period from 1956 to 2017, the contribution of underground water inflow to the
total water supply to Qinghai Lake accounted for approximately 16.2%. Hence, neglecting
the impact of this component on the lake’s water level appears to be unwise. In future work,
we will conduct an in-depth investigation into underground water data and quantitatively
calculate its contribution to the changes in Qinghai Lake’s water level.
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4. Conclusions

This study is based on meteorological and hydrological data to investigate the long-
term variation trend of the Qinghai Lake water level and analyze the impacts of inflow
runoff (Rs), lake surface precipitation (P) and lake surface evaporation (E) on the annual av-
erage and within-year water level variations. The variations in water level difference based
on the fixed month of each year are synchronous with the changes in different components
of the water balance. Finally, ridge regression analysis is employed, quantitatively calculat-
ing the contributions rate of water balance components and meteorological variables to
water level changes. The main conclusions are as follows:

(1) The annual average water level of Qinghai Lake shows clear periodic changes:
From 1956 to 2004, it decreased at a rate of 0.8 m decade !, mainly due to the lake’s
evaporation exceeding the combined precipitation and inflow runoff. After 2004, the water
level increased at a rate of 1.7 m decade™!, primarily driven by the increase in lake surface
precipitation and inflow runoff.

(2) The calculation of water level difference based on the annual average includes
hydro-meteorological information from the previous year, resulting in a lag of 1 year
between the water level difference and hydro-meteorological factors in 45 out of the total
69% of the study years. However, when calculating water level difference based on fixed
months, the variations are synchronous with changes in Rs, P and E.

(3) By employing ridge regression analysis, from 1979 to 2018, the contribution rates of
R, P and E to the water level difference changes based on the fixed month of December are
70%, 20% and 10%, respectively. The contribution rates of various meteorological factors
are ranked as follows: WS (33%) > SR (27%) = P (27%) > LR (11%) > SH (2%).
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