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Yanhu Lake basin (YHB) is a typical alpine lake on the northeastern Tibetan Plateau (TP). Its continuous
expansion in recent years poses serious threats to downstream major projects. As a result, studies of the
mechanisms underlying lake expansion are urgently needed. The elasticity method within the Budyko
framework was used to calculate the water balance in the Yanhu Lake basin (YHB) and the neighboring
Tuotuo River basin (TRB). Results show intensification of hydrological cycles and positive trends in the
lake area, river runoff, precipitation, and potential evapotranspiration. Lake expansion was significant
between 2001 and 2020 and accelerated between 2015 and 2020. Precipitation increase was the key factor
underlying the hydrological changes, followed by glacier meltwater and groundwater. The overflow of
Yanhu Lake was inevitable because it was connected to three other lakes and the water balance of all four
lakes was positive. The high salinity lake water diverted downstream will greatly impact the water quality

Diverting water to the Yangtze River
Hydrogeology survey engineering
Tibetan Plateau

of the source area of the Yangtze River and the stability of the permafrost base of the traffic corridor.

©2023 China Geology Editorial Office.

1. Introduction

With an average elevation of more than 4000 m, the TP
and its surroundings contain the greatest ice reserves outside
the Antarctic and the Arctic (Yao TD et al., 2012), and its lake
area makes up roughly half of all the Chinese lakes. It is
referred to as the “Asian Water Tower” because it is the
source of more than 10 significant Asian rivers, including the
Yangtze River, the Yellow River, and the Yarlung Zangbo
(Immerzeel WW et al., 2010). In the “Third pole” region,
where the “Asian Water Tower ” is located, a significant
volume of freshwater resources is stored, having a significant
impact on social stability, human survival, and economic
growth (Pritchard HD et al., 2019).

Global warming has reached previously unheard-of levels
on earth over the past 50 years. The TP is at the region of the
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“Third pole ” which is where global warming is most

pronounced. In the context of global warming of 0.17°C per
10 years, the warming rate of this region is as high as 0.3°C to
0.4°C every 10 years, which is double the average of other
locations in the world during the same period (Chen DL et al.,
2015). The “Asian water tower” is changing dramatically in
the context of fast global warming (Yao TD et al., 2019;
Wang LC et al., 2021; Zhu L et al., 2022), displaying the
features of an overall water imbalance, with lake expansion
being one of the most important indicators.

With a combined area of 46500 km?, the lakes on the
“Asian Water Tower” make up 57.2% of China’s total lake
area (Zhang GQ et al., 2019). A large increase in the number
of “Asian water tower” lakes was seen on the TP, and more
than 80% of these lakes were growing, according to the
second thorough scientific examination (Zhang GQ et al.,
2019). Significantly, lakes supplied by glacier meltwater
expanded more than non-glacier meltwater-fed lakes (Qiao BJ
et al., 2019a). In terms of spatial distribution, the lake level in
the inner flow area grew significantly, whereas the lake level
primarily declined in the Yarlung Zangbo River basin (Biskop
S et al., 2015; Qiao BJ et al., 2019b). Currently, the Tibetan
Plateau’s lakes experience an annual increase in water volume

Copyright © 2023 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND License (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:fuchangchang@mail.cgs.gov.cn
mailto:fuchangchang@mail.cgs.gov.cn
mailto:lixiangquan@mail.cgs.gov.cn
http://dx.doi.org/10.31035/cg2023015
http://dx.doi.org/10.31035/cg2023015
http://chinageology.cgs.cn
https://www.sciencedirect.com/journal/china-geology

Fu et al. / China Geology 6 (2023) 216227 217

of roughly 8 Gt, with about 26% of the increase coming from
glaciers and permafrost melting (Zhang GQ et al., 2017).

The Hoh Xil region has the highest density of salt lakes in
the world and is situated in the hinterland of the TP. This
region is generally 4500 m above sea level in elevation.
According to monitoring data, since 2000, this region on the
TP has experienced some of the greatest warming and
humidification (Wang C et al., 2022). Lakes in this region
have kept growing as a result of climate change. The Qinghai-
Tibet Railway and the Qinghai-Tibet Highway, which are of
paramount importance, are located in the lower reaches of this
region. The spilled lake water may have an impact on the
downstream Yangtze River source’s ecological environment
and water quality, as well as thicken the active layer of frozen
soil in the flowing area (Wu QB et al., 2013). In turn, this will
wreak havoc on projects in frigid regions, including the
Qinghai-Tibet Highway and the Qinghai-Tibet Railway,
which rely on a cooling foundation as their primary method of
construction (Yao XJ et al, 2018). Therefore, this area
provides the perfect setting for research on the interactions
between climate change, the environment, and water
resources. In this study, the YHB was selected as the research
area and the main objectives of this study are: (1) to analyze
the trends in the lake area, river runoff depth, precipitation,
and potential evapotranspiration, (2) to quantify the
contributions of climate change and changes in underlying
catchment properties to lake expansion and runoff increase
since 2000, and (3) to discuss the potential impacts on the
ecological environment of the diverting lake water to the
Yangtze River.

2. Study area

The YHB is at 35°20'-35°50" N, 91°30'-93°30" E. It
covers 8661 km?* and lies between 4400-4800 m above sea
level. The Kunlun Mountains form its northern boundary, and
the Chumaer River forms its southern boundary. Goradanton
Glacier on the TP is the source of the Yangtze River; in the
Yangtze River source region, the southern tributary is referred
to as the Tuotuo River and the northern tributary is referred to
as the Chumaer River. The Qinghai-Tibet Highway and
Qinghai-Tibet Railway are the major arteries of Tibetan
transport, and they are about 10 km downstream of Yanhu
Lake (Fig. 1).

There are four lakes in the basin, namely Zhuonai Lake,
Kusai Lake, Haiding Noir Lake and Yanhu Lake from west to
east. Historically, they were isolated from each other and were
considered internal drainage systems. Furthest to the west is
Zhuonai Lake, which has a surface area of 260 km?; to the
east of Zhuonai Lake is Kusai Lake (266 km?) and Haiding
Noir Lake (43 km?); Yanhu Lake is furthest to the east which
has an area of 45 km®. The tributaries of the Yanhu Lake are
all distributed in the north of the lake, including the Beiyi
River, Bei'er River and Beisan River from west to east, which
are all rivers mainly supplied by glacier meltwater. Because
TP is becoming warmer and wetter, the four lakes have all
expanded to varying degrees since 2000 (Figs. 2a—c). In 2011,

Zhuonai overflowed. The lake area decreased sharply by
approximately 115 km?. The excess lake water was
discharged downstream. Downstream, Kusai, Haiding Noir,
and Yanhu were impacted directly. The area of Kusai
increased rapidly from 286.3 km? on 22 August 2011 (before
the outburst) to 332.1 km®> on 19 August 2012 (after the
outburst), and then remained stable between 2012 and 2018
(Fig. 2¢). The area of Yanhu Lake expanded from 43.9 km? in
2010 to 207.6 km? in 2020 (Figs. 2a-b), which posed a great
threat to the downstream. In this context, the hydrological and
environmental geological surveys are carried out (Fig. 2d).

The study area is in the transition zone between the arid
and semi-arid zones on the TP. Annual precipitation is
between 100 mm and 500 mm. Precipitation is highly
seasonal with approximately 90% of the annual precipitation
falling during the summer monsoon season between May and
September. The average annual temperature is —5.7°C and the
average monthly temperature between October and April is
below 0°C. Vegetation is generally sparse and dominated by
alpine meadow grass.

The daily meteorological data of Wudaoliang and
Tuotuohe stations between 1960 and 2020 were obtained from
China Meteorological Data Service Centre (http://data.cma.
cn/). These include precipitation, sunshine duration, wind
speed, relative humidity, and mean, maximum and minimum
air temperatures. The annual lake area in YHB between 1980
and 2020 was estimated using data from Landsat and Chinese
high-resolution satellites and normalized the difference water
index with an optimal threshold determined from the Otsu
method (Otsu N, 1979). The glacier data was from the
Chinese Glacier Inventory, which is supported by the National
Cryosphere Desert Data Center of China (https://www.crensed.
ac.cn/).

3. Methods
3.1. Trend test and breakpoint analysis

In the current study, the significance of the trends in
annual meteorological and hydrological time series was
estimated by using the nonparametric Mann-Kendall test at a
significance level of 0.05 (Abdollah P et al, 2019). The
Durbin-Watson (DW) test was used to remove the auto-
correlation before executing the trend analysis (Mukhtar MA,
1987). The slope (f) of the trend was estimated (Sen PK,
1969) and a positive f value indicates a positive trend, i.e., an
increase over time, and a negative £ value indicates a decrease
over time. Breakpoints were detected using the
Mann—Kendall mutation test. The breakpoint was defined as
the intersection between the statistical UF and UB curves. It is
within the critical value range defined by a 0.05 significance
level which is £1.96.

3.2. Water balance

In the study area, the water balance of the closed lake can
be expressed as:
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Fig. 1. Location and key features of the YHB and TRB. The illustration shows that the YHB and TRB are distributed in the source region of

the Yangtze River.

AV=P+R, +G+GW-E (D

where AV is lake volume change, P is precipitation over the
lake water surface, R; is precipitation-induced land runoff, G
is glacier meltwater, GIV is groundwater input and/or output,
and £ is evaporation over the lake water surface.

The water level and lake area were used to calculate AV; P
is the product between precipitation and the lake area; R; is
the product between land surface area and the difference
between precipitation and actual evapotranspiration (E,); G
was calculated using an empirical formula; £ is the product
between evaporation over open water (ET}) and the lake area.
Using Eq. (1), the amount of GW was derived, which mainly
originates from permafrost melt. In the YHB, the lake is the

drainage base level in the basin, and the groundwater supplies
the lake water, which is also an important reason why the
lakes in this dry area can maintain a large lake surface area all
year round (Yu et al., 2022).

(1) Evaporation over open water (E7)

Because of the lack of long-term data on lake evaporation
in the study area, evaporation over open water was substituted
with potential evapotranspiration (E7;) (Rosenberry D et al.,
2007; Zhou J et al., 2015). Following the Penman equation,
open water evaporation was estimated as follows (Penman
HL, 1948; Allen RG et al., 1989):

A R,-G)
P

_ Y _
ETO - + A+'yf(u) (es ea) (2)
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Fig. 2. Yanhu Lake area in (a) 2010, and (b) 2020; (c) interannual variations in areas of the four lakes; (d) the survey of water level and qual-

ity on October 19, 2020.

where ET is the daily open water evaporation (mm/d); R, is
the net radiation at the water surface (MJ/m®d); G is the daily
change in the heat storage of the water body; 4 is the slope of
the saturation vapor pressure and temperature curve (kPa/°C);
y is the psychrometric constant (kPa/°C); A is the latent heat of
vaporization (MJ/kg); f(u) is a wind function typically of the
form f{u)=a+bu, in which u is the wind speed measured at 2 m
above the water surface, ¢ and b are the fraction of
extraterrestrial radiation reaching the earth; e,—e, is the vapor
pressure deficit (kPa), e, is the saturation vapor pressure for a
given period (kPa), while ¢, is the actual vapor pressure (kPa).
Details on the implementation of the equation can be found in
Zhou J et al. (2015).

(2) Volume of glacier meltwater

The following empirical formula was used to estimate the
volume of glacier meltwater: Vlg,=0.042><Sgl'3565 (R*=0.9998),
where S, is the glacier area and V, is the glacier volume. The
formula was derived from the data of 253 glaciers distribute
in the surrounding area in the China Glaciers Catalogue (Shi
YF et al.,, 2003). Using remote sensing images, the changes in
glacier area and volume was estimated. The volume of glacier

meltwater is the product of glacier volume change and 0.9.
According to drilling data, the study area is covered by
permafrost that extends to a maximum depth of 2-3.5 m.
Therefore, it was acceptable to assume that glacier meltwater
flows directly into the lake, and infiltration of glacier
meltwater is negligible.

Table 1 shows the volume of glacier meltwater estimated
using the empirical formula. The glacier area was obtained
from the glacial catalog dataset of China (Liu S et al., 2019).
The average annual volume of glacier meltwater in
20102015 was considerably higher than that in 1980-2010
and indicates an acceleration of glacier retreat. The amount of
glacier melt is mainly correlated with cumulative positive
temperature (Zhang Y, 2006). Therefore, the volume of
glacier meltwater in 2015-2020 was considered as the product
between meltwater volume in 2010-2015 and a scaling factor,
which was derived from cumulative positive daily air
temperatures in 2010-2015 and 2015-2020.

(3) Actual evaporation over the land surface (£,)

Over long timescales, change in water storage in a basin
approaches zero (Patterson L et al., 2013). The average annual
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runoff (R) is the difference between average annual
precipitation (P) and average annual actual evaporation over
the land surface (£,). In addition, £, can be estimated using
the water-energy balance equation of the Budyko hypothesis
(Choudhury B, 1999; Yang HB et al., 2008). According to the
Budyko framework (Budyko M, 1974), lake water supplies
and losses can be expressed as a function of the available
water and energy; catchment properties and impacts of
climate change can be separated analytically; the Budyko
framework has been applied to different regions and basins
worldwide because of its clarity and general applicability to
hydrologic partitioning (Wang H et al., 2021).

PXET,

R=P-E,~P-—— "
(P +ET,")""

3)
where 7 is a parameter that reflects the combined influences
of various catchment properties such as soil, vegetation, and
climate conditions. A larger n value is associated with a
greater ratio of £, to precipitation (Zhang SL et al., 2015).

3.3. Attribution analysis

Assuming that P, ET,, and n are independent variables,
Eq. (3) can be rewritten as R= f (P, ET,, n). To evaluate the
sensitivity of runoff R to a climate variable x, Schaake J

(1990) defined the climate elasticity of runoff as eFM-

x/x
The elasticities of P, ET,, and n were calculated as (Lhe
reference (Xu XY et al., 2014), and derived the variation of R
(dR) as follows:

R R R

dR = ARP +ARET0 +AR,, = 8p*dP+8E7'07dETO +Sn7dn
P ET, n

4)

where ARp, AR;;,, and AR, are the runoff variations caused by
the average annual changes of P, ET|, and n between the base
and impacted periods. Assuming that the relative error
between the calculated value of ARp+AR,; AR, and the field
measured value of dR is within acceptable limits, the
contributions of P, ET,,, and n to runoff change #; can be
derived using ;7:&.
" dR

4. Results and Discussion
4.1. Variations of the lake area and river runoff

Annual lake area and river runoff depth have significantly
increased in recent decades (Figs. 3a-b). In the YHB, the lake
area has been increasing at the rate of 4.6 km? per year; in the
TRB, runoff depth has been increasing at the rate of 0.82 mm
per year. The changes in the lake area of the YHB are
comparable to those reported for the hinterland of the TP such
as Linggoo Co (Lei Y et al., 2012), but much larger than those
reported for the regions at the northeastern and southern edges
of the TP such as Qinghai Lake (Li L et al, 2011) and
Yamzhog Yumco Lake (Bian D et al., 2009). Using the
Mann-Kendall (MK) test, the breakpoint was in found on the
year of 2001 (significance level a=0.05; the critical value for
the normal distribution U,,=+1.96), which is consistent with
previous studies (Lei Y et al., 2013).

To identify changes in lake volume and river runoff, the

Table 1. Glacier area and volume changes in the YHB.

Sub-basin Glacier area/(S,: km?) Glacier volume/(V,: 108 m?) Glacier meltwater/(10% m®)
1980 2010 2015 1980 2010 2015 1980-2010 2010-2015 2015-2020
Zhuonai 2291 21.97 19.51 29.38 27.76 23.63 0.05 0.74 0.77
Kusai 39.67 37.73 36.70 61.88 57.81 55.68 0.12 0.38 0.40
Haiding Noir 0 0 0 0 0 0 0 0 0
Yanhu 7.26 7.09 6.97 6.18 5.99 5.85 0.01 0.02 0.03
The whole basin 69.84 66.79 63.18 97.45 91.56 85.16 0.18 1.15 1.19
800 200
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Fig. 3. Interannual variations of (a) lake area in the YHB, and (b) river runoff depth in the TRB.
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statistical characteristics of precipitation, E7,, and air
temperature from 1960 to 2020 were examined (Table 2). The
autocorrelation in both P and ET|, was absent. In the YHB, P
and ET, have been increasing at a rate of 23.12 mm/decade
and 8.87 mm/decade, respectively. In the TRB, P and ET
have been increasing at rates of 11.21 mm/decade and 5.77
mm/decade, respectively. At the 95% confidence level, the P
trend in the TRB is statistically significant while the E7}, trend
is not.

There was coherence between the positive trends of
meteorological parameters, the lake area, and river runoff
depth over recent decades, which indicates a remarkable
intensification of the hydrological cycles in both YHB and
TRB. For precipitation, the lake area, and river runoff,
breakpoints were in the year 2001 (Fig. 4). Therefore, we
refer to 1960-2000 as the base period and 2001-2020 as the
impacted period.

4.2. Contribution to runoff increase

Table 3 shows the P, ET,, and n elasticities of runoff
increase in the TRB. Average annual ET,, R, and P were all
larger in the impacted period (7) than in the base period (7).
However, n decreased from 1.02 in the base period to 0.91 in

the impacted period. Moreover, the aridity index (E7,/P) in
the impacted period was 82% of that in the base period, which
indicates that TRB was wetter in the impacted period than in
the base period.

In addition, R was negatively correlated with E7}, and n
but positively correlated with P (Table 3). From the
elasticities (¢), it showed that an increase of ET, by 10%
during the base period was associated with a decrease of R by
8.4%; an increase of n by 10% was associated with a decrease
of R by 21.4%; an increase of P by 10% was associated with
an increase of R by 18.4%. For the impacted period, it
suggested that an increase of ET, by 10% was associated with
a decrease of R by 6.9%; an increase of n by 10% was
associated with a decrease of R by 17.4%; an increase of P by
10% was associated with an increase of R by 16.9%. In terms
of absolute values, precipitation elasticity (¢p) was similar to n
elasticity (e,) while evapotranspiration elasticity (ez7,) was
much smaller than ¢p and ¢,,. These results indicate that runoff
depth was more sensitive to changes in precipitation and n
than to changes in potential evapotranspiration. Moreover,
absolute elasticity values from the impacted period were
slightly lower than those from the base period. These results
suggest an increase in the sensitivity of runoff depth to
changes in other factors, such as groundwater (Xu XY et al.,

Table 2. Results of Durbin-Watson (DW) tests and trend and breakpoint analyses of precipitation and potential evapotranspiration

between 1960 and 2020 in both YHB and TRB.

Study area Durbin-Watson (DW) Test Variables Annual average value ~ Changing trend Breakpoint year
- P/mm 300.72 23.12" 2001

YHB o
- ETymm 767.56 8.87 1996

IRE - P/mm 295.68 121 2001
- ETymm 863.96 5.77 1990

Note: Under Changing trend , " and " indicate statistical significance at the 99% and 95% confidence levels, respectively. Under Durbin-Watson (DW) Test, +

and — denote autocorrelation and lack of autocorrelation (a=0.05), respectively.

M-K test values

Year: 2001 &——

—e— UF(h)
—e— UB(h)

_3 T T
1960 1970 1980

1990 2000 2010 2020

Fig. 4. Results of Mann-Kendall tests of runoff depths between 1960 and 2020 in the TRB.

Table 3. Precipitation (P), potential evapotranspiration (ET,), and n elasticities of runoff (R) in the TRB for the base (T;) and
impacted (7T3) periods.
Period R/mm P/mm ETymm n R/P ET,/P Elasticity coefficient
ép EET, &n
T, 51.42 275.04 1208.02 1.02 0.19 4.39 1.84 —0.84 —2.14
7, 90.35 337.98 1218.17 0.91 0.27 3.60 1.69 —0.69 -1.74
Change 38.93 62.93 10.15 -0.11 0.08 -0.79 -0.15 0.15 0.40



http://dx.doi.org/10.31035/cg2023015

222 Fu et al. / China Geology 6 (2023) 216227

2014; Abera W et al., 2019).

The contributions of P, ET,, and n to runoff depth change
are shown in Table 4. The difference between the runoff depth
change (dR') calculated using elasticities and the actual runoff
depth change measured in the field (dR) was only 1.03 mm,
and the relative error was 2.66%. These results indicate that
the elasticity method used in this study can provide accurate
quantitative assessments of the response of runoff change to
climate change. The contribution of precipitation change to
runoff depth change was approximately 24.41 mm, which
represented 62.71% of the total runoff depth change. The
contribution of change in n was approximately 13.90 mm,
which represented 35.72% of the total runoff depth change.
The contribution of ET|, was approximately —0.42 mm, which
represented —1.09% of the total runoff depth change. These
results indicate that precipitation change was the main factor
underlying the runoff change in the TRB between 1960 and
2020, and change in n was the second largest contributor.

4.3. Contributions to lake expansion

The monthly water level and area of Yanhu Lake have

been monitored since 2015. The interannual changes in the
volume of Yanhu Lake were 1.39, 1.81, 3.15, 7.83, and 4.61
Gt for 2015-2016, 2016-2017, 2017-2018, 2018-2019 and
2019-2020, respectively (Fig. 5a). Lake expansion has
accelerated in recent years. The average annual change in the
lake area was —0.45 km’ in the base period (before 2001),
9.62 km? in the impacted period (2001-2020), and further
increased to 11.56 km? during 2015-2020 (Fig. 5b). The lake
water balance was calculated to explore the relative
contributions of different elements to lake expansion.

The contributions of precipitation, land runoff, glacier
meltwater, and groundwater to the variation of the lake water
volume in the YHB during 2015-2020 using Eq. (1) (Table 5).
Precipitation was the dominant lake water supply. It provided
84.35% of all lake water supplies in the form of direct
precipitation over the lake surface (P: 24.44%) and land
runoff as a result of precipitation (R;: 59.91%). Glacier
meltwater and groundwater provided 10.11% and 5.54% of all
lake water supplies, respectively. In the YHB, glaciers cover
63.18 km* and account for 0.73% of the catchment area.
These results are in close agreement with those reported for
Siling Co where glaciers cover 0.63% of the catchment area

Table 4. Contributions of precipitation (P), potential evapotranspiration (ET;) and n to runoff depth change in the TRB.

dRp dRer, dR, dR' dR A Contribution ratio
np NET, Tn
24.41 —0.42 13.90 37.89 38.93 —-1.03 62.71 -1.09 35.72
20 14
(b)

&) 124 11.56
ERE y
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e 3
] .2
i~ = 3
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Fig. 5.
between 1980 and 2020.

a—Interannual variations of lake volume between 2015 and 2020; b—variations in an annual change of lake area for different periods

Table 5. The water balance between 2015 and 2020 in the YHB.

_ Supplies (10% m’/a) Losses/(10® m/a) Variation (10® m%/a)

Periods P R, G GW Total E AV

2015-2016 2.03 6.11 1.02 0.54 9.70 8.32 1.39

20162017 2.46 5.36 1.35 0.48 9.66 8.11 1.54

2017-2018 2.81 6.18 1.19 0.56 10.74 7.76 2.98

2018-2019 3.57 10.13 1.30 0.96 15.95 8.12 7.83

2019-2020 3.48 7.40 1.08 0.71 12.67 8.07 4.61

2015-2020 2.87 7.04 1.19 0.65 11.75 8.08 3.67

proportion 24.44% 59.91% 10.11% 5.54% 100.00% 68.77% 31.23%

Note: The lake water supplies include precipitation over the lake water surface (P), precipitation-induced land runoff (R;), glacier meltwater (G) and
groundwater (GW); the lake water loss is the evaporation over the lake water surface (E).
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and meltwater contributed to approximately 11.7% of lake
level rise (Lei Y et al., 2013); this demonstrates the reliability
of our results and suggests that groundwater and glacial
meltwater play an influential role in lake expansion (Liu J et
al., 2023), and may further impact on the fragile ecological
environment fed by groundwater. Glaciers and permafrost are
present in the basin of Yanhu Lake but absent from that of
Qinghai Lake, which is located at the northeastern and
southern edges of the TP. Consequently, the rate of expansion
of Yanhu Lake is higher than that of Qinghai Lake.

Figure 6 shows the results of our water balance analysis
and the water supplies and losses of the four lakes in the
YHB. Assuming that Yanhu Lake is isolated from the three
upstream lakes, the net volume increase in Yanhu Lake is
0.04 Gt. Assuming that the four lakes are connected, an
inflow of 3.63 Gt from the upstream lakes into Yanhu Lake
results in a net volume increase of 3.67 Gt. These results
indicate that the large inflow from the upstream lakes was the
key factor underlying the expansion of Yanhu Lake. As a
result, some experts have suggested the necessity to enclose
the upstream lakes by raising their natural levees to keep
Yanhu Lake from overflowing. However, such large-scale
engineering activities will cause considerable damage to the
extremely fragile environment, flora, and fauna of the Hoh Xil
region. More importantly, the results suggest that the
overflow of Yanhu Lake was inevitable because the water
balance of all four lakes was positive. Therefore, to protect
areas downstream of Yanhu Lake from future flooding, it is
recommended to divert water from Yanhu Lake into the lower
Yangtze River.

4.4. Potential impacts on the ecological environment

To avoid great damage caused by the lake bank outburst,
in August 2019, the competent department implemented the
Yanhu Lake diversion project, diverting the lake water to the
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Qingshui River and eventually to the Chumar River, the
northern source of the Yangtze River. The drainage project
officially began operation at the end of August. The high
salinity lake water diverted downstream will greatly impact
the water quality of the source area of the Yangtze River and
the stability of the permafrost base of the traffic corridor.

(i) Impact on the water quality of the source area of the
Yangtze River

In October 2020, the water samples of Yanhu Lake,
Qingshui River and Chumar River were collected
respectively, in which SO1 was Yanhu Lake water, S02 and
S03 were water samples of Qingshui River before and after it
was mixed with drainage water, and S04 and S05 were water
samples of Chumaer River before and after it was mixed with
drainage water (Fig. 7). The test results are shown in Table 6.
The Yanhu Lake water is Cl-Na type with high salinity, which
results in the impact on the downstream water quality mainly
manifested in the increase of salt. Before and after drainage,
the total dissolved solids (TDS) of Qingshui River water
increased from 992 mg/L to 13432 mg/L, and that of Chumaer
River increased from 2689 mg/L to 5384 mg/L, and the
increase of TDS was mainly caused by the increase of Na®
and Cl, accounting for about 90% (Fig. 8). Inorganic
toxicological components and toxic heavy metal components
almost did not change, which were less than the detection
limit and far below the standard of drinking water quality.
However, the significantly increased salinity in the source
region of the Yangtze River can also lead to changes in the
composition and distribution of biological species.

(ii)) Impact on downstream Qinghai-Tibet Highway
(Railway)

The upper depth of permafrost in this area is 2—5 m, and
the thickness of permafrost is 2060 m. It is the main
supporting layer of the pier foundation of the Qingshuihe
Bridge of the Qinghai-Tibet Railway in this area. This area is

P,24.44%

— E, 68.77%

Supplies 1 Losses

R, 59.91%

AV, 31.23%

/
G10.1% [ Gy s 540,

Water balance during 2015—2020

i Overflow
z 2 2 N level

H

0.13 Yanhu Lake

Fig. 6. The water balance of the four lakes between 2015 and 2020 in the YHB. The pie chart shows the whole basin's average water balance

in 2015-2020.
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Chumaer River .. .

Fig. 7. The spatial distribution of the water samples.

Table 6. The ion concentrations (mg/L) of the river and lake water.

Classification S01 S02 S03 S04 S05
General chemical components pH 8.9 7.56 8.85 8.03 8.35
K* 81.56 591 82.57 11.25 27.56
Ca** 16.85 124.6 11.88 86.48 53.95
Mg?* 467.9 67.35 481.2 62.27 164.2
SOF 733.1 120.0 792.4 357.3 438.9
HCO; 535.8 485.1 549.8 165.2 262.1
CO> 215.8 0 198 0 29.97
Fe <0.010 0.27 <0.010 0.397 0.071
Mn <0.001 0.082 <0.001 0.08 0.082
Cu <0.010 <0.010 <0.010 <0.010 <0.010
Zn <0.002 0.01 <0.002 <0.002 <0.002
AP* <0.02 0.03 <0.02 <0.02 <0.02
NH," <0.04 0.08 <0.04 <0.04 <0.04
H,Si04 <1.00 36.54 1.23 2.49 3.08
HBO, 55.36 1.82 58.2 2.54 15.82
Inorganic toxicological components NOs;~ 1.73 0.72 1.52 1.82 1.45
NO,~ <0.002 <0.002 <0.002 <0.002 <0.002
F 0.41 0.82 0.31 0.3 0.36
I <0.02 <0.02 <0.02 <0.02 <0.02
Toxic heavy metal components As 0.014 0.004 0.013 0.002 0.003
Pb <0.001 <0.001 <0.001 0.002 <0.001
(o <0.004 <0.004 <0.004 0.004 <0.004
Cd <0.0005 <0.0005 <0.0005 <0.0005 <0.0005
Hg <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

located at the edge of a high-temperature unstable permafrost
region, the annual average ground temperature of permafrost
is close to —0.5°C (Cheng GD et at al. 2019), and it is afraid
of heat, water and salt, which is easily to disturbed to produce
uneven thermal melt erosion damage. Friction piles of 18-30

m in length is used for the bridge pier foundation and placed
in the frozen soil layer. The Yanhu Lake water shows high
salinity and strong corrosion. Under the action of lake water
erosion and thermal melt erosion for a long time, it will cause
the channel cut down, accelerate the uneven melting of
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Fig. 8. Significant changed components of the water in Qingshui River and Chumaer River before and after diversion.

permafrost, and produce negative friction resistance and
corrosion effect on the pier foundation, which may lead to the
uneven settlement of pier, tilt, concrete erosion and other
diseases. Therefore, the diverted water may affect the normal
operation of Qingshuihe Bridge on the Qinghai-Tibet
Railway.

There is a culvert on the Qinghai-Tibet Highway with a
cross-section of 10.89x2.10 m? (Fig. 9). If the water
discharged from Yanhu Lake exceeds the water crossing
capacity of the culvert by 17-20 m?/s, the highway will be
flooded and even the subgrade will be destroyed. However,
the drainage flow in October and November, 2019 was 23.5
m®/s and 30.1 m?/s respectively, both exceeding the water
crossing capacity of the culvert. Therefore, if no measures are
taken, the Qinghai-Tibet Highway will be paralyzed. To
ensure the normal operation of the Qinghai-Tibet Highway,
Authorities had already built a new bridge over the Qinghai-
Tibet Highway to replace the small culvert before the
diversion operation.

5. Conclusions

The key findings of this study are:

(1) Using the Budyko framework, the contributions of
changes in precipitation, potential evapotranspiration, and
underlying catchment properties to runoff change were
quantified in both YHB and TRB. The hydrological cycles in
the study area have intensified under climate change;
precipitation, the lake area, and river runoff have increased.
The main replenishment source of lake expansion was
precipitation, followed by glacier meltwater and groundwater.

(i1) The overflow of Yanhu Lake was inevitable because
the water balance of all four lakes was positive and the four
lakes were connected. To protect areas downstream of Yanhu
Lake from future flooding, it was recommended diverting
water from Yanhu Lake into the lower Yangtze River rather
than enclosing the upstream lakes by raising their natural
levees considering the positive water balance and the need to

protect the fragile local environment.

(iii) The Yanhu Lake water is Cl-Na type with a salinity of
13.4 g/L. After the lake water is diverted to the Yangtze
River, the salinity of the water in the downstream Qingshui
River and Chumaer River will be significantly increased, but
the inorganic toxicological and heavy metal components were
almost unchanged. In addition, it will affect the stability of the
permafrost subgrade of the Qingshui River Bridge of the
Qinghai-Tibet Railway, and the water capacity of the original
Qinghai-Tibet Highway culver cannot meet the drainage
requirements. A new Qingshui River highway bridge with
greater water crossing capacity is needed.
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Yanhu Lake
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Fig. 9. Changes of the Qingshui River bridge before and after Yanhu Lake water diverting. a—The old bridge is quite narrow and has limited
water crossing capacity; b—after the demolition of the old bridge, the modern Qingshui River Bridge was built to ensure the safety of the Qing-

hai-Tibet highway through which the Yanhu Lake water is diverted.
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