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Abstract: The Ugii Nuur Lake is not only one of the small hydrologically closed lakes located in the
Orkhon River Basin in Central Mongolia but also the most vulnerable area for global climate change.
Therefore, this study aims to investigate the impacts of recent global climate change on the water
surface area. The data we analyzed were various measured hydro-meteorological variables of the
lake basin and the lake surface area, which was estimated from Landsat series satellite data from
1986 to 2018. The methods we used were Mann-Kendall (MK), Innovative trend analysis method
(ITAM), Sen’s slope estimator test, correlation, and regression analysis. The variation of lake water
surface area has a strong positive correlation with the change of the lake water level (r = 0.95).
The Mann-Kendall trend analysis has indicated that under a significant decrease in total annual
precipitation (Z = −0.902) and inflow river discharge (Z = −5.392) and a considerable increase in
total annual evaporation (Z = 4.385) and annual average air temperature (Z = 4.595), the surface area
of the Ugii Nuur Lake has decreased sharply (Z = −6.021). The total annual evaporation (r = −0.64)
and inflow river discharge (r = 0.67) were the essential hydro-meteorological factors affecting the
surface area of the Ugii Nuur Lake. The lake surface area decreased by 13.5% in 2018 compared with
1986. In the near future, it is vital to conduct scientific studies considering the volume of lake water,
groundwater, and the anthropogenic impact.
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1. Introduction

Global climate change has apparent impacts on the environmental and hydrological systems [1].
It is possible to determine the impacts by temporal variability in the surface water resources at the
center of the mainland [2] especially over the semi-arid steppe, Gobi, and desert region of Central
Asia [3]. Thus, it has become an interesting issue to study the change of water resources in those regions
since there is low total annual precipitation and few surface water distributions [4,5]. Those regions
include Mongolia, where the annual average air temperature has increased by 2.2 ◦C since the 1940s,
which is three times over-heated than global warming speed. The territory of Mongolia is characterized
as semi-arid to arid. Total annual precipitation is 300–400 mm in the Northern mountainous regions of
Mongolia; 150–250 mm in the steppe; 100–150 mm in the steppe desert; and 50–100 mm in the Gobi
Desert. About 80% to 90% of total annual precipitation falls in the warm season, which is from April to
September [6]. Thus, the Gobi, desert, and steppe regions of Mongolia are considered vulnerable for
global climate change [7,8]. Monitoring surface water ecosystems in this region may be necessary for
detecting the effects of global climate change. One of these regions is the Ugii Nuur Lake basin, which is
a representative location for the dry steppe region of Mongolia and the natural ecosystem influenced
by desertification and dryness (Figure 1) [9–11]. The Ugii Nuur Lake has been registered under the
Ramsar Convention for the Protection of Wetlands of International Importance since 1998; also, it is a
famous tourist destination in Mongolia. Meanwhile, the Ugii Nuur Lake basin is an ideal location to
study Holocene climate evolution in the continental area of the steppe region in Mongolia [12,13].

Figure 1. The Ugii Nuur Lake, northwest-facing view of the landscape in 2018. Photo by Uuganbat Tumur.

Scientists have implemented several local surveys in the fields of soil, vegetation, and ecology
surrounding the Ugii Nuur Lake [14], and have also studied lake morphometric parameters [11,14],
geological parameters such as the age of lake sediments, paleoclimate, environmental change,
and climate evolution, etc. [9,10,12,13,15,16]. The Ugii Nuur Lake Basin belongs to the steppe region of
Mongolia with brown steppe soil as a dominant soil type. As for vegetation cover, Stipa, Bidle grass
(Cleistogenes), and Agropyron types of grass are the dominant types in the lake basin area [12,14,15].
Jimee [11] considered that the lake formed as a result of the channel meandering processes of the
Orkhon river. He also estimated that the surface area of the lake was 5020 km2. The main inflow of the
lake is the Khogshin Orkhon river. The water regime of the lake was influenced by the flow regulating
the capacity of the Orkhon river. Approximately 50% of the lake water surface area has a depth of
lower than 3 m [11]. Several studies focused on lake sediments. Pagma et al. [17] determined the
interrelation between lake physics and the surrounding climate by taking samples from the borehole
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drilled with a depth of 0.38 m at the Ugii Nuur Lake bottom. The analysis of the radio-carbon test,
which is used for determination of sediment age, shows that the age of the Ugii Nuur Lake would be
2880 ± 50 years at a depth of 1.6–2.0 m [17].

The average elevation above sea level of the lake is not only a vital point of water level measurement
but also a tracer of water balance and water surface area of the lake. Different studies present several
elevation values of the mean water level of the lake in different periods. The reasons can be concluded
as the differences in the methods used, time determined, and climate condition. According to Jimee [11],
the elevation of the lake water level was around 1332 m and 1337 m above sea level in 1971 and 2000,
respectively. Walther, Gegeensuvd [10], Schwanghart, Schütt [13], and Wang et al. [16] stated that
elevations of the lake water levels were 1332 m, 1328 m, and 1332 m, respectively. Studies done by
the Information and Research Institute of Meteorology, Hydrology, and Environment of Mongolia
showed that the mean water level of the lake corresponds to the elevation above sea level was 1335 m
in 2018 [18].

The Ugii Nuur Lake is relatively shallow compared to other lakes in Mongolia, and the Khogshin
Orkhon river is the unique surface inflow into the lake. There are few studies related to groundwater
and flow, so it has no highlights on the lake water supply [19,20]. Satellite images are widely used to
investigate water surface area changes [21]. Furthermore, the simple and effective way to study the
lake water supply and the regime is to estimate the components of water balance and then compare
them with the water surface area of the lake [22,23]. The use of non-parametric Mann-Kendall (MK)
testing, correlation, and regression analysis is also suitable for the expression of long-term changes in
hydro-meteorological variables [8,24,25]. Thus, this study aims to determine the changes in the water
surface area of the Ugii Nuur Lake due to recent global climate change based on the water balance
components with data obtained from satellite and hydro-weather stations.

2. Materials and Methods

2.1. Study Area

The Ugii Nuur Lake (47◦46’ N, 102◦44’ E) is located in the Orkhon river basin. The total area of
the Orkhon river basin is 132,835 km2, 38.2% of which belongs to the Arkhangai province of Central
Mongolia. The lake exists in the Arkhangai province, which is about 350 km to the west of the capital
city Ulaanbaatar (Figure 2) [10,12,16]. The lake has fresh water with mineralization of 0.499 g·l−1,
which is one of the biggest steppe lakes in Mongolia. The main surface inflow is the Khogshin Orkhon
river, which is one of the tributaries of the Orkhon river. The lake has a width of 7.9 km from west to
east and 5.3 km from north to south, and the shoreline length is 24.7 km. The surface area of the lake
varies between 25.3 to 25.7 km2 with a mean depth of 6.6 m, and the corresponding mean volume is
0.17 km3 [11]. The maximum depth of the lake is observed in the center of the lake, with a value of
15.3 m. The basin area of the lake is 5020 km2 [11].

Figure 2. The geographical location of the Ugii Nuur Lake.
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2.2. Data Sources

The long-term climate change survey covers data for longer than 30 years, which is recommended
by the World Meteorological Organization (WMO). Various types of observations and satellite data
from 1986 to 2018 were collected and statistically analyzed. The climate and hydrological data of the
Ugii Nuur Lake basin in central Mongolia during 1986 to 2018 were supplied by the Archive and
Database center at the National Agency of Meteorology and Environment of Mongolia [26]. The daily
and monthly air temperature, wind speed, and precipitation data measured at the Ugii Nuur Weather
Station were used for estimating climate factors impacts on lake surface area. Daily river discharge
data, measured at the Khogshin Orkhon river station as one of the income components of water balance,
has been summarized into total monthly and annual amounts (mm). Then, variations in components
of water balance were statistically analyzed and compared with the lake surface area. Water level data
of the Ugii Nuur Lake applied for validating the lake surface area was estimated from satellite data.
The water surface area of the Ugii Nuur Lake in all Augusts between 1986 and 2012 was calculated
by using Normalized Difference Water Index (NDWI) products from Landsat 4 and 5 TM satellite,
while data between 2013 and 2018 were obtained by the NDWI products of Landsat 8 OLI satellite [27].
NDWI is an approach to determine water bodies using remotely sensed digital data based on reflected
near-infrared radiation and visible green light [28,29].

2.3. Methods

The lake water surface images were obtained and calculated by different multi-spectral bands of
Landsat satellites. The lake area was calculated by using NDWI in the downloaded images. Analysis
of long-term trends in both the observed and adjusted data was done by using the Mann-Kendall
test, with linear changes in the data represented by Kendall-Theil Robust Lines. The non-parametric
Mann-Kendall (MK) test has been applied in studies to detect the trends in hydro-meteorological
observations that do not need the normal distribution of data points. This study used the MK test
method to detect the trends in climate and components of water balance time-series data. For evaluating
the reliability of MK, the results were compared with the Innovative trend analysis method (ITAM) and
Sen’s slope estimator test. Besides, time-series data for annual average air temperature, total annual
precipitation, total annual river discharge, total annual evaporation, and water surface area were
investigated by statistical analysis. Significance levels at 10%, 5%, and 1% were taken to assess the
time-series data for climate and river discharge by MK, ITAM, and Sen’s slope estimator method.

2.3.1. Lake Surface Area Calculation

The lake water surface mapping with multi-spectral remote-sensing images is based on the
difference of the absorption and reflection of light between the water and other features in different
frequency bands. As reflections from the water of the visible to infrared bands are gradually weakened,
the surface water on an image can be delineated with the NDWI indices by the contrast of the visible
wavelength with the near-infrared and short-wave infrared wavelengths [30,31].

NDWI =
PGreen− PNIR
PGreen + PNIR

(1)

where PGreen is the green band, PNIR is the near-infrared band of Landsat 4–5 TM and Landsat 8
OLI satellites. Using NDWI, lake surface water was mapped on the 33 images taken at different times
by extraction using the Band math tool of ENVI 5.5.3 and ArcGIS. For validating lake water surface
area calculated by satellite image, the measured lake water level has been correlated with lake water
surface area obtained by NDWI.
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2.3.2. Mann-Kendall (MK) Analytical Method

The Mann-Kendal (MK) is a non-parametric statistical test used to detect the trends of hydroclimatic
variables. The MK test also shows whether the trend is increasing or decreasing. The strength of the
trend depends on the magnitude, sample size, and variations of data series. The trends in the MK test
are not significantly affected by the outliers that occurred in the data series since the MK test statistically
depends on positive or negative signs. The Mann-Kendall test statistics “S” is then equated as [32]:

S =
n−1∑
i=1

n∑
j=i+1

sgn
(
xj − xi

)
(2)

The trend test is applied to xi data values (i = 1, 2, . . .n− 1) and xj (j = i + 1, 2, . . .n). The data
value of each xi is used as a reference point to compare with the data value of xj which is given as:

sgn
(
xj − xi

)
=


+1 if

(
xj − xi

)
> 0

0 if
(
xj − xi

)
= 0

−1 if
(
xj − xi

)
< 0

(3)

where xj and xi are the values in period j and i. When the number of data series is greater than or equal
to ten (n ≥ 10), the MK test is then characterized by a normal distribution with the mean E(S) = 0 and
variance Var(S) is equated as:

E(S) = 0 (4)

Var(S) =
n(n− 1)(2n + 5) −

∑m
k=1 tk(tk − 1)(2tk + 5)

18
(5)

where m is the number of the tied groups in the time series, and tk is the number of ties in the kth tied
group. The test statistics Z is as follows [33]:

Z =


s−1
δ if S > 0

0, if S = 0
s+1
δ if S < 0

(6)

When Z is greater than zero, it indicates an increasing trend, and when Z is less than zero, it is a
decreasing trend.

In time sequence, the statistics are defined independently:

UFk =
dk − E(dk)√

var(dk)
(k = 1, 2, . . . , n) (7)

Firstly, given the confidence levelα, if the UFk > UFα/2, the sequence has a significant trend. Then,
the time sequence is arranged in reverse order. According to the equation calculation, while making

UBk = −UFk (8)

K = n + 1− k (9)

Finally, UBk and UFk were drawn as UB and UF curves. Where UFk = 0 and UFk is a standard
normal distribution. There is an upward trend when it is 0, while there is a downward trend when it is
less than 0. If a significant level α is given, according to the normal distribution table we get the critical
value t0 and, if UFk > t0, this indicates that there is an obvious change trend in the sequence. If the
result is multiplied by −1, then we get the reverse sequence’s statistic UFk, where UBk = 0. If there is an
intersection between the two curves, the intersection is the beginning of the mutation [34]. When the
two curves UFk, and UFk intersect and the intersection point is between the confidence lines, then the
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intersection point is the abrupt point. According to the test, if between the confidence lines that were
defined from the processing of the data the value “zero” is included, then these values present mean
values that are statistically equal. Thus, confidence lines are significant levels [35].

2.3.3. Innovative Trend Analysis Method (ITAM)

ITAM has been used in many studies to detect the hydro-meteorological observations, and its
accuracy was compared with the results of MK method. The trend indicator is given as:

ϕ =
1
n

n∑
i=1

10
(
xj − xi

)
µ

(10)

where ϕ- is the trend indicator, n-is the number of observations in the subseries, xi-is the data series in
the first half subseries class, xj-is the data series in the second half subseries class, and µ-is the mean of
data series in the first half subseries class [36].

2.3.4. Sen’s Slope Estimator Test

Sen’s slope estimator can be used to discover trends in a univariate time series of
hydro-meteorological variables such as runoff series, etc. The slope Qi between two data points
is given by the equation:

Qi =
xj − xk

j− k
, for i = 1, 2, . . .N (11)

where xj and xk are data points at times j and (j > k), respectively. When there is an only single datum

in each time, then N =
n(n−1)

2 ; n is a number of time periods. However, if the number of data in each

year is more than 1, then N <
n(n−1)

2 ; n is the number of total observations. The N values of slope
estimator are arranged from smallest to biggest. Then, the median of slope (β) is computed as:

β =

{
Q[(N + 1)/2] when N is odd

Q[(N/2) + Q(N + 2)/(2)/(2)] when N is even
(12)

The sign of β shows whether the trend is increasing or decreasing [37].

2.3.5. Analysis and Estimation of Climate and Hydrological Variables Influencing the Water Surface
Area of the Lake

To achieve the aim of this study, various types of climate and hydrological measurement data
were taken for statistical calculations, for example, hydro-meteorological variables were statistically
analyzed with the change of lake surface area by correlation and regression analysis. Since the temporal
change of water balance of the lake is directly related to the change of lake surface area [38], one of the
components of water balance or evaporation has been estimated for this analysis.

The primary method for estimating the water balance of the lake is based on the difference between
income and outcome water flow of the lake [23,38,39].

dV
dt

= P− E + Q−Q′ (13)

where dV is the change of lake volume within a given time of period (dt), P is the precipitation amount,
E is the evaporation from open surface water of a lake, Q is the surface inflow to the lake, Q′ is the
surface outflow from the lake. Notably, the Ugii Nuur Lake does not have an outflowing river.

The supply from groundwater and ground flow is an essential component of the water balance
of the lake. However, hydro-geological studies on the Ugii Nuur Lakes are barely carried out.
For detecting the relationship between recent global climate change and variations in the lake water
surface area, it should consider the precipitation and river discharge as income of the water balance
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equation and the evaporation as the outcome. Since both the precipitation and river inflow were
measured around the hydro-weather station, we can estimate the evaporation from the lake surface.

Dalton [40] proposed the physical law for estimating evaporation based on the relation among
average daily humidity, air temperature, and wind speed. The equation was updated several times,
and the widely used equation was proposed by Penman [41,42]. Gombo [30] divided major Mongolian
lakes into three groups with an elevation above mean sea level. Based on the equations mentioned
above, the researcher proposed empiric equations for evaporation from the lake surface for each lake
groups. Since the Ugii Nuur Lake has an elevation of 1335 m above the mean sea level, it is suggested
to calculate its evaporation by the following equation [43]:

E = 0.32(1 + 0.38v2)(e0 − e2) (14)

where E is the evaporation (mm), v2 is the wind speed at 2.0 m above the ground surface (m·s−1), e0 is
the water vapor pressure computed by water surface temperature (hPa),and e2 is the water vapor
pressure at 2.0 m above the ground surface (hPa).

Magnus [44] created the first version for estimating saturated vapor pressure by the empiric
method. Several scientists developed the Magnus formula. The equation by Matveev [45] was used for
this research (Equation (14)).

e = 6.108·10(at)·(b+t)−1
(15)

where if t < 0◦C, then a = 9.5, b = 265.5; if t > 0 ◦C, then a = 7.63, b = 241.9, and t is temperature.
It lacks long-term measurement of lake surface temperature in Mongolia. Thus, to calculate the

saturated vapor pressure at the surface, lake mix-layer temperature and lake ice temperature have been
taken from the Fifth Generation of European Centre for Medium-Range Weather Forecasts (ECMWF)
atmospheric reanalysis of the global climate (ERA5) [46] for estimating evaporation from the water
surface area of the Ugii Nuur Lake.

The measured height of wind is 10 m above ground at each meteorological observation site [47].
The version of the empirical equation suggested by the WMO based on the law by Hellman [48] was
used for estimating wind speed at 2 m above the ground surface (Equation (15)) [49].

vh = v10[0.233 + 0.656lg(h + 4.75)] (16)

where vh is the estimated wind speed at a given h level and v10 is the measured wind speed at
10 m level.

3. Results and Discussion

3.1. Changes in Lake Water Surface Area

The water surface area of the Ugii Nuur Lake was estimated by using ArcGIS software with
Landsat satellite data. Then, data were analyzed in the time series. Table 1 shows the water surface
area of the lake in each August between 1986 and 2018.

Figure 3 illustrates the inter-annual variation of the water surface area of the Ugii Nuur Lake.
The area of the lake decreased if we compared the water surface area in 1986 and 2018. However,
among these years, water surface areas of the Ugii Nuur Lake have been showing several increases
and decreases. For instance, the water surface area of the lake decreased from 1986 to the 1990s, but it
gradually increased until the 2000s. The area of the lake was rapidly decreasing until 2011, and then it
grew until 2018.
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Table 1. Water surface area of the Ugii Nuur Lake, km2.

Years 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996
Lake area 26.04 25.96 25.84 24.45 25.98 26.74 25.74 26.43 26.48 26.78 25.88

Years 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
Lake area 25.91 26.17 25.89 27.11 25.69 24.81 24.95 25.30 25.43 24.80 24.35

Years 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Lake area 23.68 22.79 22.24 21.80 22.16 22.52 23.37 23.13 24.19 24.38 24.60

Figure 3. Variation trend of the water surface area of the Ugii Nuur Lake.

Figure 4 shows the water surface area of the lake and its spatial change in August 1986 and 2018
by satellite image. According to the changes in the lake surface area, the largest lake area was observed
in 2000 with an area of 27.11 km2, while the smallest area was 21.80 km2 in 2011. The average water
surface area of the Ugii Nuur Lake is about 24.90 km2. In 1986, the lake area was 26.04 km2 and then it
decreased to 24.40 km2 in 2018. Long-term observations of the water surface area of the lake revealed
that the lake area has decreased by 13.5% within the last 33 years (Figure 5).

Figure 4. Spatiotemporal changes in the water surface area of the Ugii Nuur Lake from 1986 to 2018.

For showing a decline in time series of the water surface areas of the Ugii Nuur Lake calculated
by the NDWI index from Landsat satellite, the imagery of the lake for every four years from 1986 to
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2018 is shown in Figure 5. The shape and surface area of the lake have considerably changed over the
last 30 years.

Figure 5. The Ugii Nuur Lake in different selected years.

The water resources and morphometric parameters of the lake were obtained by satellite remote
sensing data [50]. The water level data measured at the Ugii Nuur Lake from 2002 to 2018 were
compared with the water surface area of the lake obtained from remote sensing data (Figure 6).

Figure 6. Linear regression for a relationship between water level and surface area of the Ugii Nuur Lake.
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Figure 6 shows that the variation of lake water surface area has a strong positive correlation with
the change of lake water level (r = 0.95). A strong relationship between those lake morphometric
parameters matches with the study results of Shang [51] and Fang [52]. Thus, data for the water surface
area of the lake estimated by the NDWI products from Landsat satellite can be used for further studies.

3.2. Trend Analysis

The trend analysis was carried out by using MK, ITAM, and Sen’s estimator Test methods with the
data series of climate and hydrological measurements at the Ugii Nuur Lake Basin from 1986 to 2018.

3.2.1. Air Temperature Analysis

The annual average air temperature for the Ugii Nuur weather station was 1.2 ◦C between 1986
and 2018. It was a maximum of 3.3 ◦C in 2017 and a minimum of −1.2 ◦C in 1986. Analysis of annual
average air temperature (change of parameter) by the MK trend method shows a sharp increase at the
Ugii Nuur Weather Station. Such a sharp statistical increase started in 1986 and has been observed
in 2008 and 2018 (Z = 4.595). The rise in annual average air temperature was also confirmed by the
results provided by Innovative Trend (ϕ = 16.076) and Sen’s Slope Estimator Test (β = 0.065) methods
(Figure 7).

Figure 7. The trend of annual average air temperature at the Ugii Nuur Lake site (where UF and UB
are parameters of the change, UB = −UF).

3.2.2. Precipitation Analysis

The total annual precipitation at the Ugii Nuur weather station was 256.6 mm as the average
between 1986 and 2018. It was a maximum of 380.5 mm in 1994 and a minimum of 170.8 mm in
2002. Analysis of total annual precipitation series shows a slight decline from 1994 to 2010s. Then,
the annual precipitation exhibited an increasing trend from 2010 to 2018. A significantly statistical
decline was observed in 2010 (Z =−0.902) at the Ugii Nuur Weather Station based on the Mann-Kendall
analysis approach. The change of trends was consistent with the other two methods, Innovative Trend
(ϕ = −0.542) and Sen’s Slope Estimator Test (β = −0.888) (Figure 8).

Figure 8. The trend of total annual precipitation at the Ugii Nuur Lake site (where UF and UB are
parameters of the change, UB = −UF).
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3.2.3. River Discharge Analysis

The total annual inflow river discharge at the Khogshin Orkhon river gauge station was 36.2 mm
as the average between 1986 and 2018. It was a maximum of 147.3 mm in 1994 and a minimum of 0.6
in 2010. Analysis of the total annual discharge series of the Khogshin Orkhon River shows a reversely
rapid decrease of river discharge from 1988 to 2018. A statistically rapid drop in river discharge was
observed from 2005 to 2018 (Z = −5.392) based on the Mann-Kendall analysis approach. The change
of trends also was consistent with the other two methods by Innovative Trend (ϕ = −6.511) and Sen’s
Slope Estimator Test (β = −0.015) (Figure 9).

Figure 9. The trend of the total annual discharge of the Khogshin Orkhon River, which is an inflow of
the Ugii Nuur Lake (where UF and UB are parameters of the change, UB = −UF).

3.2.4. Evaporation Analysis

The total annual evaporation from the Ugii Nuur Lake was 110.5 mm as the average between
1986 and 2018. It was a maximum of 222.2 mm in 2017 and a minimum of 50.8 mm in 1990. Analysis
of total annual evaporation (parameter change) by the Mann-Kendall trend method shows a sharp
increase at the Ugii Nuur Lake. A statistically sharp increase started in the 1990s and has also been
observed from 2013 to 2018 (Z = 4.385). This increase in total annual evaporation also was confirmed
by the results provided by Innovative Trend (ϕ = 4.328) and Sen’s Slope Estimator Test (β = 2.256)
methods (Figure 10).

Figure 10. The trend of total annual evaporation at the Ugii Nuur Lake (where UF and UB are
parameters of the change, UB = −UF).

3.2.5. Analysis of the Water Surface Area of the Lake

The water surface area has a decreasing trend (Z = −6.021) from 1986 to 2018 by the Mann-Kendall
trend method. During the period from 1986 to 2000, the lake water surface area showed a gradually
increasing trend. From 2000 to 2018, the water surface area of the lake had a statistically sharp decreasing
trend according to the Mann-Kendall trend analysis. The above results on the lake water surface area
by the Mann-Kendall method were the same as the outputs by Innovative Trend (ϕ = −0.896) and
Sen’s Slope Estimator Test (β = −0.102) (Figure 11).
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Figure 11. The trend of the annual mean lake area of the Ugii Nuur Lake (where UF and UB are
parameters of the change, UB = −UF).

MK, ITAM, and Sen’s Slope Estimator approaches have been used for trend analysis of several
parameters, such as long-term average annual air temperature, total annual precipitation, total annual
inflow river discharge, total annual evaporation at the Ugii Nuur Lake Basin, and the water surface
area of the Ugii Nuur Lake (Table 2).

Table 2. Comparison of results by Mann-Kendal (MK), Innovative Trend (ITAM), and Sen’s Slope
Estimator Test.

No Parameters Mann-Kendall
Trend Analysis

Innovative
Trend Analysis

Sen’s
SlopeEstimator
Test Approach

1 Trend of annual average air
temperature 4.595 *** 16.076 *** 0.065

2 Trend of total annual precipitation −0.902 −0.542 −0.888
3 Trend of total annual river discharge −5.392 *** −6.511 *** −0.015
4 Trend of total annual evaporation 4.385 *** 4.328 *** 2.256 **
5 Trend of water surface area −6.021 *** −0.896 −0.102

* 0.1 trend with low variation; ** 0.05 trend with relative changes; *** 0.01 trend with high variation.

Table 2 presents the annual trend analysis of hydro-meteorological variables and the water surface
area of the lake in the station by the MK test, ITAM, Sen’s slope estimator test. Hence, the increase and
decrease in innovative trend analysis ϕ test value predicted that the magnitude becomes strong.

3.3. Impact of Cimate Parameters and Water Balance Components on the Water Surface Area of the Ugii
Nuur Lake

According to the results of Mann-Kendall, Innovative Trend, and Estimator test methods for
time series of climate and hydrological variables shown in Section 3.2, a decrease was observed in
water surface area of the lake with the satellite data, showing a negative correlation with a sharp
increase in annual average air temperature and total annual evaporation, while a positive correlation
with a decrease in total annual river discharge and total annual precipitation was also observed.
According to the results of MK, ITAM, and Sen’s Estimator test methods for the time series of climate
and hydrological variables shown in Section 3.2, a decrease was observed in the water surface area
of the lake estimated from the satellite data. Moreover, annual average air temperature and total
annual evaporation showed a sharp increase, while total annual river discharge and total annual
precipitation showed a decrease. The results were consistent with the studies conducted by Chebud
and Melesse [53].

Statistical analysis has been done between different components of the lake water balance and
climatic factors [54] by using hydro-meteorological data measured at the Ugii Nuur Lake Basin and
water surface area of the lake obtained from Landsat satellite from 1986 to 2018. Figure 12 illustrated
the results in the analysis mentioned above.
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Figure 12. Linear regression for a relationship between the water surface area of the lake and variables
such as (a) air temperature, (b) precipitation, (c) river flow, and (d) evaporation.

The scatter chart in Figure 12 showed that the water surface area of the Ugii Nuur Lake had a
reverse correlation with annual average air temperature and total annual evaporation. In contrast, it had
a direct correlation with the total annual river discharge or inflow and total annual precipitation [22,52].
The correlation coefficients between the annual average air temperature and lake surface area were
−0.26. In other words, the increase of annual average air temperature led to an increase of total annual
evaporation, and this caused a decrease in the water surface area of the lake. Thus, the effect of the
regime of annual average air temperature on the lake surface was weak (Figure 12a).

The surface area of the lake is directly dependent on the volume of the lake [51]. Therefore,
it is necessary to investigate the relationship between lake surface area and components of the water
balance, such as total annual precipitation, river discharge, and evaporation. The correlation coefficient
between the total annual precipitation and lake surface area was 0.08 (Figure 12b). If the precipitation
amount increases, the lake surface area will expand. However, total annual precipitation has decreased
by 7.1% for the 33 years of the period from 1986 to 2018. The decrease rate in precipitation was about
two times less than the decrease in the lake surface area mentioned in Section 3.1. In other words,
small decreases in total annual precipitation led to a weak correlation with the lake surface area.
The weak relationship was confirmed by the result of a slight decrease (Z = −0.902) calculated using the
MK analysis in Section 3.2.2. The correlation coefficient between total annual river discharge and the
lake water surface area was 0.67, which indicates that it had a positive and moderate effect on the water
surface area of the lake (Figure 12c). A decrease in the total annual inflow river discharge brought a
decline in the lake water surface area. It was confirmed by the result of a statistically significant decrease
(Z = −5.392) calculated by the MK analysis in 3.2.3. The correlation coefficient between total annual
evaporation and lake water surface area was −0.64 or a negative and moderate (Figure 12d). That is
to say, if the total annual evaporation rate grows, the lake surface area will decrease. The moderate
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relationship was confirmed by the result of a statistically sharp increase (Z = 4.385) calculated by the
MK analysis in Section 3.2.4.

From the above results, the average annual air temperature and the total annual precipitation
were not strongly related to the surface area of the lake. However, the total annual river flow and the
total annual evaporation had a strong relationship with the surface area of the lake. In other words,
the total annual evaporation and inflow river discharge were the essential hydro-meteorological factors
affecting the surface area of the Ugii Nuur Lake. Therefore, the multiple regression equation of the
lake surface area depending on the total annual evaporation and the total annual river discharge was
obtained (Equation (17)).

A = 25.82396 + 0.025622 Q− 0.01679 E (17)

where, A is the lake water surface area (km2), Q is total annual river discharge (mm), and is total
annual evaporation (mm).

Determination coefficient and statistical significance in equation 17 was r2 = 0.64 and p < 0.0001,
respectively. It means that 64% of the variations in the water surface area of the Ugii Nuur Lake
related to the variability of the total annual evaporation and the total annual river discharge by the
equation. The remaining 36% can be explained by other factors that were not chosen for the regression
model. The surface area of the lake was found using Equation (17) and then compared with the values
calculated from the satellite imagery (Figure 13).

Figure 13. A relationship between lake surface areas estimated from satellite and multiple
regression equation.

The correlation coefficient between satellite and model values of the lake water surface area was
r = 0.80 (p < 0.0001), and they had a positive and strong relationship with each other. It validated the
results of Figure 12.

The results of several studies showed that recent global climate change influenced the surface
area of the lake [21,55–59]. It indicated that a decrease in the total annual inflow river discharge and
an increase in total annual evaporation were crucial hydro-meteorological factors on the reduction of
the water surface area of the Ugii Nuur Lake. The study was a baseline study of lakes in Mongolia’s
steppe region as a benchmark for determining how much of the lake area is affected by recent global
climate change. It was consistent with the results of Tao et al.’s [8] study on Mongolian plateau lakes.
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The Ugii Nuur Lake surface area has sharply decreased since 1995 (Figure 11) [25,60]. It may
be related to the impact of groundwater and also the socio-economic activities, including fishing,
agriculture, and tourism in the lake basin.

4. Conclusions

In this study, Landsat satellite NDWI multi-channel data were used to calculate the values of the
Ugii Nuur Lake surface area from 1986 to 2018. The satellite data was validated by the measurement of
the lake water level (r = 0.95). The lake surface area has decreased by 13.5% for the period from 1986
to 2018.

Non-parametric trend analysis in hydro-climatic variables was used to determine the reasons
for changes in the lake water surface area. The Mann-Kendall trend analysis has indicated a slight
decrease in total annual precipitation (Z = −0.902) and inflow river discharge (Z = −5.392), respectively.
In contrast, a statistically significant increase was seen in a trend in total annual evaporation (Z = 4.385)
and annual average air temperature (Z = 4.595). The total impact of the changes in the above variables
has led to a dramatic change in the water surface area of the Ugii Nuur Lake. All the results were
confirmed by ITAM and the Sen’s Slope Estimator Test Approach. All results were confirmed by ITAM
and the Sen’s Slope Estimator Test Approach.

Correlation and regression analysis of several hydro-meteorological variables representing global
climate change were related to the lake surface area. The analysis showed that the most critical factors
affecting the water surface area of the Ugii Nuur Lake were the total annual evaporation (r = −0.64)
and the total annual inflow river discharge (r = 0.67).

In the near future, it is vital to conduct scientific studies considering the volume of lake water,
groundwater, and the anthropogenic impact.
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