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Abstract: The Badain Jaran Desert (BJD) is characterized by the coexistence of over 110 perennial
lakes and thousands of megadunes in its southeast part. Unlike the cold island effect, we found a
special phenomenon of the warm island effect in the lake group region of the BJD. However, the
concept and formation mechanism remains unclear. In this study, based on observations of land
surface processes in the area, we first used the daily mean temperature from 23 automated
meteorological stations from 2010 to 2017 to calculate the mean daily temperature (T) 20 °C, T>10
°C accumulated temperature and negative accumulated temperature. Furthermore, using the net
radiation from two eddy covariance measurement systems, characteristics of the net radiation
between the lake and megadunes were analyzed. When comparing observed data in the lake group
region to surrounding areas, accumulated temperature from all three meteorological stations in the
lake group region were higher; the duration days of T > 0 °C and T > 10 °C were longer, whereas
duration days of negative accumulated temperature were shorter. In addition, the initial dates for T
>0°Cand T =10 °C accumulated temperature were earlier, whereas the end dates were delayed.
Variations in heat were observed between stations in the lake group region that may be reflective of
microclimate environments between lakes. The authors relate warm island formation in the BJD
lake group region to (1) the heat carried by groundwater recharge to the desert lake groups has a
great impact on the local temperature. (2) Net heat radiation to the atmosphere through sensible
heat flux owing to sparse vegetation in the desert areas. Hence, heat resources are richer in the lake
group region. This study aims to improve our understanding of the warm island effect from a
comprehensive analysis of its intensity and distribution pattern around the lake group region as
compared to its surroundings. In addition, the results from this study will provide a scientific basis
for determining the source of lake water in the BJD.

Keywords: Badain Jaran Desert; lake group region; warm island effect; field observation; land
surface processes

1. Introduction

Climate and climate variability are determined by the amount of incoming solar radiation,
chemical composition and dynamics of the atmosphere, and surface characteristics of the earth [1-3].
The surface characteristics of the earth often affect the regional and local patterns of climate through
the redistribution of energy [4-6]. As a unique underlying surface covering about 40% of terrestrial
surface, deserts make a vital contribution to the global climate system [6-8]. In spite of the popular
perception of their uniformity over vast distances, deserts often contain a complex mosaic of
microclimates and local weather. Great contrasts also exist in the climate and surface characteristics
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from one desert to the next [9-13]. Thus, understanding the desert climates is essential because of
strong linkages between climate, biological processes, and geomorphology [14-20].

In China, arid regions are mainly distributed over the northwestern areas, covering about 24.5%
of the Chinese territory [20]. It has been reported that the ecological environment in these areas is
sensitive to global climate change and human activities [21,22]. The Badain Jaran Desert (BJD) is
located on the northwestern Alxa Plateau in north-central China. Extending over an area of 5.2 x 10*
km?, the BJD is the second largest desert in China [23]. It is characterized by the coexistence of more
than 110 perennial lakes and thousands of megadunes. Because of its unique desert environment,
the BJD has received continuous attention from many researchers [24-28]. However, conclusions
regarding the water source of the lakes in the BJD remain controversial. Previous researchers
primarily applied hydrogeochemical methods to study the lakes and groundwater in the BJD. Due
to harsh environmental conditions, there is a lack of long-term, in situ observations of land surface
processes in the BJD interior and surrounding areas [20,29]. Little research has been conducted on
how these lakes influence the local climate. The traditional view holds that an oasis or lake in the
desert or Gobi is a cold source, namely, the cold island effect [30]. However, in the southeastern
margin of the BJD, there are over 110 perennial lakes spread among the megadunes, here referred to
as the BJD lake group area. Zhang et al. (2015) found that the lake group area surface temperature in
the hinterland of the BJD was significantly higher than that in other regions of the desert (i.e., a
“warm island effect”) [31]. Evidently, the traditional theory on the cold island effect cannot explain
its formation mechanism. Research on urban heat island effects has shown that the background
temperature affecting the performance of cool/hot sources, such as water, is not sufficient in
mitigating urban heat island effects in high-rise and high-density built areas because of their small
areas [32]. However, the warm island effect in the BJD, referring to the land surface temperature in
lake group region, is higher than that in other regions of the deserts. As remote sensing data have a
lower spatial and temporal resolution than the in-situ observations, it is necessary to use the
observations of land surface processes to reveal the warm island effect and its generative
mechanism. Study on the role of lakes in increasing the local temperature will provide further
insight into their water source. The heat is mainly carried by the deep groundwater during the
process of recharge lakes, not by other sources. Revealing the phenomenon, especially the formation
mechanism of the warm island effect, will provide a new perspective for solving the water resources
of the lakes in the BJD. At the same time, it will enrich the concept of the warm island effect based on
the observational data.

The aim of this paper is to reveal the phenomenon of the warm island effect and its formation
mechanism based on the observations of land surface processes. Based on this aim, we used the
mean daily temperature data from 2010 to 2017 from 23 meteorological stations in and around the
BJD to calculate the mean daily temperature (T) >0 °C and T > 10 °C accumulated temperature and
negative accumulated temperature. In addition, the characteristics of the net radiation in the study
area were examined from a radiation balance perspective. Results from this research will offer a
reliable basis to characterize the warm island effect in the BJD from its intensity and distribution
pattern and will provide scientific evidence for determining the source of lake water in the BJD.

2. Materials and Methods

2.1. Study Area

The BJD (39°04'15" N-42°12'23" N, 99°23'18" E-104°34'02" E) is located in the northwestern Alxa
Plateau of the western Inner Mongolia autonomous region (Figure 1). It is surrounded by the ancient
Juyan and Guaizi lakes to the north, the ancient Gurinai Lake and the Zhengyi Gorge of the Heihe
River to the west, and the Yabrai Mountain to the southeast [33]. The Hexi Corridor and Qilian
Mountains are in the southeastern part of the desert. Covering an area of 5.2 x 10* km?, the BJD is the
second largest desert in China [23]. The BJD climate is extremely continental [34]; annual mean
temperature increases from 7.7 °C in the southeast to 8.2 °C in the northwest. Regional annual mean
precipitation is 77 mm, mainly occurring from July through September. The lake group region of the
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BJD is formed from a 10 km buffer zone centered on the lakes [31]. It is a regional coexistence of
more than 110 perennial lakes and thousands of megadunes (large sand dunes, typically 200-300 m
high) [24,35]. The largest lake has an area of 2.32 km?, whereas the majority is smaller than 0.5 km2
Most of the lakes are hypersaline, with total dissolved solids (TDS) of up to 300 g/L, owing to the
high evaporation rates. By contrast, the springs and groundwater from the deep wells are all fresh
water with TDS below 1 g/L and serve as critical water sources for wildlife and humans living in the
desert [36,37].
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Figure 1. Data collection stations: (a) the distribution of meteorological stations in the BJD and (b)
observation stations in the lake group area.

2.2. Data Collection

Daily mean temperature was provided by automated meteorological data recorders from Lanzhou
University field scientific experimental stations (V1, V2, V3, and V4) and China National Climate
Center (http://www.cma.gov.cn/en2014/) standard meteorological stations (Figure 1a). Among them, V1,
V2, and V3 stations are in the lake group region, while the others are located in the surrounding
areas. The V1 station (39.8° N, 102.4° E, 1209 m a.s.l.) is located in a lake basin of two lakes: the
Sumubarunjilin Lake and Sumujilin Lake. The V2 station (39.8° N, 102.5° E, 1523 m a.s.l.) is located
on flat sandy land on the top of a megadune. The V3 station (39.9° N, 102.3° E, 1166 m a.s.l.) is
located in a lake basin of the Cherigele Lake. The V4 station (40.0° N, 104.1° E, 1215 m a.s.l.) is located
near the Baxingaole Lake in the surrounding areas of BJD. All data were adjusted to a single
timeframe as initial observation time differed slightly between the two data collection agencies. Data
integrity and continuity were ensured using strict quality control procedures (including the extreme
value test and time consistency test) [38]. Practical application showed that the data are satisfactorily
stable, reliable, and accurate. The net radiation was measured by a four-component net radiometer
(NRO1, Hukseflux, Netherlands) with the eddy covariance (EC) measurement system. One of the
eddy covariance measurement systems (E1) was located in the center of the Yindeertu Lake, 250 m
from the nearest shore. Another EC measurement system (E2) was located on a nearby flat sandy
land on the lower part of a megadune beside the Sumubarunjilin (Figure 1b). Digital Elevation
Model (DEM) data, with a spatial resolution of 90 m, were collected from the U.S. Geological Survey
(USGS) (http://www.usgs.gov).

2.3. Data Analysis

2.3.1. Calculation of Accumulated Temperature

Accumulated temperature over the period 20102017 was extracted from daily mean
temperature data using the 5-day simple moving average method [39-41]. Start and end dates of T >
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0 °C and T = 10 °C periods were determined for each meteorological station for each year, and
corresponding accumulated temperatures were calculated. This was accomplished in the following
manner. For each warm season, we determined the first day on which the mean daily temperature
value was not less than the critical temperature, and we examined date of the subsequent 4 days.
Average temperatures were then calculated in 5-day increments from that day. The first temperature
which was not less than the critical temperature from the longest 5-day moving average temperature
series data during the course of a year was selected. The first day of this set for which the mean daily
temperature was not lower than that of the critical temperature was selected as the start date of T >
0°C and T = 10°C Similarly, the last day of the corresponding 5 days for which the mean daily
temperature was not lower than that of the critical temperature was selected to represent the end
date. The number of days between the start and end dates (inclusive) was determined to be the
duration days for T >0 °C and T = 10 °C. The sum of the mean daily temperature between the start
and end dates was determined to be the accumulated temperature for the duration of T>0°Cand T
> 10 °C. Negative accumulated temperature refers to the sum of the mean daily temperature which
was below 0 °C in the winter (December to February) and was calculated in the same manner [42].

2.3.2. Correcting the Daily Mean Temperature

The influence of longitude, latitude, and altitude had to be accounted for in the analysis of the
spatial distribution of accumulated temperature. The daily mean temperatures of all stations were
corrected to uniform longitude, latitude, and altitude using a multiple linear regression model
[43,44]. The following formula was used:

Y=y tax ey, tax,

where y (°C) is daily mean temperature, x;, x,, x; are longitude, latitude, and altitude,
respectively, and ay, a;, a,, as are coefficients. The absolute value of a;, a,, as is the rate of
temperature change. In this model, the longitude, latitude, and altitude of the 19 meteorological
stations in the surrounding areas of the BJD are the independent variables, and the corresponding
daily mean temperature from 2010 to 2017 is the dependent variable. Fitted accumulated
temperature data for V1, V2, V3, and V4 stations were calculated using the above regression model
(the goodness of fit of the regression equation was > 0.94, and the equation passed the F-test at the
0.001 confidence level). Then, the fitted values were compared to observed values to reveal the heat
difference between the lake group region and the surrounding areas of the BJD.

2.3.3. Kriging Interpolation

For many natural phenomena that are associated with space or time, such as the distribution of
temperature, the similarity of sample data between adjacent samples is often higher than between
remote samples. Kriging interpolation is based on random variables and the establishment of a
corresponding structure in space or time; this method is the best linear unbiased estimator (BLUE)
for fitted data. After calculating the annual accumulated temperature of all the meteorological
stations in the lake group and surrounding areas of the BJD, we established a database that summed
the accumulated temperature data and produced coverage files for the BJD area, using ArcGIS for
Desktop (Esri, Redlands, CA, USA). Longitude and latitude determined the spatial positions of the
meteorological stations. The attributed data of the point layer contained the mean accumulated
temperature of each station. The coverage files were imported into the digital elevation model data
of the BJD area in ArcGIS and were processed by Kriging interpolation analysis.

3. Results

3.1. Comparison of Observed and Fitted Values

Observed and fitted values for T > 0 °C accumulated temperature are shown in Table 1.
Observed values from the V1, V2, and V3 stations represent the thermal resources in the lake group
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region. Fitted values and observed values from the V4 station represent the thermal resources in the
surrounding areas. The observed values of T > 0 °C accumulated temperature were all higher than
the fitted values. The average values of T > 0°C accumulated temperature from the individual V1,
V2, and V3 stations were 470.2 °C, 505.5 °C, and 300.8 °C higher, respectively, than the fitted value,
while the V4 station value was 5.7 °C lower. The observed values of start dates at the V1, V2, and V3
stations were 2, 4, and 2 days earlier, respectively, than the fitted dates, while the V4 station was
consistent with the fitted date. End dates at the V1, V2, and V3 stations were 6, 8, and 1 day later than
the respective fitted dates, whereas the observed period at the V4 station ended 8 days earlier. Thus,
at the V1, V2, and V3 stations, the T > 0 °C durations were lengthened by 8, 12, and 3 days, while the
duration was 8 days shorter at the V4 station.

Table 1. Comparison of observed and fitted values of T > 0 °C accumulated temperature.

Station Comparison Accumulated Start Dates End Dates Duration
Temperature (°C)  Month (M)-Day (D) (M-D) Days (D)
Vi Observed value 47249 3-3 11-22 265
Fitted value 4254.7 3-5 11-16 257
Vo Observed value 4214.1 3-6 11-14 254
Fitted value 3708.6 3-10 11-6 242
V3 Observed value 4588.1 3-5 11-15 256
Fitted value 4287.3 3-7 11-14 253
V4 Observed value 4178.9 3-9 11-7 244
Fitted value 4184.6 3-9 11-15 252

Observed and fitted values of T > 10 °C accumulated temperature followed a similar pattern
(Table 2). Average observed values of T > 10 °C accumulated temperature from the individual V1,
V2, and V3 stations were 466.2 °C, 350.8 °C, and 295.8 °C higher, respectively, than the fitted values,
while the observed accumulated temperature at the V4 station was only 6.6 °C lower. The start dates
at the V1, V2, and V3 stations were 3, 1, and 2 days earlier, respectively, than the fitted dates, while
the V4 station was consistent with the fitted date. The end dates at the V1, V2, and V3 stations were
8,5, and 4 days later, respectively, than the fitted dates, whereas the duration ended 2 days earlier at
the V4 station. Thus, the duration of T > 10 °C was lengthened by 11 days at V1 and by 6 days at V2
and V3. The observed duration at the V4 station was 2 days shorter than the fitted duration.

Table 2. Comparison of observed and fitted values of T > 10 °C accumulated temperature.

Station Comparison Accumulated Start Dates End Dates Duration
Temperature ('C) (M-D) (M-D) Days(D)
Vi Observed value 4257.1 4-2 10-17 199
Fitted value 3790.9 4-5 10-9 188
V2 Observed value 3539.9 4-22 10-12 174
Fitted value 3189.1 4-23 10-7 168
V3 Observed value 4161.3 4-4 10-15 195
Fitted value 3865.5 4-6 10-11 189
va Observed value 3730.9 4-10 10-6 180
Fitted value 37243 4-10 10-8 182

Observed and fitted values of T <0 °C negative accumulated temperature are shown in Table 3.
Negative accumulated temperatures at the V1, V2, and V3 stations were 127.0 °C, 176.0 °C, and 48.1 °C
higher, respectively, than the fitted values. In contrast, the observed accumulated temperature at the
V4 station was 144.8 °C lower than the fitted value. The duration of negative accumulated
temperature at the V1, V2, and V3 stations was 14, 10, and 2 days shorter, respectively, than the
fitted durations, while at the V4 station, the duration was lengthened by 2 days.
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Table 3. Comparison of observed and fitted values of negative accumulated temperature.

Station = Comparison  Negative Accumulated Temperature (°C)  Duration Days (D)

V1 Observed value -520.3 79
Fitted value -647.3 85
2 Observed value -505.9 77
Fitted value -681.9 87
V3 Observed value -531.6 81
Fitted value -579.7 83
Va4 Observed value -718.0 87
Fitted value -573.2 85

3.2. Spatial Distribution Analysis

Figure 2 shows the spatial distribution maps of T >0 °C accumulated temperature and duration
days obtained by interpolating 2010-2017 data from the 23 meteorological stations in the study
region. The influences of longitude, latitude, and altitude on the spatial distribution maps were
eliminated using the multiple linear regression model. The general trend of intensifying (dark areas)
accumulated temperature and increasing (dark areas) duration days was circularly distributed and
centered on the lake group region. The T > 0 °C accumulated temperature in the lake group region
was 412.4 °C higher than in surrounding areas (Figure 2a). T > 0 °C duration was 9 days longer than
in surrounding areas (Figure 2b). Therefore, the heat resources in the lake group region in the
southeastern part of BJD are richer than in the surrounding areas.

100° E 102°E 104°E 100° E 102°E 104°E
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[

Figure 2. (a) Spatial distribution of T > 0 °C accumulated temperature and (b) duration days from
2010 to 2017 over the BJD study area.

Figure 3 shows the spatial distribution maps for T > 10 °C accumulated temperature and
duration days obtained by interpolating 2010-2017 data from the 23 meteorological stations in the
study region. The T > 10 °C accumulated temperature in the lake group region was 429.5 °C higher
than in surrounding areas, especially at the same latitude (Figure 3a). Duration in the lake group
region was 12 days longer than in surrounding areas (Figure 3b). The intensified accumulated
temperature and increasing duration days are located in the lake group region. An additional high
sub-high value center for the duration period is located around the Ejin Banner at 42° N.
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Figure 3. (a) Spatial distribution of T > 10 °C accumulated temperature and (b) duration days from
2010 to 2017 over the BJD study area.

The thermal resource distribution in the winter is represented in Figure 4 by spatial distribution
maps of negative accumulated temperature and duration days from 2010 to 2017. The maps show
that high (dark areas in Figure 4a) values of negative temperature and short (white areas in Figure 4b)
duration are mainly distributed in the lake group region in the southeastern part of BJD. Conversely,
there are two low-value centers at the same latitude.
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Figure 4. (a) Spatial distribution of negative accumulated temperature and (b) duration days from
2010 to 2017 over the BJD study area.

4. Discussion

4.1. Reason for the Warm Island Effect

Net radiation is defined as the difference between incoming and outgoing radiation fluxes,
including long and shortwave radiation, at the Earth’s surface [45]. It is a key quantity for the
estimation of surface energy budget and is mainly affected by sunshine duration, weather
conditions, and the underlying surface [46]. In this study, we calculated the seasonal net radiation at
E1 and E2 stations (Figure 5). Results show that the net radiation at E1 station was much higher than
at E2 station and exhibited large fluctuations and seasonal dynamics. Such results point out the
significantly greater ability of lakes to store energy as compared to dunes. Thus, under the unique
dune-lake landscape of BJD, the difference in net radiation will inevitably lead to uneven heat
distribution [47-50]. Consequently, the local air circulation between lakes and megadunes will affect
the spatial distribution pattern of heat resource by way of air movements [19].
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Figure 5. Seasonal net radiation of E1 and E2 stations in the BJD.

According to Hu (2015a), the average turbulent heat flux at E1 station from 2012 to 2013 was
120.0 W/m?, but the net radiation was only 87.7 W/m? [49]. This result was confirmed by Ma et al.
(2015) [51]. As shown in Table 4, the net radiation was less than the sum of the sensible heat flux and
the latent heat flux at the lake surface. This implies that other energy supplies to the lake cannot be
ignored.

Table 4. Daily integral value of the energy flux on land and lake surface under different weather
conditions (M]-m=2) (Ma et al., 2015).

land Surface Lake Surface
Weather Net Sensible Latent Soil Heat Net Sensible Latent
Radiation Heat Flux  Heat Flux Flux Radiation Heat Flux  Heat Flux
Sunny Day 7.3 5.4 0.5 1.1 16.0 -0.4 19.0
Partly Cloudy 7.0 4.2 1.1 1.2 14.7 -1.3 15.6
Cloudy Day 44 2.3 1.6 -0.5 7.7 -0.1 16.0
Rainy Day 2.2 1.7 3.0 -3.2 1.0 1.0 11.0

Zhang et al. (2016) found that the spring water temperature of the BJD in January 2014 was
much higher than the soil and atmosphere temperatures (Table 5) [31]. Thus, influenced by local
circulation, the heat and energy stored in the lake will inevitably have a great impact on the local
temperature. Further observation and research are needed on the sources of this energy, its
magnitude, and the intensity of its effects.

Table 5. Spring water temperature of BJD in January 2014 (Zhang et al., 2015).

Site Temperature (°C) Site Temperature (°C)
Habutenuoer Lake 17.9 Zhaoergetu Lake 17.7
Xibayannuoer Lake 16.9 Yihejigede Lake 17.2

Xinuoertu Lake 13.7 Taolaitu Lake 17.3
Gelitu Lake 14.9 Sumujilin Lake 142
Naogunnuoer Lake 17.3 Barunjilin Lake 16.5
Taosijilin Lake 17.3 Bilutu Lake 14.6
Zhongbayannuoer Lake 17.3

In addition, the partitioning of available energy transformed into sensible and latent heat fluxes
is dependent on both the biological and climatological conditions of an ecosystem. In the BJD
hinterland, the vegetation is sparse; hence, calorific expenditure through transpiration is at a low
level, resulting in reduced heat expenditure through evaporation at the surface. According to Oke
(1978), in arid desert areas, approximately 90% of the net radiation is transmitted to the atmosphere
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through sensible heat flux [52]. Therefore, the heat resource in the lake group region was richer than
in surrounding areas.

4.2. Implications of the Research

The BJD in north-central China has a unique landscape that contains hundreds of lakes and the
highest sand dunes in the world. However, the explanation of the source of water in this desert
remains controversial, and the origin and flow processes of groundwater are unclear. There are
currently at least five hypotheses regarding the source of lake water in this region:

1. Local precipitation and condensed water [53];
Residual water from precipitation and snowmelt during past humid periods (e.g., the
mid-Holocene or the Late Pleistocene) [54];

3. Subsurface runoff from precipitation on nearby mountains (e.g., the Yabulai Mountains and
Beida Mountains) [25,34,55];

4. Deep strata in the adjacent fracture zone recharging the desert lake group from the southeast
along an altitudinal gradient [26,28]; and

5. Deep circulating groundwater from the Qilian Mountains and the Tibetan Plateau through
deep faults [24].

Most researchers primarily applied hydrogeochemical methods to study the lakes and
groundwater in the BJD, but fewer land surface process observations were used to reveal the source
of the lakes. This research contributes to a better understanding of the warm island effect, its
intensity, and distribution pattern by using accumulated temperature to represent the local heat
resource. We believe that the warm island effect is primarily related to the heat carried from remote
groundwater recharge lakes. Because only deep groundwater can carry the heat during the process
of recharge lakes, this implies that the warm island effect will provide another scientific basis for the
conclusion of groundwater recharge lakes. Therefore, groundwater is suggested to be the primary
recharge source of the lake group. However, further investigation of the warm island effect is
necessary in order to understand water sources that sustain the aquifer and the lakes in the BJD.

5. Conclusions

In this study, we used the daily mean temperature data of 23 meteorological stations in and
around the Badain Jaran Desert (BJD) from 2010 to 2017 to calculate the T > 0 °C and T > 10 °C
accumulated temperature and negative accumulated temperature. Research shows that all observed
accumulated temperatures at the three stations in the lake group region were higher than in
surrounding areas. Similarly, duration days of T>0 °C and T > 10 °C were longer in the lake group
region than in surrounding areas, while duration days of negative accumulated temperature were
shorter than in surrounding areas. Variation in heat resources between stations in the lake group
region may be related to the micro-climatic environment of these lakes. The results of this study
enrich the concept of the warm island effect in the lake group region of the BJD.

The mechanism of the warm island effect in BJD is related to two aspects. Firstly, the heat
carried by the groundwater recharge to the desert lake groups. This has a great impact on the local
temperature and air circulation between lakes and megadunes, affecting the distribution pattern of
heat resources. Therefore, groundwater is suggested to be the primary recharge source of the lake
group. Secondly, due to the sparse vegetation and arid surface of the desert hinterland, most of the
net radiation to the atmosphere occurs through sensible heat flux. Consequently, the heat resource is
richer in the lake group region than in the surrounding areas. This study aims at improving our
understanding of the warm island effect by analyzing its intensity and distribution pattern.
Moreover, it attempts to highlight the need for further research in the region to gain a better
understanding of the factors contributing to such a phenomenon.
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