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Abstract

:

Based on data from the Gurbantunggut Desert, the largest fixed/semi-fixed desert in China, and ERA5-Land reanalysis data, the long-term variations and spatial surface heat source (SHS) differences in the Gurbantunggut Desert are discussed herein. The results show the following: (1) The hourly SHS at the Kelameili station during the 2013–2021 period was a weak heat source at night; contrastingly, it was a strong heat source during the day. The duration of the hourly SHS increased gradually from January to July, but it decreased gradually from July to December. The daily SHS showed obvious seasonal variation, reaching the maximum in summer and the minimum in winter. The ERA5-Land reanalysis can reproduce all the variation characteristics of the SHS well. (2) The climatology (i.e., multi-year mean) of the monthly SHS intensity was lower than 50 W/m2 during the January–March and September–December periods in the Gurbantunggut Desert, indicating a weak heat source. On the other hand, the climatology recorded in April–August was higher than 50 W/m2, with a strong heat source. From the perspective of spatial distribution, the eastern and western regions of the Gurbantunggut Desert show strong heat sources, while the central region shows weak heat sources. The spatial distribution of the first and second modes of the empirical orthogonal function (EOF) decomposition reflected the consistent spatial variability and a north–south (or east–west) polarity variation of the monthly SHS in the Gurbantunggut Desert, respectively. (3) The yearly SHS showed negative anomalies during the 1950–1954, 1964–1982 and 2004–2015 periods, and positive anomalies during the 1955–1963, 1983–2003 and 2016–2021 periods in the Gurbantunggut Desert. Additionally, the time series of the SHS anomalies was positively correlated with the Interdecadal Pacific Oscillation (IPO) index. During the negative IPO phase, the yearly SHS showed a negative anomaly in the Gurbantunggut Desert, while the yearly SHS showed a positive anomaly during the positive IPO phase in most regions of the Gurbantunggut Desert.
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1. Introduction


In the context of global warming, heat forcing and climate events have changed significantly at the regional level [1,2,3]. Desert areas are widely distributed, extreme environments with unique environmental impacts on regional climate change [4]. At the same time, underlying surface conditions such as high albedo and high sand heat capacity efficiency in desert areas comprise typical energy budget characteristics, different from those of other areas [5,6]. In addition, studies have shown that the variation in the surface heat source (SHS) is closely related to large-scale circulation changes, regional climate and monsoons [2,7,8].



Sensible and latent heat fluxes are important components of surface heating, and many studies have been conducted on the spatiotemporal variation characteristics of these components. For instance, the spring surface sensible heat flux in the Tibetan Plateau showed a decreasing trend, but this changed to an increase after approximately the year 2000 [9]. The summer sensible heat flux in the eastern Tibetan Plateau and western Xinjiang in winter showed a decreasing trend, while the other regions showed an increasing trend in China [10,11]. Su et al. [12] found that the summer latent heat flux on the Qinghai–Tibet Plateau from 2000 to 2016 showed an increasing trend, while the sensible heat flux showed an increasing and then decreasing trend. At the same time, sensible heat changes on the Qinghai–Tibet Plateau have an impact on large-scale circulation and monsoon precipitation in the surrounding areas [9,10,13,14]. The sensible and latent heat fluxes on the Qinghai–Tibet Plateau are also closely related to the atmospheric boundary layer height, which is mainly influenced by surface heating [11,12]. For the variation characteristics of the sensible and latent heat fluxes in the desert area of Xinjiang, due to the extremely arid desert climate of the Taklamakan Desert, sensible heat flux is the main form of surface energy consumption, while latent heat flux is relatively low. The increase in summer precipitation in the desert leads to a slight increase in the latent heat flux. However, this does not fundamentally change the status quo according to which the sensible heat flux is the main form of energy consumption in desert ecosystems [15].



Surface heat sources (SHSs) show obvious temporal variation. Guo et al. [16] studied the intensity of SHSs in Shuanghu from October 2011 to September 2012. The results show that although the annual SHS intensity in Shuanghu is basically positive, there were significant seasonal and diurnal variations. In summer and winter, the daytime showed a strong heat source, while the nighttime showed a weak heat source, and the regional-scale precipitation was influenced by abnormal surface heating. Chen et al. [17] analyzed the relationship between the SHSs in the Tibetan Plateau and summer precipitation in the Sichuan Basin during the 1961–1995 period. They found that there was a significant negative correlation between the intensity of SHSs in the Tibetan Plateau in May–June and the intensity of drought in the following year in the Sichuan Basin, along with a significant positive correlation between the intensity of SHS in June and the precipitation anomaly over the Sichuan Basin in June–August in the next year. Hua et al. [7] studied the relationship between vegetation change and SHS and precipitation on the Qinghai–Tibet Plateau. The results show that there was a positive correlation between vegetation and SHS. In other words, after vegetation improvement, the SHS increased in different seasons. They also pointed out that vegetation change caused by the plateau surface heating anomalies may have an impact on summer precipitation in China.



In addition, Duan et al. [8] reviewed and analyzed the response characteristics of East Asian summer precipitation to snow cover and SHSs on the Qinghai–Tibet Plateau. They pointed out that the spring SHS in the plateau mainly affected the “tri-polar” mode of the summer precipitation in East Asia. On the interdecadal scale, the spring SHS was an important cause of “waterlogging in south China and drought in north China” on the Qinghai–Tibet Plateau, while the effect of snow cover in winter was the opposite. At the same time, the Interdecadal Pacific Oscillation (IPO) was also an important cause of “waterlogging in south China and drought in north China” [18,19,20]. In addition, climate events have been shown to correlate with multiple large-scale climate indexes such as the IPO, and the responses of different regions to the large-scale climate indexes were different [21,22,23,24]. Among them, the IPO is a large-scale interdecadal signal based on oceanic/meteorological phenomena with a recurring pattern of sea surface temperatures [25,26]. On interdecadal timescales, sea surface temperatures in the central North and South Pacific cooled (in a positive phase), while the eastern margin and equatorial parts warmed, and vice versa [27].



Previous studies on surface heating anomalies have mainly focused on the Tibetan Plateau. As the second largest desert and the largest fixed/semi-fixed desert in China, the Gurbantunggut Desert is particularly sensitive to climate change due to its unique environment [4]. However, the variation and spatial–temporal distribution characteristics of the surface heating, and its possible linkage to IPO in the Gurbantunggut Desert, are still unclear. In this study, the ability of the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis v5 Land (ERA5-Land) dataset to reproduce observations is evaluated based on the observation data of Kelameili (KLML) station and ERA5-Land reanalysis data. Then, the long-term variation and spatial differences of the SHS in the Gurbantunggut Desert are analyzed. Section 2 introduces the data and methods. Section 3 provides the monthly and yearly temporal–spatial variation characteristics of the SHS in the Gurbantunggut Desert. The discussion and conclusion are presented in Section 4 and Section 5, respectively. The results provide a scientific basis for the study and analysis of the impact of surface heating anomalies on the precipitation, boundary layer height and other factors in desert areas.




2. Data and Method


2.1. Data


The ground-based observation data used in this paper were obtained from the land–air interaction observation station (45.914′08.19″N, 87.935′23.79″E, 531 m above sea level, i.e., the KLML station) built by the Institute of Desert Meteorology, China Meteorological Administration, Urumqi in the KLML area of the Gurbantunggut Desert, encompassing the period of 2013–2021. The hourly upward long-wave radiation, downward long-wave radiation, upward short-wave radiation, downward short-wave radiation and soil heat flux observation data were used to calculate the SHS. The above data were derived from the NR01 four-component radiation sensor (Hukseflux, Delft, The Netherlands) and the HFP01 soil heat flux plate (Hukseflux, Delft, The Netherlands). The data collector adopted CR6 series products from Campbell Company in the United States. The data collection frequency was 1 Hz, and the collection results output average time data and statistical data ranged between 1 s, 10 s, 1 min, 30 min, 1 h, and 1 d.



Solar radiation observation is a routine meteorological observation practice in China. In the process of observation, due to a series of reasons such as the external environment, failures in timely maintenance and the sensitivity of the instrument itself, the accuracy of the observation data declines. Therefore, after obtaining the original data output of the radiation observation system, a series of data processing steps are required. First, obvious outliers are removed. Due to the high sensitivity of the instrument in measuring the short-wave radiation at night, there is an abnormal albedo. In addition, signal transmission or instrument failures can cause garbled data, data loss, a decimal point drift, etc.; therefore, the incomplete data described above were removed first. Then, the missing continuous data within the observation data were interpolated to ensure data continuity by as much as possible. It should be noted that in order to ensure the validity of the average data at different time scales, the missing data with long gaps were removed. For missing data with short gaps, the average of the previous moment and the next moment was used for interpolation. Except for 2019 (where the percentage of valid data was about 73%), the percentage of valid data for the rest of the years following quality control was above 90%.



To investigate the temporal and spatial distribution of the SHSs in the Gurbantunggut Desert, the monthly sensible and sensible heat fluxes were selected from the ERA5-Land reanalysis data during the 1950–2021 period, with a spatial resolution of 0.1° × 0.1° (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-ERA5-Land-monthly-means?tab=overview (accessed on 8 January 2023)). Figure 1 shows a schematic diagram of the terrain of the study area and the KLML station [28].



The IPO index was used to investigate the possible relationship between the interdecadal variation characteristics of the SHS and the large-scale circulation anomaly, which was based on the difference between the sea surface temperature anomalies (SSTA) averaged over the central equatorial Pacific and the average of the SSTA in the Northwest and Southwest Pacific. The IPO index was obtained from the U.S. National Oceanic and Atmospheric Administration (NOAA) Physical Sciences Laboratory (https://psl.noaa.gov/data/timeseries/IPOTPI/ (accessed on 8 January 2023)) and is expressed as the annual mean values for the 1950–2021 period in this study [29].




2.2. Methods


2.2.1. Energy Balance Equation


In general, the energy balance equation is expressed as follows [7,16]:


    R   n   −   G   0   = H + L E  



(1)




where     R   n     is the net radiation,     G   0     is the surface soil heat exchange flux,   H   is the sensible heat flux and   L E   is the latent heat flux. The net radiation,     R   n    , is given by


    R   n   = ( D R − U R ) + ( D L R − U L R )  



(2)




where   D R   is the short-wave solar radiation reaching the surface,   U R   is the reflected short-wave solar radiation,   D L R   is the long-wave inverse radiation and   U L R   is the long-wave radiation emitted from the ground. At the KLML station, flux data were obtained based on eddy covariance observations. In general, the energy of the eddy covariance observations system is not conserved in different ecosystems (i.e.,     R   n   −   G   0   > H + L E  ) [6,30,31]. Hence, the SHS observed at the KLML station is defined as     R   n   −   G   0    . Furthermore, ERA5-Land reanalysis products comply with energy conservation (Equation (1)), and the SHS based on the ERA5-Land reanalysis is defined as   H + L E   [32].




2.2.2. Evaluation Method


The reproducibility of the SHS (calculated according to the sensible and latent heat fluxes) based on the ERA5-Land reanalysis of observations was evaluated according to the mean absolute error (MAE), root-mean-square error (RMSE), R-Square (R2) correlation, quantile–quantile plot (QQ plot), probability density function (PDF) curve and scatter plot.



In this study, the QQ plot and PDF curve were used to verify that the two time series (i.e., observations and ERA5-Land reanalysis) follow the same distribution. Among them, the QQ plot can compare the quantiles and the PDF curve can compare the occurrence probabilities (i.e., frequency) of the two probability distributions [33,34,35]. The QQ plot is defined as follows: assuming that   F   x     is a continuous distribution function of the random variable   X   (i.e., time series of SHS), then   U = F   x     follows a uniform distribution over the interval (0, 1). Assuming that     X   t , t   ≤ … ≤   X   1 , t     is an order statistic for sample     X   1   , … ,   X   t     of a random variable   X  , let


    U   k , t   = F     x   k , t      



(3)




where   t   is the time and     U   t , t   ≤ … ≤   U   1 , t     is an order statistic taken from a uniform distribution over the interval (0, 1). Hence,


  E     U   k , t     = E   F     x   k , t       =   t − k + 1   t + 1   ,   k = 1 , … , t  



(4)







Then, the QQ plot is given as follows:


  {     X   k , t   ,   F   − 1       t − k + 1   t + 1       : k = 1 , … , t }  



(5)








2.2.3. Empirical Orthogonal Function Analysis of the SHS


Let     X ( t ) = [ X   1   ( t ) , … ,   X   m   ( t ) ]   be the SHS data matrix for a given month and     X   m   ( t )   be the   t  -year time series of the SHS of grid   m  . Furthermore, it is assumed that     X   m × t     is a linear combination of   p   spatial eigenvectors and the corresponding time weight coefficients.



Then, the empirical orthogonal function (EOF) is as follows:


    X   m × t   =   V   m × p     T   p × n    



(6)




where   T   is the time coefficient and   V   is the spatial eigenvector. In this process, the main information of the variable field is represented by several typical eigenvectors [36,37].






3. Results


3.1. Changes in the Surface Heat Source Ground-Based Observation


To explore the changes in the SHSs at different time scales, Figure 2 shows the average hourly variation in SHS intensity at the KLML station during the 2013–2021 period. It can be seen that the duration and intensity of the SHS increased from January to July and decreased from July to December. From November to February, the hourly SHS intensities were below 175 W/m2, and the maximum diurnal differences were 227 W/m2. The intensities of hourly SHSs were between −115 and 370 W/m2 in March–October, while the maximum intensities of hourly SHSs were about 245–370 W/m2, and the maximum diurnal differences were 485 W/m2. This indicates that the hourly SHS intensity was a strong heat source in March–October and was a weak heat source in November–February; it was a weak heat source at night and a strong heat source during the day.



In addition, the hourly SHS intensities in December–March of each year were significantly different, which was related to the winter snow cover (i.e., more snow reduces surface heating, and vice versa) [8]. At the same time, the hourly SHS showed no obvious differences during June–November of each year, whereby it was low in the morning and evening, and high at noon. The maximum intensity of the SHS occurred at 12:00 in May 2017, reaching 350 W/m2, and the minimum appeared at 12:00 in December 2017. It should be noted that there were missing values from March to May and December 2019.



Figure 3 shows the variation characteristics of the daily, daytime and nightly SHS intensities at the KLML station. To better compare the differences between the daily, daytime and nightly means of the SHS intensity, a 9-day running mean was formulated. It can be seen that the daily variation characteristics of the SHS intensity in each year were consistent. The daily, daytime and night SHS intensities were between −43 and 206 W/m2, −8 and 124 W/m2, and −54 and 23 W/m2, respectively, indicating that the SHS intensity at night was much lower than that at daytime. From January to December, the daily and daytime mean SHS intensities first increased and then decreased, reaching the maximum in summer. However, the opposite was true at night. At the same time, the daily SHS intensity in 2016–2018 was significantly higher than that in the other years. In the winter of 2015 and 2016, the daytime SHS intensity was lower than that at night.



Figure 4 shows the yearly and monthly variations in the SHS intensity at the KLML station. The yearly variations of the daytime SHS intensity showed an upward tendency during 2013–2018 and a downward tendency during 2018–2021 (red line in Figure 4a). As seen in Figure 4b, the SHS intensity showed obvious monthly variations. It was the lowest in winter and the highest in summer. The yearly and monthly variations in the surface energy demonstrated a strong heat source during the daytime and a weak heat source at night.




3.2. Regional-Scale Variation in the SHS


It was necessary to investigate the long-term variation characteristics of the SHS intensity in the Gurbantunggut Desert at the regional scale. However, the time length and spatial resolution of the observation data were limited. Hence, it was necessary to use reanalysis data. First, the reproducibility of the SHS intensity of the ERA5-Land reanalysis in observations was evaluated. Further, the characteristics of long-term spatial–temporal variation in the SHS intensity in the Gurbantunggut Desert were explored based on the ERA5-Land reanalysis data.



3.2.1. Evaluation of the Reproducibility of the ERA5-Land Reanalysis


Before analyzing the temporal and spatial distribution characteristics of the SHS intensity in the Gurbantunggut Desert, the ability of the ERA5-Land reanalysis to reproduce the observation was evaluated. Table 1 outlines the evaluation indexes between the monthly SHS intensity of the observations and the ERA5-Land reanalysis. It can be seen that the RMSE and MAE values between the observation and ERA5-Land reanalysis were 9.56 W/m2 and 8.32 W/m2, respectively, indicating that the deviation and the mean error between observation and ERA5-Land reanalysis were less than 10 W/m2. Moreover, the interannual variations in the observation and ERA5-Land reanalysis were 0.016 W/m2 and −0.013 W/m2, respectively.



At the same time, the R2 was 0.9, meaning that the monthly SHS intensity of the ERA5-Land reanalysis could explain 90% of the variation in the observation, and the tendency of the monthly SHS intensity of the ERA5-Land reanalysis was notably consistent with the observation (i.e., the correlation was 0.96 and significant at the 0.05 significance level). These values indicate that ERA5-Land reanalysis can effectively reproduce all the variation characteristics of the monthly SHS intensity.



Furthermore, in order to compare the differences in the probability distributions and time series of the monthly SHS intensity between the observation and the ERA5-Land reanalysis during 2013–2021 more intuitively, Figure 5 depicts the QQ plot, PDF curve, scatter plot and time series.



Figure 5a shows the empirical quantiles of the monthly SHS intensity of the observation and ERA5-Land reanalysis. It can be seen that the monthly SHS intensity of the ERA5-Land reanalysis, which was between 0 and 50 W/m2, was basically consistent with the observations, while the monthly SHS intensity, which was over 50 W/m2, was lower than the observation, with a deviation within 20 W/m2. The variation in the PDF curve of the monthly SHS intensity of the ERA5-Land reanalysis was basically consistent with the observation, but the frequency between 0 and 70 W/m2 was more than that of the observation, and the frequency above 70 W/m2 was less than that of the observation (Figure 5b). The ERA5-Land reanalysis can reproduce the probability distribution characteristics of the monthly SHS intensity well, and the deviation was small. At the same time, the correlation coefficient between the ERA5-Land reanalysis and observation reached 0.96. The scatter plot was almost diagonal and the time series coincided, indicating that ERA5-Land reanalysis could effectively reproduce the time variation characteristics of the observed monthly SHS intensity (Figure 5c,d). In conclusion, although there was a small deviation, the ERA5-Land reanalysis can effectively reproduce the variation characteristics of the monthly SHS intensity at the KLML station.




3.2.2. Changes in the Monthly SHS Intensity in the Gurbantunggut Desert


The ERA5-Land reanalysis can reproduce the variation characteristics of SHS intensity at the KLML station well. Furthermore, the long-term variation and spatial distribution characteristics of the SHS intensity in the Gurbantunggut Desert were analyzed using the reanalysis data. Figure 6 demonstrates the spatial distribution of the monthly SHS intensity in the Gurbantunggut Desert in 1950–2021. It can be seen that the SHS intensity of each month showed the spatial distribution characteristics of “high in the south and low in the north”. Combined with the topography in Figure 1, the northern part of the desert was close to the Altay Mountains, while the southern part was close to the urban agglomeration. Human activities in urban clusters may affect the variation in the SHS intensity in the southern desert. The SHS intensity in the Gurbantunggut Desert was lower than 50 W/m2 and showed a weak heat source in January–March and September–December. Additionally, the SHS intensity was higher than 50 W/m2 and showed a strong heat source in April–August. Simultaneously, the SHS intensity showed obvious monthly variation, reaching the maximum in May–July, with the maximum exceeding 90 W/m2. In addition, the SHS intensity in the desert hinterland was lower than that in the surrounding areas during April–August.



Furthermore, the temporal and spatial variation characteristics of the SHS intensity were investigated based on the EOF analysis in the Gurbantunggut Desert. Figure 7 shows the spatial distribution of the first and second modes of the EOF (i.e., EOF1 and EOF2) decomposition of the SHS intensity in the Gurbantunggut Desert from January to December. It can be seen that the explanatory variance in the first mode in each month exceeded 50%, and the explanatory variance in the first mode of the SHS intensity in September reached 81.34%. These indicate that the first mode dominated the variation in the SHS intensity in the desert region. From the spatial distribution of EOF1 in each month, it can be seen that the eigenvalues of the desert regions were all positive (or negative), indicating that the change in the SHS intensity was consistent (i.e., the spatial variability in the SHS intensity was consistent), reflecting the consistent-phased distribution characteristics of the SHS intensity.



The interpretive variance of EOF2 ranged from 6.23 to 15.6%, and the spatial distribution of EOF2 presented a north–south or east–west polarity variation in each month. In January and November, the SHS intensity showed a north–south reverse change, while the other months showed an east–west reverse change. At the same time, the reverse variation difference of the SHS intensity was the same from May to August.



Figure 8 displays the time coefficient of the first two modes of the EOF decomposition of the SHS intensity in the Gurbantunggut Desert in each month. It can be seen that the variation characteristics of the first mode of the SHS intensity in Gurbantunggut were quite different in each month. Among them, the SHS intensities in January, March, July, August and November showed obvious interdecadal variation. As seen in Figure 8a, the SHS intensity in the Gurbantunggut Desert in January showed an upward tendency from the 1950s to the mid-1960s, and from the mid-1990s to the early 2010s, while they showed a downward tendency from the mid-1960s to the mid-1990s and from early 2010s until now. Compared with the time coefficient of the first mode, the time coefficient of the second mode of the SHS intensity showed interannual variability.




3.2.3. Changes in the Yearly SHS Intensity in the Gurbantunggut Desert


The long-term variations in the yearly SHS intensity in the Gurbantunggut Desert were analyzed. Figure 9 shows the spatial distribution of climatology (i.e., multi-year mean), trend and time series of the yearly SHS intensity in the Gurbantunggut Desert during the 1950–2021 period. As shown in Figure 9a, the climatology of the yearly SHS intensity in the Gurbantunggut Desert was between 34 and 58 W/m2, and the yearly SHS intensity was lower in the central part and higher in the western and eastern parts. Among them, the climatology of the yearly SHS intensity in the central part was between 34 and 44 W/m2, while it was between 44 and 58 W/m2 in the western and eastern parts. In addition, the time series of the anomalies of the yearly SHS intensity showed obvious interdecadal variation characteristics (Figure 9c). As shown in Table 2, the time series of the yearly SHS intensity showed negative anomalies at P1, P3 and P5, and showed positive anomalies during at P2, P4 and P6.



Figure 10 also shows the spatial distribution and the time coefficients of the first two modes of the EOF decomposition of the yearly SHS intensity in the Gurbantunggut Desert. The explanatory variance in the first mode of the yearly SHS intensity exceeded 75.44%, and the eigenvalues of EOF1 of the yearly SHS were positive, indicating that the change in the yearly SHS intensity was consistent (i.e., the spatial variability in the yearly SHS intensity was consistent). The time coefficient of the first mode of the yearly SHS intensity showed interdecadal variability, and the variation characteristics were consistent with the yearly SHS intensity anomalies (Figure 10c). Looking at Figure 10a,c, it can be seen that the interdecadal variation in the yearly SHS intensity presents consistent positive or negative anomalies in spatial distribution in the Gurbantunggut Desert. As shown in Figure 11, the yearly SHS intensity showed negative anomalies at P1, P3 and P5, and positive anomalies at P2, P4 and P6 in the Gurbantunggut Desert.



The explanatory variance in the second mode of the yearly SHS intensity exceeded 7.72%, and the spatial distribution of EOF2 of the yearly SHS intensity presented an east–west polarity variation (Figure 10b). Before the mid-1990s, the change in the time coefficient of the second mode was relatively smooth. From the mid-1990s to the early 2000s, the time coefficient showed an upward tendency, whereas since the early 2000s, it has shown a downward tendency (Figure 10d).




3.2.4. Possible Linkage between the SHS Intensity and Interdecadal Pacific Oscillation


As mentioned in the previous section, the anomalies in yearly SHS intensity in the Gurbantunggut Desert over recent decades have shown obvious interdecadal variation. Therefore, the possible linkage between the SHS intensity and IPO was explored in this section. Figure 12 shows the time series of the SHS intensity anomalies and IPO index during the 1950–2021 period. The IPO was in a negative phase in 1950–1976 and 1999–2021, and a positive phase in 1977–1998 (Figure 12b). Moreover, the time series of the SHS intensity anomalies was positively correlated with the IPO index, with a correlation coefficient of 0.34 (significant at the 0.05 level).



Figure 13 depicts the spatial distribution of the yearly SHS intensity anomalies in the Gurbantunggut Desert during the different IPO phases. In the negative IPO phase, the yearly SHS intensity showed a negative anomaly in the Gurbantunggut Desert. In the positive IPO phase, the yearly SHS intensity in the western part of the Gurbantunggut Desert presented a negative anomaly, while the other regions of the Gurbantunggut Desert presented a positive anomaly.



Further, Figure 14 depicts the spatial distribution characteristics of precipitation anomalies in different IPO periods in northern Xinjiang. It can be seen that the precipitation anomaly in northern Xinjiang was less in the IPO negative phase, and more in the IPO positive phase. This result is supported by the previous studies [24]. The precipitation anomaly in northern Xinjiang was positively correlated with the SHS intensity (corr = 0.44 and significant at the 0.05 level), negatively correlated with the sensible heat flux (corr = −0.84 and significant at the 0.05 level), and positively correlated with the latent heat flux (corr = 0.90 and significant at the 0.05 level) at KLML station. The main form of latent heat flux was the phase transition of water. Hence, the change in the latent heat flux was greater than that in the sensible heat flux when there was more precipitation in the desert, and this led to an increase in the intensity of the SHS (i.e., positive IPO phase). The opposite was true when precipitation was low.






4. Discussion


The SHS was a weak heat source at night and a strong heat source during the daytime, and the intensity of the SHS increased gradually from January to July but decreased gradually from July to December at the KLML station. At the same time, the long-term temporal and spatial variation characteristics of the SHS intensity in the Gurbantunggut Desert are discussed based on the ERA5-Land reanalysis. The EOF1 of each month showed changes in the form of the consistent strengthening or weakening of the SHS intensity in desert areas. The spatial distribution of EOF2 in each month showed a north–south or east–west polarity variation. The variation characteristics of the time coefficients of each mode were different in each month.



In addition, the seasonal and diurnal variations in the SHS intensity at the KLML station were consistent with those in the central Qiangtang Plateau [16]. With the increase in vegetation on the Qinghai–Tibet Plateau, the SHS intensity in this plateau also increased in general [38]. However, as the largest fixed/semi-fixed desert in China, the SHS intensity of the Gurbantunggut Desert has not significantly increased or decreased over recent decades. At the same time, the contribution of the latent heat flux to the SHS intensity in the Gurbantunggut Desert was greater than that in the central and western Tibetan Plateau and the Taklimakan Desert [39].



Studies have pointed out that sensible and latent heat fluxes are among the main factors affecting the height change in the atmospheric boundary layer. The sensible heat flux, latent heat flux, atmospheric boundary layer height, monsoon, monsoon precipitation, large-scale circulation, etc., affect and restrict one another [12,40,41,42,43]. Anomalies in the SHS intensity on the Qinghai–Tibet Plateau have an impact on the Asian Summer Monsoon and summer precipitation in eastern China [7,8]. The Pacific Ocean SSTA (i.e., IPO) and the spring SHS intensity on the Qinghai–Tibet Plateau were important causes of “waterlogging in south China and drought in north China” [8,24]. These studies indicate that the surface energy variation is closely related to large-scale circulation. However, regarding the variations in surface energy, the possible mechanisms underlying interdecadal variation in the SHS intensity anomalies and the relationship between the SHS intensity anomalies in the Gurbantunggut Desert, and the precipitation change in the surrounding area and Eastern China, remain unclear. Therefore, exploring the long-term variation characteristics of SHS intensity in the Gurbantunggut Desert provides scientific theoretical support for further research on the mechanisms of the weather and climate events in northern Xinjiang, and even the whole Xinjiang region.




5. Conclusions


In this study, based on the observation data of the KLML station and ERA5-Land reanalysis, the reproducibility of the ERA5-Land reanalysis data for observation was evaluated, and the long-term variations and spatial differences in the SHS in the Gurbantunggut Desert were discussed. The results show the following:




	(1)

	
The hourly SHS intensity in the KLML station from 2013 to 2021 showed a gradual increase in duration and intensity from January to July, and a gradual decrease from July to December. It was a weak heat source at night and a strong heat source during the daytime. The characteristics of the daily variation in the SHS intensity in each year were consistent. The daily and daytime SHS intensities showed obvious seasonal variation, and the intensity of the SHS reached the maximum in summer and the minimum in winter, while the intensity of the SHS at night demonstrated the opposite. The annual and monthly variations in the surface energy were a strong heat source during the daytime and a weak cold source at night. From 2016 to 2021, the yearly SHS intensity first decreased and then increased;




	(2)

	
The RMSE and MAE of the monthly SHS intensity between the observation and ERA5-Land reanalysis were all less than 10 W/m2. ERA5-Land reanalysis could explain 90% of the variation (R2) in the observations, and the tendency of the ERA5-Land reanalysis was significantly consistent with the observation (0.05 significance level). The monthly SHS intensity between 0 and 50 W/m2 obtained from the ERA5-Land reanalysis was basically consistent with the observations, while the monthly SHS intensity over 50 W/m2 was lower than seen in the observations. In conclusion, ERA5-Land reanalysis can reproduce the probability distribution characteristics of the monthly SHS intensity well. At the same time, the correlation coefficient between the ERA5-Land reanalysis and observation reached 0.96, the scatter plot was basically diagonal, and the time series coincided, indicating that ERA5-Land reanalysis could reproduce the time variation characteristics of the observed SHS intensity effectively;




	(3)

	
The monthly SHS intensity was lower than 50 W/m2 during the January–March and September–December periods, showing a weak heat source, and was higher than 50 W/m2 during April–August in the Gurbantunggut Desert. The first mode of EOF decomposition can explain the spatio-temporal variation in the monthly SHS intensity in the desert region effectively. On the other hand, EOF1 showed the change characteristics of a consistent strengthening or weakening of the monthly SHS intensity in desert areas. The spatial distribution of EOF2 showed a north–south or east–west polarity variation. The variation characteristics of the time coefficients of the first and second modes of the EOF decomposition from January to December were quite different.




	(4)

	
The climatology of the yearly SHS intensity was lower in the central part and higher in the western and eastern parts. The time series of the anomalies in the yearly SHS intensity showed obvious interdecadal variation characteristics. The spatial distribution of the yearly SHS intensity showed negative anomalies at P1, P3 and P5, and positive anomalies at P2, P4 and P6 in the Gurbantunggut Desert. In the negative IPO phase, the yearly SHS anomalies were negative in the Gurbantunggut Desert, while the yearly SHS anomalies were positive in the positive IPO phase in most regions of the Gurbantunggut Desert.
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Figure 1. (a) The KLML station and (b) terrain of the study area, with the location of the Gurbantunggut Desert (red area) and KLML station (red triangle). The dotted lines represent the boundaries of northern, eastern and southern Xinjiang. 
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Figure 2. Hourly variation in the surface heat source in each month from 2013 to 2021 at the KLML station (local time). 
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Figure 3. Variation in the daily, daytime and night means of the SHS in 2013–2021. All curves represent the 9-day running means of the SHS. 
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Figure 4. (a) The yearly and (b) monthly mean changes in the SHS at the KLML station in 2013–2021. 
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Figure 5. The (a) QQ plot, (b) PDF curve, (c) scatter plot and (d) time series of the monthly SHS intensity of the observation and ERA5-Land reanalysis during the 2013–2021 period. The red solid line indicates 1-1 line in (a). 
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Figure 6. The average spatial distribution of (a–l) the January–December SHS intensity in the Gurbantunggut Desert during the 1950–2021 period. 
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Figure 7. Spatial distribution of the first two modes of the EOF decomposition of the SHS intensity during (a–l) January–December in the Gurbantunggut Desert. 
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Figure 8. Time coefficients of the first two modes of the EOF decomposition of the SHS intensity during (a–l) January–December in the Gurbantunggut Desert. The blue and orange solid lines represent the original sequence and the 11-year running mean, respectively. 
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Figure 9. The (a) climatology, (b) trend and (c) time series of the anomalies of the yearly SHS intensity in the Gurbantunggut Desert during the 1950–2021 period. The anomalies in the SHS intensity were relative to the base period, i.e., 1981–2010. P1–P6 in (c) represent the SHS intensity positive and negative anomaly periods. P1–P6 refer to 1950–1954, 1955–1963, 1964–1982, 1983–2003, 2004–2015 and 2016–2021, respectively. The blue and orange solid lines in (c) represent the original sequence and the 11-year running mean, respectively. 
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Figure 10. The (a,b) spatial distributions and (c,d) time coefficients of the first two modes of the EOF decomposition of the yearly SHS intensity in the Gurbantunggut Desert during 1950–2021. The blue and orange solid lines in (c,d) represent the original sequence and the 11-year running mean, respectively. 
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Figure 11. The spatial distribution of the yearly SHS intensity anomalies at (a–f) P1–P6, respectively. The anomalies in the SHS intensity are relative to the base period, i.e., 1981–2010. 
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Figure 12. The time series of (a) the SHS intensity anomalies and (b) IPO index during the 1950–2021 period. The anomalies of the SHS were relative to the base period, i.e., 1981–2010. The blue and orange solid lines represent the original sequence and the 11-year running mean, respectively. 
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Figure 13. The spatial distribution of the yearly SHS intensity anomalies during the IPO (a) negative and (b) positive phases, respectively. The anomalies in the SHS intensity were relative to the base period, i.e., 1981–2010. 
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Figure 14. The spatial distribution characteristics of precipitation anomalies in the IPO (a) negative and (b) positive phases in northern Xinjiang. 
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Table 1. The RMSE, MAE, interannual variations (i.e., regression coefficients), R2 and correlation coefficients of the monthly SHS intensity between the observation and the ERA5-Land reanalysis at the KLML station during the 2013–2021 period.
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RMSE

	
MAE

	
Interannual Variations

	
R2

	
Corr.




	
Observation

	
ERA5-Land






	
9.56 W/m2

	
8.32 W/m2

	
0.016 W/m2

	
−0.013 W/m2

	
0.90

	
0.96











 





Table 2. The anomaly periods of the yearly SHS intensity during the 1950–2021 period in the Gurbantunggut Desert.
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	Period
	Period
	SHS Anomaly





	P1
	1950–1954
	negative



	P2
	1955–1963
	positive



	P3
	1964–1982
	negative



	P4
	1983–2003
	positive



	P5
	2004–2015
	negative



	P6
	2016–2021
	positive
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
. “’&.

iy

-

"‘-.
e
LT






media/file4.png
vamﬂ
100 200 300

0

=

(@) Jan (b) Feb (¢) Mar

vamz
hvfmz

100 200 300
100 200 300

0

vamz
100 200 300

0

Vmez

100 200 300

0

vamz
100 200 300

0

=
S
.
E
vamz
100 200 300
hvfmd
100 200 300

vamﬂ

100 200 300

0

(i) Sept

]?
!

0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20

vvfnﬁ

100 200 300

0

(j) Oct (k) Nov (Iy Dec

ﬁ N

hvfmz

%.

vvfnﬁ

100 200 300
100 200 300

.

8 12 16 20 0 4 8 12 16 20 0 4 8 12 16
==Year 2013 Year 2014 Year 2015 *Year 2016 Year 2017 =Year 2018 =*Year 2019 *Year 2020 *Year 2021





media/file18.png
(a) Climatology (b) Trend

46°N- 46°N-
45°N- 45°N-
44°N- 44°N-
86°E 88°E 90°E 86°E 88°E 90°E
<I ] ] ] ]
30 34 38 42 46 50 54 58 —0.9 —0.6 —0.3 0.0 0.3 0.6 0.9
(c) Anomaly SHS

54 P3 P4 P5 P6

g /\ /X_A/?“(\[XAJ/\\

O _ A {\ A 'y

ZAMVER \Y; Vo
——SHS
-3 ——— 11:iyear Ruuning mean

\N]
\2
o






media/file21.jpg
(3) SHS anomaly duing P1 (6 SHS ancmaly duing P2 ) SHS anormly during P3
Lyl o B o ] 3
S b i~ >
N s | e -
T T g T
(@SS sy drin 4. (€58 sl g PS 0515 oy dring P
o T |





media/file26.png
(a) SHS anomaly during IPO—

46°N- | '-"I' , ‘ AN
g o
45°N-
44°N-
86°E 88°E 90°E

(b) SHS anomaly during IPO+

46°N-
45°N- -\ “ ", ( |
44°N-
86°E 88°E 90°E
R ——-
0.4 0.8






media/file27.jpg
) Pre anomaly during IPO+

W e W W WE W






media/file3.jpg
win'

@aen TFes e

whe'

o 1o w0 w0

E
%

win'

>

WSept

win'

'






media/file22.png
(a) SHS anomaly during P1 (b) SHS anomaly during P2 (c) SHS anomaly during P3

46°N-
45°N/
44°NA P
86°E 88°E 90°E 86°E 88°E 90°E ~ 86°E 88°E 9%°E
(d) SHS anomaly during P4 (e) SHS anomaly during P5 (f) SHS anomaly during P6
46°N-
45°N-






media/file19.jpg
() EOF1 of ycarly SHS

(5) EOF2 of yearly SHS

JE ——

S &eE S

ECC R






media/file7.jpg
wim® wim?

40 80 120

80 120

a0

<0

0

0

(@) Yearly variabilty

SMen ©-Day mean Sight mesn

2013 2014 2015 2016 2017 2018 2019 2020 2021

(6) Monihy variabily

Mt =

2013 2014 2015 2016 2017 2018 2019 2020 2021






media/file28.png
(a) Pre anomaly during IPO— (b) Pre anomaly during IPO+

49°N- 49°N-
48°N- 48°N-
47 °N- 47 °N-
46°N- 46°N-
45°N- 45°N-
44°N- 44°N-
43°N- 43°N-
42°N- 42°N-

) \J

80°E 82°E 84°E 86°E 88°E 90°E 92°E 80°E 82°E 84°E 86°E 88°E 90°E 92°E






media/file10.png
Reanalysis

(a) QQ plot of surface heat source (b) PDF plot of surface heat source  (c) Scatter plot of surface heat source
0.020

Surface heat source

100 - «  ERAS /.,’ N — Obs 75 -
/,:.;:‘ 0.015 ——FRAS5 P
el = 2,50
50 - 254 E0.0IO - §
pr o <
- & 25 E
ol 0.005 -
0 - /’” 0 4
1 L] ] 0.000 I L] I
0 50 100 0 50 100
Obs Heat source
(d) Time series of surface heat source
100
e 4 f‘
/ a\ | /. ‘
5 \ / \ \ I‘ bS
50 \ \ [/ \
Vi /) \ / '/ /) d \
0 ~
o o O O o o 8] o o
\’P \@ \‘3Q \bQ \/\Q \%Q \qQ nQQ %\Q
DU A S S R M S





media/file14.png
(a) Jan (b) Feb (c) Mar (d) Apr

46°N. w°N] EOFI ok 57.14% 26°N. s°N] EOF1 24 o .-R 74.79%
45°NA 45°N 45°N- 45°N-
44°N/ 44°N/ 1 44°N/ 44°N. w
45°N. 45°N 45°N. 45°N.
44°NA 44°N - 44°N- 44°N-
86°FE SS°E 9W°E 86°F SS°E %W°E 86°E SS°E 9W°E 86°F SS°E 9W°E
(¢) May (f) Jun (g) Jul (h) Aug
s°n]  EOFI1 Y & 72.49% s°n| EOF1 2.5 -k 73.06% 46°N s°nd  EOFI1 Y -} 69.08%
45°N. 45°N. 45°N. 45°N.
“ON A “ol\_ .. “OI\_ uOI\_ L
46°N 46°N- son] EOF2@s . .1 12.01%
45°NA 45°NA 45°N- .
44°N] 44°N. 44°N. “-
86°E SS°E 9%°E 86°E SS°E 9%°E 86°E SS°E 9%°E 86°E SS°E %°E
(1) Sept (j) Oct (k) Nov (1) Dec
°N] EOFI ook 81.34% s°Nn] EOF1 ook 77.36% °N] EOFI ook 69.96% s°N] EOF1 ook 49.03%
45°NA 45°NA 45°NA 45°N-
44°N. . 44°N. . 44°N. " 44°N. ..
46°N 46°N-
45°N- 45°N-
44°N 44°N






media/file11.jpg
§8§ 393

155 51 8 134
>j

( &k 2N 1
i






media/file6.png
W/m2

-40 0 40 80 120 160 200

Y

B/R R e 4
| M W’% ,ﬁ'f %ﬁw w W '*"M‘a

2013 2014 2015 2016 2017 2018 2019 2020 2021






media/file15.jpg
D

il

FLLLLLTS PP’ FELEESSS
e A rece
,‘W ; ) bE
. ﬁ!i_._" . -
e’!é’(:/v‘f ELLLELSS FELLLLTS FLLLELSS

Tt

T

it

Lok,

kel

P I P PP I PR PPPPP PP

PYPIII I

FFPIPPFP





nav.xhtml


  remotesensing-15-05731


  
    		
      remotesensing-15-05731
    


  




  





media/file29.png





media/file16.png
(a) Jan