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Abstract: Recent years have witnessed contrasting trends in summer total rainfall (STR) over the 

Tibetan Plateau (TP), with an increase in the northern and a decrease in the southern TP. This study 

identifies four significant centers of rainfall trends: eastern TP (“region A”), Qiangtang Plateau 

(“B”), Qaidam Basin (“C”), and the northern foothills of the Himalayas (“D”). Heavy rainfall domi-

nates STR trends in regions A and D, accounting for 55.6% and 52.0%, respectively. In region B, 

moderate and light rainfall contribute almost equally, accounting for 37.3% and 44.8% of the STR 

trend, respectively. Region C is primarily influenced by light rainfall, explaining 71.2% of the STR 

trend. Notably, the contributions of different rainfall intensities to STR in each region vary annually, 

with region A experiencing more heavy rainfall, region B having moderate dominance but less light 

rainfall, and region C and D showing reduced and increased light rainfall contributions, respec-

tively. Mechanistically, the strengthening of the upper-level westerly jet and the South Asian High, 

coupled with changes in moisture transport and convective available potential energy, collectively 

cause variations in rainfall intensity, characterizing the spatial heterogeneity in STR in the TP. 
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1. Introduction 

The Tibetan Plateau (TP), with an average elevation above 4000 m (Figure S1), stands 

as the world’s highest plateau. Its dynamic and thermal forcing has long been recognized 

for its critical impact on the onset and establishment of the Asian summer monsoon and 

even climate changes across the entire Northern Hemisphere [1–6]. 

Functioning as the “Water Tower of Asia” [7], the rainfall of the TP significantly 

shapes ecosystems, the carbon cycle, and water resources in both local and surrounding 

regions [8–12]. Moreover, it plays a pivotal role in regulating weather and climate changes 

across various time scales in Asia through the simultaneously released latent heat of con-

densation [13–18]. Therefore, it is of great significance to comprehensively understand the 

characteristics of rainfall over the TP. 

Global rainfall patterns have dramatically shifted under greenhouse warming, ad-

hering to the trend of “dry gets drier, and wet gets wetter” [19]. The TP, experiencing 
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warming surpassing the global average [20,21], has witnessed substantial alterations in its 

rainfall on multiple timescales, sparking intense research interest. Some studies have un-

veiled significant regional disparities in TP rainfall trends, often with distinct mechanisms 

and characteristics. Xu et al. [8] highlighted increased rainfall in most TP regions, partic-

ularly in the east and central areas, whereas the western TP experienced a decline during 

1961–2001. Later, studies indicated increased wetness over the western-central TP since 

the mid-1990s, partly attributed to the rapid lake expansion [22–24]. And weaker surface 

sensible heating from 1980 to 2008 led to reduced rainfall along the TP’s southern and 

eastern slopes [25]. Recent decades showcased intensified rainfall over northern TP but 

not in the south [26–28]. Yue et al. [29] reported decreased summer rainfall and lake 

shrinkage in the southern TP post 1998, linked to a dipolar sea surface temperature pattern 

between the equatorial central Pacific and Indo-Pacific warm pool. In contrast, Wang et 

al. [28] attributed drying tendencies in the southern TP’s rainfall to an anticyclonic trend 

over the northeastern TP associated with a circumglobal teleconnection (CGT)-like pat-

tern. Meanwhile, the upward rainfall trend over northern TP might be linked to the gen-

esis of TP vortices [27]. 

Various aspects of rainfall, encompassing intensity, quantity, and frequency, are un-

dergoing transformations under greenhouse warming. These alterations have far-reach-

ing consequences, notably affecting plant species diversity and essential terrestrial carbon 

processes [30–32] and contributing to recent droughts in arid and semi-arid regions 

[33,34]. Heavy rainfall is projected to become more frequent and intense with continued 

warming [35]. Westra et al. [36] highlighted a noticeable global increase in average maxi-

mum daily rainfall from 1900 to 2009. Since 2000, a substantial shift has occurred in many 

elements—such as temperature, winds, and surface sensible heating—over the TP [37,38]. 

However, it remains unclear how different levels of rainfall intensities change across dif-

ferent TP regions and their respective contributions to the summer (June–July–August, 

JJA) total rainfall (STR). Therefore, our study endeavors to elucidate the spatial character-

istics of trends in STR and different levels of rainfall intensities over the TP during the 

past two decades by using multi-source rainfall products. Further, we investigate the po-

tential relationship between changes in different levels of rainfall intensities and the STR 

trend. This analysis delves into the nature of this relationship, its stability, and whether it 

has undergone changes in time. Crucially, we suggest the underlying physical mecha-

nisms driving these observed trends. Furthermore, we examine the ability of the Coupled 

Model Intercomparison Project Phase 6 (CMIP6) models to accurately simulate the trends 

in STR and different levels of rainfall intensities over the TP, providing insights for future 

predictions. Our objective is to enhance our understanding of the specific nuances in TP 

rainfall patterns within the context of greenhouse warming. 

2. Data and Methods 

We collected observational daily rainfall data from 293 stations spanning the central 

and eastern TP (see their locations in Figure 1b) from 1950 to 2021 through the China Me-

teorological Administration (CMA). Additionally, the Global Precipitation Measurement 

(GPM), succeeding the TRMM satellite mission [39], provided a robust dataset with over 

20 years of data, offering high spatial (0.1° × 0.1°) and temporal (30-min) resolution from 

2000 to 2021. This dataset is widely recognized for its good applicability across multiple 

time scales [40]. Supplementary Materials contain results from other widely used datasets. 

The reanalysis meteorological rainfall dataset CN05.1 is interpolated from more than 2400 

stations over China from CMA, with a resolution of 0.25° × 0.25° [41]. The Global Precipi-

tation Climatology Project (GPCP) pentad precipitation is a merged analysis derived from 

satellite and gauge observations during 1979–2023, with a spatial resolution of 2.5° × 2.5° 

[42]. Daily rainfall dataset can also be extracted from a variety of reanalysis datasets, in-

cluding the Japanese 55-year Reanalysis (JRA-55) [43] and the fifth-generation ECMWF 

reanalysis for 1979–2023 (ERA5) [44]. These datasets have horizontal resolutions of 1.25° 



Remote Sens. 2023, 15, 5587 3 of 15 
 

 

× 1.25° and 0.25° × 0.25°, respectively. To maintain consistency, this study focused on the 

common time frame of 2000–2021. 

 

Figure 1. Spatial distributions of the trend in summer total rainfall (STR, mm yr−1) over the Tibetan 

Plateau (TP) for the period of 2000–2021 based on (a) GPM and (b) station observations, respectively. 

(c) Comparison of STR trends between GPM and station observations (red line) and the black line 
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presents the 1:1 slope. Dotted areas in (a) represent the significance above the 90% level as estimated 

using the Student’s t-test. Colored boxes represent the four key regions (A, B, C, and D and the same 

below) focused on in this study, where rainfall trends are predominantly significant. 

Additionally, various variables from JRA-55, including zonal and meridional wind 

fields, geopotential height, vertical velocity, specific humidity, convective, and large-scale 

rainfall, were also employed in this study for the underlying physical mechanism analy-

sis. 

For CMIP6 multi-model simulations (available at https://esgf-node.llnl.gov/pro-

jects/cmip6/ accessed on 14 June 2023), six models (BCC-CSM2-MR, CMCC-CM2-SR5, 

CMCC-ESM2, INM-CM5-0, KACE-1-0-G, and MRI-ESM2-0) were incorporated. These 

models provide historical simulations from 1850 to 2014. To evaluate the performance of 

CMIP6 in simulating the rainfall trends over the TP from 2000 to 2021, it is imperative to 

integrate both historical and future data of the model simulations (specifically, the future 

scenario SSP126 was adopted). This allows for the extraction of model data during this 

specific period, facilitating the comparison with the observed results. 

According to the CMA classification, rainfall intensity can be categorized into three 

levels: light rainfall (0.1–10 mm d−1), moderate rainfall (10–25 mm d−1), and heavy rainfall 

(exceeding 25 mm d−1). 

The linear trend represents the overall upward or downward changes, and the linear 

trendline is a straight line characterized by the function 

���  =  � + ���    i = 1, 2, …, n   (1)

where �� represents a climate variable with a sample size of n, and �� is the correspond-

ing time period. “b” is the slope of the trendline and “a” is an intercept, which can be 

calculated by using the least-squares method: 
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��� . And the spatial distribution of the trends is obtained 

by calculating the trend at each grid point over the TP. And to assess the statistical signif-

icance of the linear trends, a two-tailed Student’s t-test is applied. 

3. Results 

The TP predominantly comprises arid and semi-arid regions, where the average an-

nual rainfall is 621.6 mm. Notably, summer rainfall constitutes around 55.8% of this total 

(Figure S2). This summertime rainfall, intertwined with the release of condensation latent 

heat, exerts a significant influence on the local and surrounding ecosystems, water re-

sources, and climate change. It is therefore crucial to unravel the characteristics of the 

summer rainfall of the TP. 

3.1. Trends in Summer Total Rainfall over the TP 

Figures 1 and S3 show the spatial distributions of linear trends in STR over the TP 

from 2000 to 2021 using the station observations, station-based upscaled products, the 

satellite-based dataset, and reanalysis rainfall products. The five gridded datasets in gen-

eral show robust increases in rainfall over the northeastern TP and decreases over the 

southeastern TP, closely aligning with direct station observations (Figure 1b). Notably, 

magnitudes of these trends are comparable, with the exception of ERA5, whose trends are 

obviously underestimated (Figure S3c). In the western TP, the rainfall in CN05.1, despite 

being station-based [41], faces uncertainties due to the sparse meteorological station cov-

erage there (Figure 1b). This scarcity similarly affects the quality of the reanalysis prod-

uct’s regional climate representation. Notably, both ERA5 and JRA-55 depict significant 

decreases in rainfall over the northwestern TP, a trend inconsistent with the increases 
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observed in CN05.1 and the two satellite-based products (GPM and GPCP) (Figures 1 and 

S3). These two satellite-based rainfall products appear to have a high degree of con-

sistency, albeit in different spatial resolutions (Figures 1a and S3b). Considering factors 

such as spatial resolution, uncertainty, and trend strength, our study focuses on the state-

of-the-art high-resolution GPM dataset for a detailed analysis of the trends in STR over 

the TP, providing a comprehensive understanding of the changing rainfall patterns. 

Quantitatively, we interpolated the gridded GPM rainfall onto the locations of the 

meteorological stations to compare trend magnitudes with station observations. While 

GPM appears to slightly underestimate the decreasing trends over the southeastern TP, it 

exhibits good overall performance, showing a slope of 0.73 (p < 0.01), a coefficient of de-

termination (R2) of 0.34, and a standard error of 3.38 in comparison with the station obser-

vations (Figure 1c). This verified the results of Lin et al. [40]. 

Furthermore, we can clearly see that there are three significant wetting centers: the 

eastern TP (defined here as region A, 31°–37°N, 98°–104°E), Qiangtang Plateau (region B, 

33°–36°N, 86°–94°E), and Qaidam Basin (region C, 36°–39°N, 92°–97°E). Conversely, a 

drying center is observed in the northern foothills of the Himalayas (region D, 28°~32°N, 

82°~88°E). Hereafter, the four centers are mainly concerned in this study (Figure 1a). 

3.2. Contributions of Various Rainfall Intensities to Regional STR Trends 

3.2.1. Spatial Distributions 

Changes in STR are primarily attributed to shifts in both rainfall frequency and in-

tensity. We can find that there is a significant increase in rainfall frequency over the wet-

ting centers, with region A experiencing increased frequencies of heavy and moderate 

rainfall, region B mainly observing an increase in moderate rainfall, and region C witness-

ing a rise in light rainfall. In contrast, the frequency of moderate and light rainfall over 

region D significantly decreases (Figure S4). Taking the changes in frequency and mean 

intensity into account, here, we comprehensively investigate the accumulated summer 

rainfall in different levels of intensities. 

Clearly, contributions from different levels of rainfall intensities to STR changes ex-

hibit obvious spatial heterogeneity (Figures 1a and 2a–c). Heavy rainfall demonstrates an 

overall east–west contrasting pattern, with increasing trends over the eastern TP and de-

creasing trends over the western TP. The high-value centers of wetting and drying of the 

heavy rainfall are mainly concentrated in the eastern and southwestern TP, corresponding 

to regions A and D (Figure 2a). Furthermore, in regions A and D, heavy rainfall trends 

contribute to more than 60% of the STR trends in most significant grids, even reaching 

over 90% in certain areas (Figure 2d). This dominance of heavy rainfall suggests its pivotal 

role in shaping the STR trends in these regions, accounting for 80% and 60% of the total 

area of the significant grids in regions A and D, respectively. Regarding moderate rainfall, 

remarkably, two wetting centers and one drying center are exactly located in regions A, 

B, and D, respectively (Figure 2b). Obviously, the area where moderate rainfall contributes 

more than 60% to the STR trends occupies almost the entire area of B except for some 

northern parts with contributions below 40%, indicating that the variation in moderate 

rainfall may be foremost in the long-term rainfall changes in this region. In regions A and 

D, moderate rainfall also accounts for above 60% of the STR trend in some parts but less 

than 50% in more parts (Figure 2e). In addition, it should be noted that areas with signifi-

cant changes of heavy and moderate rainfall are also different in regions A and D. For 

instance, heavy and moderate rainfall mainly contribute to the southern part and north-

west–southeast direction in region A, respectively, whereas moderate rainfall signifi-

cantly contributes to the southeastern region of D (Figure 2d–e). 

In the case of light rainfall, an increasing trend is predominantly observed over the 

northern TP, contrasting with a decreasing trend over the southern TP (Figure 2c). Nota-

bly, two significant centers of rainfall intensification occur in the northern part of region 

B and the entire region of C, highlighting the importance of light rainfall in long-term 
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changes. Examining the percentage of the light rainfall trend to the STR trend (Figure 2f) 

reveals that it exceeds 60% in specific grids but falls below 40% in many parts of region B. 

However, in region C, light rainfall accounts for over 80% of the STR in most areas. It is 

worth mentioning that the light rainfall is almost the only type of rainfall in region C, 

making its trend a representative indicator of the overall STR trend in this area. 

 

Figure 2. Spatial distributions of trends in (a) heavy rainfall (mm yr−1), (b) moderate rainfall (mm 

yr−1), and (c) light rainfall (mm yr−1) for the period of 2000–2021 (left panel). The percentage of trends 

in (d) heavy rainfall, (e) moderate rainfall, and (f) light rainfall to trends in STR over the significantly 

varying grids, and (g) significant areas with the largest proportions of rainfall intensities (right 
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panel). Dotted areas in (a–f) represent the significance above the 90% level. The red, purple, and 

blue dots in (g) represent the heavy, moderate, and light rain, respectively.  

To identify the primary contributor to the STR trend in these four key regions, we 

aggregate the contributions of heavy, moderate, and light rainfall (Figure 2g). Clearly, in 

region A, heavy rainfall covers the largest area, constituting 56% of its total significant 

area, followed by moderate rainfall at 36%. In region B, moderate rainfall predominantly 

influences most areas, while light rainfall dominates the northernmost part, accounting 

for approximately 51% and 41% of the dominant areas, respectively. Region C is entirely 

dominated by light rainfall with a significant area of approximately 93%. And in region 

D, the situation is complicated with moderate, heavy, and light rainfall contributing areas 

of 42%, 38%, and 20%, respectively. 

It is well known that the climatological STR over the TP typically decreases from 

southeast to northwest, with most parts of the TP being predominantly characterized by 

light rainfall, followed by moderate and heavy rainfall (Figure 3a–c). Specifically, the cli-

matological percentage of light rainfall to STR is generally above 50% in most TP areas 

(Figure 3c). In contrast, the proportions of heavy and moderate rainfall are considerably 

smaller, typically falling below 50% (Figure 3a,b). A comparison between the spatial pat-

terns of dominant contributors to climatological rainfall and rainfall trends reveals signif-

icant disparities (Figures 2g and 3d), indicating that the trend variations in different levels 

of rainfall intensities are gradually altering the pattern of their original climate states. 

 

Figure 3. Spatial distributions of the climatological proportion of (a) heavy rainfall, (b) moderate 

rainfall, (c) light rainfall to STR during 2000–2021. (d) the largest proportion of rainfall intensities. 

The red, purple, and blue dots in (d) represent the heavy, moderate, and light rainfall, respectively. 

3.2.2. Temporal Evolution 

Based on the regional average STR and different levels of rainfall intensities in the 

four key regions (Figure 4a–d and Table 1), we can see that the change in STR shows a 

significant increasing trend of 48.6 mm 10 yr–1 in region A. The heavy rainfall here, with 

values below 100 mm before 2018, is much less than moderate and light rainfall, which is 

well consistent with the manifestation in Figure 3a. However, heavy rainfall experienced 

the strongest upward trend in recent decades, increasing at a rate of 27.0 mm 10 yr–1 and 

contributing to a 55.6% rise in STR (Table 1). The growth rate of moderate rainfall (15.3 

mm 10 yr–1) in this region is also prominent and conductive to the upward trend in STR. 

In contrast, light rainfall has high values but a weak trend (6.3 mm 10 yr–1). It is interesting 
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that the most rapid increase in STR and different levels of rainfall intensities all occurred 

after 2016 in region A. Observations in region A also show similar results to GPM, but 

with a larger trend in moderate rainfall than that in heavy rainfall which may be related 

to the limited stations in the southwest of region A (Figure 1b), where heavy rainfall pre-

dominantly occurs (Figure 2d). 

 

Figure 4. Time series of STR (black lines, mm), heavy rainfall (red lines, mm), moderate rainfall 

(purple lines, mm), and light rainfall (blue lines, mm) averaged over regions (a) A, (b) B, (c) C, and 

(d) D. The dotted lines represent the trends in each variable during 2000–2020. Left and right axis 

represent the STR and three levels of rainfall intensities, respectively. 

Table 1. Trend (mm 10 yr–1) in STR and three levels of rainfall intensities over the TP. The symbols 

*, **, ***, and **** indicate the statistical significance above the 90%, 95%, 99%, and 99.9% confidence 

level, respectively. The numbers in brackets represent the explaining percentages of trend in domi-

nant rainfall intensities to STR trend in four key regions. 

Regions Total Rainfall Light Rainfall Moderate Rainfall Heavy Rainfall 

A 48.6 *** 6.3 15.3 ** 27.0 *** (55.6%) 

B 46.7 **** 20.9 ** (44.8%) 17.4 *** (37.3%) 8.4 *** 

C 17.7 *** 12.6 **** (71.2%) 4.3 0.9 

D −41.7 * −5.8 −14.3 −21.7 ** (52%) 

In region B, the temporal variations in STR and three levels of rainfall intensities all 

have robust strengthening trends (p < 0.05) (Figure 4b and Table 1). Obviously, light rain-

fall exhibits a trend almost twice that of moderate rainfall, with a robust increase of ap-

proximately 20.9 mm 10 yr–1, contributing about 44.8% to the STR trend. Moderate rainfall, 

with a trend of 17.4 mm 10 yr–1, contributes 37.3% to the STR trend (Table 1). Heavy rain-

fall, with values below 40 mm yr–1 in this region, displays a relatively weak increasing 

trend of 8.4 mm 10 yr–1 (p < 0.001). Hence, quantitatively, light rainfall and moderate rain-

fall indeed are the main contributors to the long-term change in STR in region B. 

For region C, light rainfall is clearly the dominant rainfall intensity, with comparable 

magnitude and trend to the STR (about 71.2%) (Figure 4c and Table 1). Meanwhile, in 

region D, heavy rainfall exhibits the lowest magnitude, and although all three levels of 

rainfall intensities have similar interannual variabilities with STR (Figure 4d), only the 

decreasing trend in heavy rainfall is significant with a rate of 21.7 mm 10 yr–1 (Table 1). 

This decrease accounts for 52.0% of the STR trend, marking heavy rainfall as the dominant 
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rainfall intensity driving the weakening of STR (–41.7 mm 10 yr–1), and a sudden decline 

appeared after 2011. Moderate rainfall follows, but with a statistically non-significant 

trend. Similar to region A, the trend changes of STR here caused by light rainfall are also 

weak. 

3.2.3. Trend in Proportions of Different Levels of Rainfall Intensities to STR 

From the above analysis, we have known that in the different regions of concern, the 

contributions of three levels of rainfall intensities are different. Additionally, it is also 

worth paying attention to whether this kind of relationship remains steady along with 

climate change. 

Figure 5a–c show the trends in the proportion of three levels of rainfall intensities to 

STR in the period of 2000–2021. Clearly, the proportion of heavy rainfall exhibits a con-

sistent increasing trend in the eastern TP (Figure 5a), well consistent with its own trends 

(Figure 2a). Conversely, the proportion of moderate rainfall demonstrates an opposing 

trend to that of heavy rainfall over the entire TP (Figure 5b). Additionally, the trend in the 

proportion of light rainfall weakens in most TP regions, except for region D and north of 

region B (Figure 5c). 

 

Figure 5. Spatial distribution of linear trends of percentage contribution of rainfall intensities to STR 

from 2000 to 2021: (a) heavy rainfall, (b) moderate rainfall, and (c) light rainfall. Dotted areas repre-

sent the significance levels above 90%. 
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Specifically, the increasing trend in STR in Region A is mainly attributed to heavy 

and moderate rainfall (Figure 2 and Table 1). The increasing proportion of heavy rainfall, 

coupled with decreasing moderate and light rainfall (Figure 5), highlights the paramount 

importance and stability of heavy rainfall in influencing the STR trend in region A. And 

in region B, the increasing trends in light and moderate rainfall make comparable contri-

butions to the strengthened STR trend (Table 1). But it is worth noting that the steady rise 

in the proportion of moderate rainfall, coupled with a weakening trend in light rainfall in 

region B, underscores the growing prominence of moderate rainfall here (Figure 5b,c). 

Region C witnessed a robust increase in STR primarily due to light rainfall (Figure 2 and 

Table 1). However, the weakening proportion of light rainfall (Figure 5c) suggests a shift 

in dynamics. And this change might be linked to the increasing proportion of moderate 

rainfall in this region (Figure 5b). The situation is more complicated in region D. Similar 

to the heavy and moderate rainfall trends (Figure 2a,b), their proportions are decreasing 

in most parts in region D, especially where rainfall has substantially weakened. On the 

contrary, light rainfall, while exhibiting the weakest trend, exhibits a robust increase in 

proportion in recent years in region D (Figure 5c). This implies that the variation in STR 

in this region is gradually becoming reliant on changes in light rainfall. 

3.3. Possible Physical Mechanisms 

Using the JRA55 reanalysis, which demonstrates consistent STR trends over regions 

A, C, and D (Figures 1a and S3d), we proceeded with further mechanism analysis. Figure 

6 shows the trends in relevant large-scale circulations and various element fields. Evi-

dently, the subtropical westerly jet north of the TP has significantly strengthened in re-

sponse to recent climate change (Figure 6a). A direct comparison between the first (2000–

2004) and last (2017–2021) five years of this period reveals an eastward extension and wid-

ening of the jet stream. A similar intensification is observed in potential height at 200 hPa 

along the northeastern edge of the South Asian High (Figure 6b), promoting upper-level 

divergence in the northeastern TP under the influence of this anomalous height center 

(Figure 6c). 

Conversely, the southern TP, especially the southeastern TP, experiences easterly 

anomalies, contrary to the climatological status, which suppresses the upper-level diver-

gence (Figure 6c). Consequently, the combined effects of the jet stream and South Asian 

High due to climate change lead to a strengthening of upper-level divergence in the north 

and a weakening in the south of the TP (Figure 6c). This divergence pattern fosters up-

ward motion in the northern parts and downward motion in the southern parts. Notably, 

regions A and C exhibit a highly significant upward motion trend at 400 hPa (Figure 6d). 

Concurrently, moisture increasingly accumulates in the northeastern TP, and the convec-

tive available potential energy (CAPE) consistently rises in this area (Figure 6e). These 

conditions align well with the observed increasing rainfall trends in these regions. 

Further analysis found that the upward motion in region A extends from the surface 

to nearly 100 hPa over the TP, while it only occurs below 300 hPa in region C, which indi-

cates that deep convection and shallow convection are more likely to occur in these two 

regions, respectively. Indeed, in region A, heavy rainfall is the primary contributor to the 

STR trend, which may be mainly due to the significant enhancement in convective rainfall 

in recent years, particularly the increase in the frequency of deep convection (Figure 6f,h). 

In region C, the increasing light rainfall is mainly related to the enhancement in large-

scale rainfall and the rise in the frequency of shallow convective and stratocumulus pro-

cesses (Figure 6g,i,j). And this condition is almost opposite in region D. The decreasing 

rainfall trend here seems to be closely related to the weakening trend of convective and 

large-scale rainfall (Figure 6f,g). 
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Figure 6. Spatial distribution of the linear trends in (a) zonal wind (shaded, m s−1 yr−1), (b) potential 

height (shaded, gpm yr−1), and (c) divergence (10–9 s-1 yr−1) at 200 hPa. The black contours in (a) and 

(b) represent the averaged zonal wind and potential height for the first 5 years from 2000 to 2004, 

while the red contours are the last 5 years from 2017 to 2021, respectively. Panels (d,e) show vertical 

velocity (10–5 Pa s−1 yr−1) and convective available potential energy (CAPE) (shaded, J kg–1 yr−1) at 

400 hPa, and vertical integrated specific humidity (contours, 10–5 kg kg−1 yr−1) during 2000–2021, 

respectively. Trends in (f) convective rainfall (mm yr−1), (g) large-scale rainfall (mm yr−1), the fre-

quency (% yr−1) of (h) deep convection and (i) shallow convection, and (j) stratocumulus parame-

terization during the period of 2000–2021 are also shown. The dotted areas represent significant 

values above the 90% confidence level. 



Remote Sens. 2023, 15, 5587 12 of 15 
 

 

4. Conclusions 

In this study, we conducted a comprehensive analysis of the spatial trends in STR 

over the TP from 2000 to 2021, based on the station observations and satellite products. 

We find that the STR overall presents a pattern of drying in the south and wetting in the 

north. Notably, significant changes are concentrated in four key regions: the eastern TP 

(referred to as “region A”), Qiangtang Plateau (“region B”), Qaidam Basin (“region C”), 

and the northern foothills of the Himalayas (“region D”). Further analysis shows that the 

increasing STR trend in regions A and C is mainly driven by variations in heavy and light 

rainfall, respectively, and the enhanced STR in region B can be attributed to the combined 

contribution of moderate and light rainfall. Conversely, the decreasing STR trend in re-

gion D is largely due to the changes in heavy rainfall. 

Specifically, heavy rainfall changes account for over 55.6% and 52.0% of the STR 

trend in regions A and D, respectively. In region B, moderate and light rainfall contribu-

tions are comparable, making up 37.3% and 44.8% of the STR trend, respectively. Further-

more, light rainfall, as the dominant rainfall intensity in region C, can explain 71.2% of the 

STR trend. Obviously, the variations in the different rainfall intensities largely shape the 

spatial heterogeneity in the STR trend. Moreover, our analysis reveals dynamic shifts in 

the contributions of these rainfall intensities to STR magnitude within each year over these 

four key regions, showcasing evolving patterns such as increased heavy rainfall contribu-

tions in region A, augmented moderate rainfall but decreased light rainfall contributions 

in region B, reduced light rainfall but enhanced moderate rainfall contributions in region 

C, and more light rainfall in region D. 

In response to the recent climate change, the subtropical westerly jet north of the TP 

and the northeast edge of the South Asian High become significantly strengthened, which 

further enhance (reduce) the upper-level divergence, resulting in the upward (downward) 

movement tendency in the north (south) parts of the TP. Consequently, more instances of 

deep convection in region A and shallow convection in region C likely contribute to the 

increasing trends in heavy rainfall and light rainfall, respectively. 

Rainfall intensity trends across different TP regions vary significantly. Apart from 

large-scale circulation, these differences are intricately linked to various factors, including 

the activity of intraseasonal oscillation [45], the development of the small- and medium-

scale systems [27], and atmospheric aerosols [46]. A more in-depth mechanism analysis 

needs to be further studied in the future. 

The simulations of the trends in STR and different levels of rainfall intensities in the 

Coupled Model Intercomparison Project Phase 6 (CMIP6) models did not meet expecta-

tions. Six models, evaluated for the period of 2000–2021, failed to reproduce the observed 

spatial trends in STR over the TP, even displaying patterns contrary to both observations 

and GPM data (Figure S5). Moreover, the models struggled to accurately simulate differ-

ent levels of rainfall intensities (Figures S6–S8). And the possible reasons for the serious 

rainfall deviation over the TP region in climate models may be attributed to the inade-

quate representation of the underlying surface and cloud physical processes [47]. Given 

the complex terrain of the TP, these disparities in CMIP6 models highlight the pressing 

need for improved convection and large-scale rainfall parameterization, as well as en-

hancements in model resolution, to improve their accuracy. 

Supplementary Materials: The following supporting information can be downloaded at 

https://www.mdpi.com/article/10.3390/rs15235587/s1: Figure S1. Terrain height (units: m) over the 

Tibetan Plateau (TP). Figure S2. Annual cycle of the total rainfall (mm) at 293 meteorological stations 

over the Tibetan Plateau (TP) during the period of 2000–2021. Figure S3. Spatial distributions of the 

trends in summer total rainfall (STR, mm yr−1) over the TP during the period of 2000–2021 based on 

(a) CN05.1, (b) GPCP, (c) ERA5, and (d) JRA-55. The dotted areas represent significance above the 

90% level estimated through the Student’s t-test. Figure S4. Spatial distributions of the trends in 

frequency (days yr−1) of (a) STR, (b) heavy rainfall, (c) moderate rainfall, and (d) light rainfall during 

the period of 2000–2021. The dotted areas represent significance above the 90% level estimated 

through the Student’s t-test. Figure S5. Spatial distributions of the STR trends (mm yr−1) over the TP 
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during the period of 2000–2021 in six CMIP6 models. The dotted areas represent significance above 

the 90% level estimated through Student’s t-test. Figure S6. Same as Figure S5, but for heavy rainfall 

(mm yr−1). Figure S7. Same as Figure S5, but for moderate rainfall (mm yr−1). Figure S8. Same as 

Figure S5, but for light rainfall (mm yr−1). 
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