
1. Introduction
The water resources and hydrological cycle over the Tibetan Plateau (TP), including precipitation, glacier/snow 
cover, alpine lakes, and river run-off, exhibit significant and complex variations across a wide range of time 
scales (e.g., Immerzeel et al., 2020; Xu et al., 2008; Yao et al., 2019). Substantial efforts have been devoted to 
understanding the precipitation variability over the TP on interannual to interdecadal timescales and the under-
lying mechanisms. This variability is influenced by the tropical air-sea interactions, Asian monsoon variations, 
and atmospheric internal variability (e.g., Chen & You, 2017; Dong et al., 2016; Gao et al., 2013; Hu et al., 2022; 
Hu & Zhou, 2021; Immerzeel et al., 2010; Kang et al., 2010; Liu & Yin, 2001; Lu et al., 2015; Wang et al., 2008; 
Wang, Duan, et al., 2017; Yang et al., 2011). The imbalance of the Asian Water Tower, along with rapid warming 
in recent decades (Duan & Xiao, 2015; Ma et al., 2017; Yao et al., 2012), has caused a shift in the annual mean 
precipitation regimes with increased rainfall in the northern TP and decreased rainfall in the southern TP, which 
is referred to as the north-south dipole pattern and is associated with the anomalous westerlies and decreasing 
Indian monsoon (Yao et al., 2012, 2022). Additionally, there are notable decadal variations in boreal summer 
precipitation over the TP (Sun et al., 2020). The long-term trends and interdecadal variations of precipitation over 
the TP not only affect water supply for billions of people but also regulate local and surrounding climate through 
the release of diabatic heating (e.g., Immerzeel et al., 2010; Wu et al., 2007; Yang et al., 2014). However, current 
understanding and prediction capability for the seasonally evolving variations of precipitation at multiyear scales 
over the TP is still poor, which has imperative implications for climate prediction and local ecosystem (Kang 
et al., 2010; You et al., 2014).

Abstract The Tibetan Plateau (TP) precipitation is experiencing the north-south dipole tendency 
pattern since 1979. In this study, we identify four primary seasonally evolving patterns (SEPs) that explain 
approximately 50% of the total variance in precipitation variability over the TP. These SEPs contribute 
60%–90% of the spatial mean amplitude of precipitation trends across seasons. In particular, the second SEP 
that features a north-south dipole pattern dominates the annual mean trend of the precipitation over the TP. The 
interdecadal variability of the seasonally evolving north-south dipole pattern is linked to the interdecadal 
variations of summer Silk Road Pattern and Indian monsoon. These findings suggest that the climate variability 
expressed through SEPs could potentially serve as a significant source for the interdecadal rainfall prediction.

Plain Language Summary The Tibetan Plateau (TP) is experiencing the north-wetting-south-
drying trend due to the imbalance of the Asian water tower since 1979, influencing the water supply to billions 
of people and regional and global climate. However, the characteristics of the seasonally evolving variations 
of precipitation across seasons on multiyear timescales, as well as the associated major circulation patterns, 
remain unknown. Here we identify four primary seasonally evolving patterns (SEPs) and focus on investigating 
their corresponding long-term trends and interdecadal variations. These four modes collectively contribute by 
60%–90% of the spatial mean amplitude of precipitation trends across seasons. In particular, the trend of the 
second SEP that features a north-south dipole explains the spatio-temporal disparity of the total precipitation 
trend, displaying the strongest amplitude in summer over the TP. Our findings provide insight into the climate 
variability manifested in SEPs as a major source for the interdecadal prediction of rainfall evolution in the 
Asian water tower.
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The conventional analysis and prediction of precipitation seasonality variations at multiyear scales typically focus on 
the anomalies of season means with respect to the long-term mean seasonal cycle. However, this approach largely 
overlooks the physical premise that climate evolution across seasonal to interdecadal timescales is often modulated 
by the changing seasonal cycle, which can be regarded as a response to the interaction between solar radiative 
forcing and climate variability modes (Ma et al., 2023; Wang & An, 2005; Wu et al., 2008). Consequently, the 
conventional precipitation anomalies may contain a substantial component that originates from the seasonally evolv-
ing variability over the TP. Moreover, previous studies on precipitation variability over the TP have predominantly 
focused on summertime, paying little attention to the continuous and coherent evolution across different seasons.

Therefore, the objective of this study is to reveal the dominant seasonally evolving patterns (SEPs) of precipita-
tion over the TP and investigate the corresponding interannual to interdecadal variations and long-term trends 
using an approach that considers the changing seasonal cycle. Moreover, this study investigates the associated 
atmospheric circulation anomalies and the possible mechanisms underlying the seasonally evolving trends of 
precipitation over the TP.

2. Data and Methods
2.1. Data

Multiple sources of monthly precipitation datasets are used in this study, which are listed in Table 1. We apply the 
multi-observation mean to the seven gridded precipitation datasets at the 2.5° resolution to reduce the uncertainty 
of the precipitation change in different datasets over the TP. We then apply the 5-month running mean to the 
multi-observation mean to filter out weather noises.

We consider monthly geopotential fields and winds at 200-hPa derived from EAR5 reanalysis (the fifth-generation 
reanalysis global data set from the European Centre for Medium-Range Weather Forecasts, Hersbach et al., 2020) 
to search for major circulation drives for the seasonally evolving trends of precipitation over the TP. The Silk 
Road pattern (SRP) is a typical teleconnection pattern that has pronounced interdecadal variations over the Eura-
sian continent in summer (Wang, Xu, et al., 2017). The SRP index is defined as the normalized principal compo-
nent of the first empirical orthogonal function (EOF) mode of the summer mean 200-hPa meridional wind over 
the domain (20°–60°N, 30°–130°E; Kosaka et al., 2009). We also consider the Indian monsoon index (IMI) in 
summer defined as the difference of the 850-hPa zonal winds between the southern region of 5°–15°N, 40°–80°E 
and the northern region of 20°–30°N, 70°–90°E during 1980–2022 (Wang et al., 2001).

2.2. Methods

Following Ma et al. (2023), the EOF method is used to extract the yearly varying seasonal patterns of precipita-
tion over the TP. Specifically, the monthly precipitation P(s,t) after removing its long-time climatological mean, 

Number Full name of the data set Abbreviations Provider Resolution References

1 Global Precipitation Climatology Project analysis 
product

GPCP NOAA Physical Sciences Laboratory 
(PSL)

2.5° × 2.5° Adler 
et al. (2018)

2 Climate Prediction Center merged analysis of 
precipitation

CMAP NOAA PSL 2.5° × 2.5° Xie and 
Arkin (1997)

3 Global Precipitation Climatology Centre 
precipitation data set

GPCC NOAA PSL 0.5° × 0.5° Schneider 
et al. (2017)

4 Gridded observation data set based on the 
interpolation of 2400 stations over China region

CN05.1 National Climate Center of China 
Meteorological Administration

0.25° × 0.25° Wu and 
Gao (2013)

5 The fifth generation ECMWF atmospheric reanalysis 
of the global climate

ERA5 European Centre for Medium-Range 
Weather Forecasts (ECMWF)

0.25° × 0.25° Hersbach 
et al. (2020)

6 The Japanese 55-year atmospheric Reanalysis project 
conducted by the JMA

JRA55 Japan Meteorological Agency (JMA) 1.25° × 1.25° Harada 
et al. (2016)

7 Climatic Research Unit Time-Series version 4.06 of 
high-resolution gridded data

CRU CRU at the University of East Anglia 0.5° × 0.5° Harris 
et al. (2021)

Table 1 
Monthly Precipitation Data Sets Used in This Study for the Period of 1980–2020
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where s is spatial grid and t is time, is rearranged to the format of P(s, month, year). The format of P(s, month, 
year) has the advantage of reflecting both spatial and seasonal variations jointly from year to year. Applying the 
EOF analysis to P(s, month, year) with (s, month) as the space-month domain and “year” as the temporal domain 
yields

𝑃𝑃 (𝑠𝑠𝑠month𝑠 year) =
∑

𝑗𝑗=1

EOF𝑗𝑗(𝑠𝑠𝑠month)PC𝑗𝑗(year)𝑠where(PC𝑗𝑗(year))
2
≡ 1𝑠 (1)

where the overbar denotes the 41-year (1980–2020) mean and EOFj has the units of mm/d. In this study, the lead-
ing four EOF modes are referred to as seasonally evolving patterns (SEPs). The rainfall anomaly field associated 
with these SEPs is denoted as PSP, which is given by

𝑃𝑃SP(𝑠𝑠𝑠month𝑠 year) =

4
∑

𝑗𝑗=1

EOF𝑗𝑗(𝑠𝑠𝑠month)PC′
𝑗𝑗(year)𝑠 (2)

where 𝐴𝐴 PC′
𝑗𝑗
(year) = PC𝑗𝑗(year) − PC𝑗𝑗(year) , and it represents the inter-annual variability of SEPs after removing 

the climatological seasonal cycle. Moreover, the explained variance percentage (EVm) of the variability associ-
ated with each SEP relative to the total precipitation variability is obtained from

EV𝑚𝑚 =< EOF𝑚𝑚(𝑠𝑠𝑠month)2 > PC′
𝑚𝑚(year)

2∕

41
∑

𝑗𝑗=1

[

< EOF𝑗𝑗(𝑠𝑠𝑠month)2 > PC′
𝑗𝑗
(year)2 ]𝑠 (3)

where m = 1, 2, 3, 4, and “< >” represents the average over the domain of s and month. Note that the explained 
variance defined in Equation 3 excludes the variability associated with the climatological seasonal cycle. As a 
result, the order of the explained variances by individual SEPs does not follow the order returned from the code 
for the EOF analysis.

To succinctly quantify the relative contributions of the monthly and spatial trend amplitudes of individual SEP 
to the corresponding amplitude of total precipitation trend over the TP, the pattern-amplitude projection (PAP) is 
used in this work, following Deng et al. (2012). The PAP coefficient is obtained from

PAPm =< Δ𝑇𝑇 𝑇 ×
< Δ𝑇𝑇𝑚𝑚Δ𝑇𝑇 𝑇

< (Δ𝑇𝑇 )2 𝑇
, (4)

where ΔT is the spatial pattern of total precipitation trends in each month; PAPm and ΔTm are the spatial PAP 
coefficient and partial precipitation trends of each SEP; “< >” here represents the area average over the selected 
TP region. The sum of all PAPm of all EOF modes is equal to the area average of total precipitation trend. In 
addition, linear regression is used to investigate the atmospheric circulation patterns in summer associated with 
the seasonally evolving variability of major SEP.

3. Seasonally Evolving Trends of TP Precipitation
Displayed in Figure 1 are the four SEPs of the multi-observation mean precipitation anomalies derived from 
seven gridded observational datasets over the TP, which is similar to the patterns from station data (Figure S1 in 
Supporting Information S1). The SEP1 (the first row in Figure 1) is primarily characterized by a wet-dry contrast 
between May-September and October-April over the TP with the peak of the month-to-month spatial evolution 
occurring in summer and winter. The SEP1 essentially is the traditionally defined climatological seasonal cycle, 
representing the seasonal reversal of TP rainfall evolution. The SEP2 shows a north-south dipole mode that starts 
in spring and ends in autumn, representing a seasonal transition from dry to wet seasons over the northern TP 
starting in April and the reversal in December. The SEP2 resembles the trend patterns of the annual mean precip-
itation over the TP observed in recent decades (Yao et al., 2022). The SEP3 displays a dipole pattern between the 
southwest and northeast regions of the TP, which gradually strengthens and then weakens from spring to winter. 
The SEP4 exhibits a relatively uniform polarity pattern of rainfall over the TP throughout the entire year with the 
largest amplitude over the southeastern TP.

These four SEPs of precipitation display distinct amplitude variability across interannual to interdecadal varia-
tions and long-term trends (Figures 2a–2d), contributing to 7.5%, 16.6%, 12.5%, and 9.1% of the total variance 
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of total precipitation anomaly over the TP, respectively. The PC1 and PC4 exhibit strong interannual variability 
whereas the PC2 and PC3 show interdecadal variability. Meanwhile, the amplitude variations of all four PCs 
exhibit varying degrees of long-term trends. Collectively, the variations of these four SEPs (i.e., PSP) account for 
approximately 50% of the total variance in precipitation variability (Figure 2e), with the corresponding center of 
the spatial change maxima located in the northern and southern regions of the TP (Figure 2f). Figures S2–S6 in 
Supporting Information S1 also show the performance of SEPs and PCs from seven individual gridded datasets, 
and SEPs and PCs of the multi-observation mean have better spatial and temporal correspondences with that 
from the station-based data (Figure S1 in Supporting Information S1). Meanwhile, the main SEPs and amplitude 
variability remain generally consistent when using station-based data from 1961 to 2020, although there are fewer 
observations before 1980.

Since 1979, the annual mean precipitation of Asian water tower has undergone a north-south dipole trend pattern 
(Yao et al., 2012, 2022). However, the extent to which the aforementioned SEP trend pattern contribute to the 
continuous spatio-temporal evolution of precipitation trends over the TP remains unclear. It is seen in Figure 2b 
that upward trend of the PC2 is the dominant signal of its interdecadal variability, suggesting the potential signif-
icance in shaping the north-south dipole pattern observed in the overall precipitation trends over the TP. Shown 
in Figure 3 are the seasonally evolving trend patterns of precipitation over the TP derived from the four SEPs and 
the original total precipitation field in 1980–2020. The seasonal pattern associated with the SEP1 exhibits a weak 
drier winter and wetter summer in the southwestern TP, whereas the SEP2 trend pattern closely aligns with the 
spatial dipole pattern of the total precipitation trend. The SEP3 trend pattern is characterized with the wet in the 
southwestern TP but the dry in the northeastern TP from spring to autumn, and a dry condition in the Himalayas 
during winter. The SEP4 trend pattern exhibits a more rainfall pattern in the southeastern TP and a drier condition 
in the Himalayas, which is most pronounced in summer and weakens in other seasons.

To assess the relative contributions of seasonally evolving dominant patterns to the spatial mean amplitude of 
precipitation trends over the TP, we calculate the monthly pattern-amplitude projection (PAPm) of partial trends 
using the total precipitation and four SEPs, as illustrated in Figure 4. The spatial mean amplitude of the total 
precipitation trend increases from a minimum value of 8 mm/decade in winter to a maximum value of 25 mm/
decade in summer (the red line in Figure 4a). It is seen that the trends of the four SEPs account for 60%–90% of 
the spatial mean amplitude of the total precipitation trend from spring to autumn (Figure 4b or the blue line in 
Figure 4a). In particularly, the spatial mean amplitude of the SEP2 trend explains more than half of the counter-
parts of the total precipitation trend during summer. Despite that these four SEPs explain only about 50% of the 
total variance of the precipitation variability (Figure 2e), they collectively account for nearly 80% of the annual 

Figure 1. The seasonally evolving patterns (SEPs) of monthly mean precipitation anomalies from January to December during 1980–2020 over the Tibetan Plateau 
(TP). The four rows from top to bottom represent SEP1, SEP2, SEP3, and SEP4, respectively. Units of the color bar are 10 mm d −1 for SEP1 and mm d −1 for SEP2-4.
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and spatial mean amplitude of the total precipitation trend over the TP with 70% coming from the SEP2 trend 
(Figure 4c).

4. Possible Factors for the Seasonally Evolving Trends
We next examine the circulation anomalies in summer seasons that are linked to the interdecadal variability and 
trends of precipitation over the TP. Shown in Figures 5a and 5b, respectively, are the trends of the summer mean 
precipitation anomalies over the TP and 200  hPa eddy geopotential height anomalies. As expected from the 
results shown in Figure 4, the trends of the summer mean precipitation anomalies can be approximately repre-
sented by the product of the trend of PC2 and the SEP2 pattern in summer (Figure 5c). The regressed pattern 
of 200 hPa eddy geopotential height anomalies against PC2 (Figure 5d) resembles the spatial pattern shown in 
Figure 5b, strongly suggesting the association of the trend of the SEP2 with the trends of 200 hPa eddy geopoten-
tial height anomalies. The positive trends of the anticyclone over the northeastern TP and anomalous cyclone over 
the western TP contribute to the formation of a north-south dipole pattern in summer rainfall, leading to increased 
(decreased) variations of rainfall over the northern (southern) TP.

Figure 2. (a)–(d) The variability of normalized principal components (PCs) corresponding to the four seasonally evolving patterns (SEPs) of precipitation over the 
Tibetan Plateau (TP) from 1980 to 2020; (e) The percentage variance (unit: %) of precipitation variability explained by four SEPs and their combined contribution 
derived from the mean of seven datasets with the thin black line segments for their ranges derived from individual datasets; (f) is the same as (e), but for the spatial 
distribution of percentage variance explained by the seasonal variation reconstructed from the four SEPs and PCs. The symbol “+” in panel (e) represents the 
counterpart results derived from station data.
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Previous studies have shown that the Silk Road pattern (SRP) (e.g., Hu & Zhou, 2021; Sun et al., 2020; Wu 
et al., 2016; Zhou et al., 2019) and Indian monsoon index (IMI) variations (e.g., Dong et al., 2016; Kong & 
Chiang, 2020; Mölg et al., 2014; Yao et al., 2012) during summer have a significantly impact on the TP climate 
by influencing the westerly jet stream and water vapor transport on the interdecadal time scales. It is seen from 
Figures  5e and  5g. The regressed patterns of the summer mean rainfall anomalies against the SRP and IMI 
indices exhibit a similar spatial pattern as the summer mean pattern of total precipitation trend as well as the 
summer pattern of SEP2. The regressed pattern of 200 hPa eddy geopotential height anomalies against these two 
indices (Figures 5f and 5h) also show a similar spatial pattern as their counterpart obtained from the regression 
against the PC2. There are some noticeable differences in the upper-level teleconnection pattern associated with 
SRP from that associated with IMI. The former (Figure 5f) exhibits an eastward-propagating wave train across 
the TP whereas the latter show a wave train located further south. According to Hu and Zhou (2021) and Sun 
et al. (2020), the interdecadal SRP wave trains near the TP may originate from the sea surface temperature anom-
alies over the North Atlantic. The anomalous anticyclone over northeast of the TP results in a northward shift and/
or weakening of the jet stream in that region. This leads to a reduction in the water vapor transport out of the TP 
through its eastern boundary. The anomalous cyclone to the northwest of the TP, on the other hand, causes a more 
meandered jet stream over the western TP, resulting in more meridional transport of water vapor from the Arabian 
Sea into the inner TP. Additionally, the weakening of the Indian monsoon since the 1980s, possible associated 
with SST anomalies in the Indian and central Pacific oceans (Yue et al., 2020), results in a reduction of moisture 
transport from Indian oceans across the Indian subcontinent. This reduction contributes to the decreasing rainfall 
trend in the southwestern TP (Dong et al., 2016; Yao et al., 2022).

The anomalous anticyclones (cyclones) in the mid-latitude associated with SRP provide a favorable environment 
condition for the increasing of rainfall in the inner and northern TP (Figures 5e and 5f), while the low-latitude 
wave patterns related to IMI are favorable for dry season in the southwestern TP and wet season in the northeast-
ern TP (Figures 5g and 5h). Overall, the combined effect of mid-latitude and low-latitude circulation patterns 
associated with SRP and IMI plays an important role in generating anticyclonic anomalies on the west and 
cyclonic anomalies on the east of the TP, regulating the westerly jet stream and water vapor transport passing 

Figure 3. Patterns from the top to bottom rows represent the seasonal evolution of monthly trends from January to December using the four seasonally evolving 
patterns (SEPs) and total variability of precipitation in the Tibetan Plateau (TP) during 1980–2020, respectively. The values on the color bar are given in units of 
mm decade −1.
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Figure 4. (a) The monthly pattern-amplitude projection (PAPs) coefficients (ordinate, unit: mm decade −1) of the spatial 
mean amplitudes of trends as a function of months (abscissa), using each seasonally evolving patterns (SEPs, color bars), 
their sum (blue line) and the total precipitation (red line) over the Tibetan Plateau (TP). (b) Similar to (a), but for the relative 
PAP contributions (unit: %) of the spatial mean amplitude of each SEP trend relative to that of the total precipitation trend. (c) 
Similar to (b), but for the annual mean of the PAP. The color bars, stacked vertically, are arranged from bottom to top based 
on the decreasing absolute value of the PAPs portion for individual SEP.
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through the TP (e.g., Dong et al., 2016; Hu & Zhou, 2021; Yao et al., 2022). The trends of these circulation 
anomalies lead to the north-south dipole trend of seasonal rainfall patterns over the TP. It is of importance to point 
out that the north-south dipole trend is pronounced mainly in summer. In other seasons, the north-south dipole 
pattern has a weak relationship with the circulation patterns associated with SRP and IMI (Figures S7 and S8 in 
Supporting Information S1).

5. Summary
We here identify four yearly varying seasonal evolving patterns (SEPs) of the precipitation field over the TP in the 
period of 1980–2020 by applying the EOF analysis in the space-month domain for seasonal evolving patterns and 
year as the temporal domain for their yearly time series. These patterns are characterized by the distinct seasonal 

Figure 5. The observed trends of (a) TP rainfall (unit: mm decade −1) and (b) 200-hPa eddy geopotential height (with zonal mean removed, unit: m decade −1) in 
summer during 1980–2020. The regressed patterns of summer rainfall (left panels, unit: mm d −1) and 200-hPa eddy geopotential height anomalies (right panels, unit: 
m) against the variability of (c, d) the second principal component (PC2), (e, f) the Silk Road pattern (SRP) index, and (g, h) the negative Indian monsoon index (IMI).
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reversal, transition in spatio-temporal domain, and they collectively explain approximately 50% of the total vari-
ance of the precipitation field over the TP and 60%–90% of the spatial mean amplitude of the total precipita-
tion trend in the seasons of spring, summer, autumn and winter. In particularly, the second SEP that features a 
north-south dipole is the primary contributor to the distinct north-south trend pattern observed in the annual mean 
precipitation field over the TP. The second SEP is associated with an anticyclone over the northeastern TP and 
an anomalous cyclone over the western TP, which are in turn are linked to the interdecadal variability of the Silk 
Road pattern (SRP) and Indian monsoon (IMI) indices.

The findings of this study demonstrate that the interdecadal variations and long-term trends of TP rainfall are 
modulated by the year-to-year seasonal pattern variability. Moreover, the association of the rainfall SEPs over the 
TP with SRP and IMI variability could potentially serve as a significant source for predicting interdecadal climate 
of seasonal evolution of rainfall over the TP with a long lead-time as demonstrated in Ma et al. (2023) for skillful 
seasonal forecasts of precipitation over eastern China.
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