
1. Introduction
The Tibetan Plateau (TP) is known as the Asian water tower as its important role in local and downstream 
hydrological cycle (Immerzeel et al., 2010, 2020; Yao et al., 2022). Precipitation over the TP generally peaks in 
summer, which attracts constant attention due to its notable contribution to the TP heat source and the consequent 
influence on the East Asian summer monsoon and South Asian summer monsoon (Duan et al., 2017; Feng & 
Zhou, 2012; Sun & Liu, 2021; Wu et al., 2015, 2017). However, precipitation over the southeastern TP (SETP), 
the junction of the Himalaya and Hengduan mountains, gets its first peak in spring, which is different from that 
over the main body of the TP (Ouyang et al., 2020; Wen et al., 2021; Xiao et al., 2013). This phenomenon of 

Abstract Spring precipitation over the southeastern Tibetan Plateau (SETP) produces more than 34% of 
annual precipitation, which is comparable to summer precipitation. This pre-monsoon rainfall phenomenon, 
influenced synthetically by atmospheric circulations and topography, makes the SETP an exception to its 
surroundings. Here, fine-scale characteristics and typical synoptic backgrounds of this unique phenomenon 
have been investigated. The spring precipitation over the SETP is characterized by high frequency at hourly 
scale, with a single diurnal peak at night or early morning. Event-based analysis further demonstrates that 
the spring precipitation is dominated by long-lasting nocturnal rainfall events. From early to late spring, 
the dominant synoptic factor evolves from terrain-perpendicular low-level winds to atmospheric moisture, 
influencing the spatial heterogeneity and fine characteristics of the spring precipitation. The westerly dominated 
type, featured by lower geopotential height over the TP and enhanced westerlies along the Himalayas, produces 
limited-area precipitation at those stations located at topography perpendicular to low-level winds. In contrast, 
the moisture-dominated type is featured by an anomalous cyclone over the Bay of Bengal and induces 
widespread precipitation around the SETP, which is the leading contributor to the spring precipitation there. 
Accumulated precipitation amount of long-lasting nocturnal events is the largest under moisture-dominated 
type, which has a large portion of weak precipitation due to weak thermal instability. Findings revealed in this 
study complete the picture of spring precipitation influenced by different dominant synoptic factors over  the 
SETP, which deepen the current understanding of the joint influence of circulation and topography on the 
hydrological cycle of complex terrains.

Plain Language Summary The precipitation over the Tibetan Plateau (TP) is generally considered 
to be concentrated in summer. However, the southeastern TP (SETP) is an exception, where the spring 
precipitation is larger or comparable compared to summer precipitation. In this study, we analyzed the 
fine-scale characteristics and typical synoptic backgrounds of this unique phenomenon. The spring precipitation 
over the SETP is featured by frequent nighttime rainfall events lasting more than 3 hr. In early spring (March), 
low-level winds uplifted by topography produce the precipitation over the SETP, while atmospheric water 
vapor plays a more important role in late spring (May). Atmospheric backgrounds and complex terrain jointly 
influence the fine-scale characteristics and the range of the spring precipitation over the SETP. Our analysis 
provides a more completed picture of the spring precipitation over the SETP, which typically reflects the joint 
influence of atmospheric circulations and complex terrain.
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pre-monsoon precipitation marks the arrival of the first rainy season of China, with critical impact on heat source 
and local glaciers of the TP (Wen et al., 2021; Yang et al., 2013).

The spring precipitation over the SETP results from the combined influence of circulation and complex topog-
raphy. In spring, the westerly along the southern margin of the TP is perpendicular to the north-south-oriented 
Hengduan mountains. The air flow is blocked and lifted by the complex terrain, leading to the precipitation over 
the SETP (Li et al., 2011; Xiao et al., 2013). The pre-monsoon precipitation there often causes hydrological disas-
ters like floods, landslides and debris flows. An in-depth understanding of spring precipitation over the SETP 
could promote our cognition of orographic precipitation, and is conducive to disaster prevention and mitigation.

Previous studies have investigated basic features of this phenomenon (Lu et al., 2008; Ouyang et al., 2020; Wen 
et al., 2021; Xiao et al., 2013; Zhang et al., 1992). It has been found that the spring precipitation over the SETP 
oscillates with cycles of 8 and 16 years, and its moisture sources are the Arabian Sea and the Bay of Bengal (Lu 
et al., 2008; Zheng et al., 2010). A recent study has further revealed the interdecadal variation of early spring 
rainfall over this region is driven by the covariability of the Pacific Decadal Oscillation, Atlantic Multidecadal 
Oscillation, and Indian Ocean Basin Mode (Wen et al., 2021).

Previous studies are mostly from a perspective of seasonally and regionally averaged analysis. However, the 
fine-scale characteristics of the spring precipitation over the SETP, which refer to the frequency, intensity, diurnal 
cycle, and event-duration based on hourly records, are still not clear. It has been shown that these fine-scale char-
acteristics of precipitation are closely related to influence of complex terrain (Li, 2018; Yu et al., 2007). Detailed 
investigation including hourly characteristics and case-based synoptic background is needed, in order to complete 
the picture of the spring precipitation over the SETP and further advance the understanding of hydrological cycle 
in area of complex terrain.

The aim of the study is to investigate the fine-scale characteristics and the dominant synoptic factors of the spring 
precipitation over the SETP based on hourly in situ records and from a case-based perspective. Data and meth-
ods used in this study are introduced in Section 2. The fine-scale characters and synoptic types are illustrated in 
Section 3. The main results are summarized and discussed in Sections 4 and 5, respectively.

2. Data and Methods
2.1. Data

Following previous study of the spring precipitation over the SETP (Ouyang et al., 2020), this study focuses on 
March to May as the period of spring season. Hourly precipitation from gauge stations around the southeastern 
TP is used to investigate fine-scale characteristics of the spring precipitation over the southeast TP. The records 
are obtained from the National Meteorological Information Center of the China Meteorological Administration 
with strict quality control (Zhang et al., 2016). The study period of station data is the spring season from 1995 
to 2015. The Integrated Multi-satellite Retrievals for GPM V06B (IMERG; Huffman et al., 2015, 2019) is used 
to reveal the spatial range of the phenomenon of pre-monsoon precipitation. The temporal and spatial resolution 
for GPM are half hour and 0.1°, respectively. Atmospheric variables, including geopotential height, horizontal 
winds, total column water vapor and vertically integrated transport of water vapor, from reanalysis data set ERA5 
are used to clarify the typical synoptic background when spring precipitation occurs over the southeastern TP 
(Hersbach et al., 2018, 2020). ERA5 is provided by European Centre for Medium Range Weather Forecasts and 
has a high horizontal resolution of 0.25°. The study period of GPM and ERA5 is the spring season from 2001 to 
2015 unless otherwise specified. In addition, version 7 of TRMM 3A25 from the period of 1998–2012 is used 
to clarify the property (convective or stratiform rainfall) of the spring precipitation over the SETP (Huffman 
et al., 2007).

2.2. Methods

The fine-scale characteristics of spring precipitation over the SETP will first be investigated in terms of precipita-
tion amount, frequency and intensity at hourly scale. Following previous studies (Li, 2018; Wang et al., 2011; Xie 
et al., 2021), amount is derived as the average of accumulated precipitation at all non-missing hours. Frequency 
is calculated as the ratio of hours with measurable (𝐴𝐴 ≥ 0.1 mm hr −1) rainfall to non-missing hours. Intensity is then 
defined as the ratio of amount to frequency.
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We also explore the fine-scale characteristics of spring precipitation over the SETP through case-based anal-
ysis, to investigate the relationship between diurnal cycle and duration of rainfall events from a climatological 
perspective. Following Yu et al. (2007) and Li (2018), a case or event of precipitation is defined as continuously 
measurable rainfall with interruption no more than 1-hr. The duration refers to the number of hours between the 
beginning and the end of event.

To reveal the typical synoptic circulation types of the spring precipitation over the SETP, the self-organizing 
map (SOM) method is applied (Kohonen, 2001). This clustering method has recently shown its potentials in 
identifying major patterns of meteorological fields (Dai et al., 2021; Johnson, 2013; Nishiyama et al., 2007; Song 
et al., 2019). The algorithm of SOM is based on neural network, which projects original data of high dimension 
onto a lower one. We apply SOM to the daily geopotential height at 500 hPa from 2001 to 2015 in spring, with the 
climatology removed in advance. When the major types of synoptic circulation have been identified, precipitation 
events will be affiliated to the corresponding synoptic type according to their beginning time.

3. Results
3.1. Essential Characteristics

Figure 1 shows the contribution of spring and summer (June to August) precipitation to annual accumulation 
respectively over and around the SETP, based on both gauging and satellite observations. The essential feature of 
the SETP is that spring precipitation contributes more than 30% to the annual one, while summer precipitation 
contributes less than 40% (Figures 1a and 1b). This phenomenon is distinct at the windward slope of the mega 
relief of the SETP, especially represented by four stations named Bomi, Chayu, Gongshan, and Fugong. The 
consistency between gauging and satellite observations indicates that these four stations could be regarded as 
representatives for this phenomenon, in order to further investigate the fine-scale characteristics of the spring 

Figure 1. The ratio of spring (panels (a and c), March to May) and summer (panels (b and d), June to August) precipitation 
to annual accumulation, respectively (%). (a and b) are based on station observation from 1995 to 2015. (c and d) are based on 
GPM from 2001 to 2020. Black lines indicate terrain of 1,500 and 2,500 m. Circles indicate four typical stations with spring 
precipitation phenomenon at the southeastern Tibetan Plateau (SETP). Note the ranges between the colorbars of spring and 
summer are different.
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precipitation. In addition to the SETP, the contribution of spring precipitation 
is also above 25% around 90° ∼ 94°E, including the central Himalaya, where 
the pre-monsoon precipitation is observed by ground-based network (Ouyang 
et  al.,  2020). However, the contribution of summer precipitation around 
90° ∼ 94°E is generally still larger than 50% (Figure 1d), which implies the 
spring precipitation there is not as prominent as that over the SETP.

As shown in Table 1, the contribution of spring precipitation is higher than 
that of summer precipitation at Bomi and Chayu. At Gongshan and Fugong, 
the contribution of spring and summer precipitation is comparable. The 
four  typical stations could be regarded as the representatives of the phenom-
enon of spring precipitation over the SETP.

The topography and climatological circulation of the SETP are shown in Figure  2. As the junction of the 
west-east oriented Himalayas and the north-south oriented Hengduan Mountains, the SETP is featured by 
the northwest-southeast oriented terrain. In spring, the climatological westerly along the southern fringe of 
the  TP turns to northwesterly around the SETP. The four representative stations locate at the windward slope 
of the megarelief and the local winds are perpendicular to the topography. To be specific, at the northernmost 
Bomi, the west-east oriented terrain is perpendicular to the climatological southerly. Chayu is featured by the 
northwest-southeast oriented terrain and climatological southwesterly. The southern Gongshan and Fugong are 
influenced by westerly, which is perpendicular to the north-south oriented terrain. The climatological winds are 
perpendicular to terrain favors the spring precipitation over the SETP.

3.2. Fine Characteristics at Hourly Scale

On the basis of the cognition of the essential features of the spring precipitation over the SETP, fine characteris-
tics of the spring precipitation are investigated at hourly scale, taking the four typical stations as representatives.

The spring precipitation amount is 3.83, 3.00, 6.12, and 5.86 mm day −1, respectively, at the four representative 
stations, which is larger than the surrounding stations (Figure  3a and Table  2). There is also distinct differ-
ence in precipitation frequency between the four representative stations and the other stations. The frequency 
of precipitation is larger than 17% at the four representative stations in spring, while it is less than 14% at other 
stations (Figure 3b and Table 2). The hourly intensity of precipitation decreases from south to north, and there 
is no distinct difference between the representative stations and other stations of the same latitudes (Figure 3c). 
It implies that the spring precipitation over the SETP is mainly manifested in the high frequency rather than 

intensity. In addition, the amount, frequency and intensity of spring precip-
itation is comparable to that of summer precipitation at the four represent-
ative stations (Table  2), corresponding to the considerable contribution of 
spring precipitation to the annual accumulation of the SETP. The precipita-
tion amount and frequency are the highest at Gongshan, followed by Fugong, 
Bomi and Chayu (Table 2).

The diurnal cycle of the spring precipitation at the four representative stations 
are shown in Figure  4. The precipitation amount peaks singly at night or 
morning for all representative stations, with the peak time of 4 LST (local 
solar time), 6 LST, 7 LST, and 7 LST for Bomi, Fugong, Chayu, and Gong-
shan, respectively. The amplitude of the diurnal cycle of precipitation amount 
is the largest at Bomi, with a difference of 0.17 mm hr −1 between the maxi-
mum and minimum. The amplitude of diurnal cycle of precipitation amount 
is 0.14 mm hr −1 at both Fugong and Gongshan, while it is only 0.07 mm hr −1 
for Chayu. The diurnal cycle of precipitation frequency is generally similar to 
that of the amount, featured as a major peak of night or morning. Gongshan 
and Fugong have second peaks in their precipitation frequency at 18 LST 
and 20 LST, respectively. The similarity between the diurnal cycle of precip-
itation amount and frequency implies the important role of frequency in the 
spring precipitation phenomenon over the SETP, corresponding to results 

Spring Summer

Bomi 39.0 27.5

Chayu 37.9 36.9

Gongshan 35.6 37.6

Fugong 34.0 34.9

Table 1 
The Ratio of Spring and Summer Precipitation to Annual Accumulation at 
the Four Representative Stations (%)

Figure 2. The topography (shading, m) and climatological winds (vectors, 
m s −1) at 700 hPa in spring over the southeastern Tibetan Plateau. The crosses 
mark four typical stations.

 21698996, 2023, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038352 by C
ochraneC

hina, W
iley O

nline L
ibrary on [08/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

ZHAO ET AL.

10.1029/2022JD038352

5 of 17

shown in Figure 3. Compared to amount and frequency, the amplitude of the 
diurnal cycle of precipitation intensity is the smallest. In addition, the diurnal 
cycle of precipitation intensity shows a main peak at night and a second peak 
in the afternoon at Bomi, Gongshan and Fugong, while the precipitation is 
more intense in the afternoon than that at night at Chayu. Overall, the spring 
precipitation over the SETP is featured by frequent nocturnal rainfall, indi-
cating its relationship with large-scale stratiform precipitation (Li, 2018; Yu 
et al., 2010).

The relationship between diurnal cycle and duration of spring precipita-
tion events is further investigated. The definition of precipitation events is 
introduced in Section 2.2, and there are 1220, 2248, 2613, and 2535 events 
during spring from 1995 to 2015 at four representative stations, respectively. 
As shown in Figure 5, the case-based accumulation of spring precipitation 
shows two regions of large value, as the night-to-morning events lasting 
more than 3 hr and the afternoon-to-evening events with shorter duration. 
To be specific, the accumulated precipitation at Bomi centers around cases 
with a peak of 4 LST and lasting 11 hr. The precipitation amount at Chayu 
centers around night-to-morning (3 LST  ∼  8 LST) cases lasting 7  hr and 
afternoon-to-evening cases (peaks at 21 LST) lasting 3 hr. For Gongshan, 
the accumulated precipitation features as nocturnal cases with 9-hr duration 
and evening cases with 4-hr duration. Similarly, spring precipitation events at 
Fugong have a main center around 6 LST and 7-hr duration, as well as another 
evening center lasting 4 hr or a little longer. Overall, the spring precipitation 
over the SETP is dominated by events with long duration. Events lasting 3 hr 
or more contribute 91.6%, 90.2%, 92.9% and 93.3% to total amount of spring 
precipitation at Bomi, Chayu, Gongshan, and Fugong, respectively.

Corresponding to Figure 4, the long duration of nocturnal events in Figure 5 
also implies non-convective precipitation process. Ratios of stratiform 
precipitation to total precipitation at four representative stations are 64.0% 
for Bomi, 77.3% for Chayu, 82.6% for Gongshan and 71.7% for Fugong. 
Stratiform precipitation has the dominant contribution to the total precipita-
tion compared to convective process, verifying the fine-scale characteristics 
revealed by hourly precipitation records.

3.3. Typical Synoptic Background and Its Influence

The dominant role of nocturnal events with long duration implies that the 
main mechanism is about the influence of synoptic background rather than 
local convective process. In order to reveal the typical synoptic background 
of the spring precipitation over the SETP, the clustering analysis is applied to 
atmospheric variables at rainy days. A day is selected as a rainy day when the 
maximum value of daily precipitation among the four representative stations 
is larger than 1 mm day −1. There are 930 rainy days selected, accounting for 
67.4% of the total 1,380 days of the study period (the spring season from 
2001 to 2015). The criterion of rainy day is a trade-off between precipitation 
intensity and sample size, and the results are not sensitive to this value.

The composited difference in atmospheric circulation and water vapor between the selected rainy days and the 
climatology is shown in Figure 6. In terms of atmospheric circulation (Figure 6a), the selected rainy days of 
the spring precipitation are influenced by the anomalous cyclone and low geopotential height at 500 hPa over 
the  TP. The anomalous geopotential height at 500 hPa averaged over the key region (24°N ∼ 30°N, 94°E ∼ 100°E) 
of the SETP is −4.4 gpm. Corresponding to the anomalies in geopotential height, anomalous westerly and south-
westerly are perpendicular to local topography of the SETP. The average anomalies in zonal and meridional 
winds at 700 hPa over the key region are 0.6 and 0.4 m s −1, respectively. Regarding the condition of atmospheric 

Figure 3. The (a) amount (mm day −1), (b) frequency (%), and (c) intensity 
(mm h −1) of spring precipitation over the southeastern Tibetan Plateau.
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moisture (Figure 6b), water vapor from oceans of low latitudes is transported 
toward the SETP by the anomalous southwesterly. The total column water 
vapor shows positive anomalies along the corridor from the Bay of Bengal 
to the SETP during the selected rainy days. The anomalous total column 
water vapor averaged over the key region is 0.9 kg m −2, with the average 
in anomalous zonal and meridional transport of 19.2 and 11.5 kg m −1 s −1, 
respectively. In general, the spring precipitation over the SETP is favored by 
the anomalous southwesterly perpendicular to terrain and the related more 
water vapor in the atmosphere.

In order to reveal more detailed information and dominant factors about the 
synoptic background of the spring precipitation over the SETP, the anoma-
lous geopotential height at 500 hPa of the selected rainy days is further clus-

tered into four types based on the SOM method (Figure 7). The anomalous geopotential height is positive over the 
TP and the East Asia, and is negative over the Bay of Bengal in type 1. This type accounts the largest (35.2%) for 
the clustering rainy days, while it differs from the general composed anomalies shown in Figure 6a. Correspond-
ing to the negative meridional gradient of anomalous geopotential height, there are anomalous easterly winds at 
500 hPa over the SETP for type 1, with anomalous zonal winds of −2.8 m s −1 averaged over the key region. Type 
2 accounts for 24.7% of the total clustering days and is similar to the general composed anomalies, characterized 
by the negative anomalies in geopotential height over the TP and positive anomalies over the East Asia and the 
Bay of Bengal. The TP is a center of low geopotential height compared to its surroundings in this type, leading to 
the anomalous westerlies over the SETP, with anomalous zonal winds of 2.4 m s −1 averaged over the key region. 
As opposed to type 2, the TP in type 3 shows as a center of high geopotential height compared to its surroundings. 
The anomalous zonal winds are −0.9 m s −1 averaged over the key region for type 3, not as significant as those 
for other types. This type accounts for 20.4% of the total clustering days. In the case of type 4, the anomalous 
geopotential height is negative over the TP and the East Asia, while it is positive over the Bay of Bengal. This type 
is generally in contrast to type 2, with positive meridional gradient of anomalous geopotential height at 500 hPa. 
The anomalous westerly winds are the strongest in this type, which is 4.9 m s −1 averaged over the key region. 
Overall, the clustered types basically indicate the relative changes in geopotential height at 500 hPa between 

Amount Frequency Intensity

Bomi 3.83 (3.48) 21.73 (23.98) 0.73 (0.61)

Chayu 3.00 (2.95) 17.73 (17.23) 0.71 (0.71)

Gongshan 6.12 (6.28) 26.89 (28.20) 0.95(0.93)

Fugong 5.86 (4.13) 23.27 (18.72) 1.05 (0.92)

Note. The corresponding values for summer precipitation are in parentheses.

Table 2 
The Amount (mm day −1), Frequency (%), and Intensity (mm hr −1) of Spring 
Precipitation at the Four Representative Stations

Figure 4. The diurnal cycle of precipitation amount (black lines), frequency (blue lines), and intensity (red lines) in spring at 
four typical stations. (a) Bomi. (b) Chayu. (c) Gongshan. (d) Fugong. The series is scaled by daily mean value.
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the TP and its surroundings, which have shown more information about the synoptic background of the spring 
precipitation over the SETP relative to the general composed analysis of rainy days.

The anomalous circulation at lower troposphere and spatial range of precipitation corresponding to the four 
synoptic types are further investigated and shown in Figure 8. For type 1, corresponding to the anomalous cyclone 
at low level of troposphere over the Bay of Bengal, the westerlies decrease while southerlies increase over the 
SETP. The anomalous zonal and meridional winds averaged over the key region are −1.1 and 0.1 m s −1, respec-
tively. The area of positive anomalies in precipitation is the largest among the four types, with a band of large 
value along the enhanced southerly winds of the eastern flank of the anomalous cyclone. Type 1 contributes the 
largest (30.7%) to the total precipitation amount at the four representative stations, and the precipitation increases 
by 1.8 mm day −1 averaged over the key region. For type 2, the anomalous anticyclone at lower troposphere over 
the Bay of Bengal enhances the southwesterly toward the SETP. The zonal and meridional winds increase by 1.9 
and 0.6 m s −1 over the key region, respectively. Compared to type 1, the area of positive anomalies in precipitation 
under type 2 is more concentrated around the SETP, with an increase of 0.3 mm day −1 over the key region and the 
contribution of 28.9% to the total precipitation. In terms of type 3, the southwesterly winds at lower troposphere 
over the SETP enhance slightly. The anomalous zonal and meridional winds averaged over the key region are 
0.6 and 0.3 m s −1, respectively. The area of increased precipitation around the SETP is larger than type 2 but 
still smaller than type 1, with an increase of 1.1 mm day −1 over the key region and the contribution of 21.5% to 

Figure 5. The diurnal cycle of accumulated amount (mm) of spring precipitation cases with different duration. (a) Bomi. (b) 
Chayu. (c) Gongshan. (d) Fugong.
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the total precipitation. The low-level anticyclonic anomalies are the strongest 
under type 4, which span from the Bay of Bengal to the South China Sea. 
With the influence of this anomalous anticyclone, there are strong wester-
lies along the southern fringe of the TP.  The zonal and meridional winds 
over the key region increase by 2.2 and 1.0 m s −1, respectively. The area of 
increased precipitation under type 4 is the smallest among the four types, 
limited to area around the representative stations. In addition, the contribu-
tion of type 4 to the total precipitation is the smallest (18.9%) among the four 
types. Regarding the average of the key region, the precipitation decreases by 
1.0 mm day −1 under type 4.

In addition to anomalies in synoptic circulation, the corresponding back-
ground of atmospheric moisture under the clustering types is also investigated. 
As shown in Figure 9a, water vapor is transported from low-latitude oceans 
toward the TP in type 1, impacted by the low-level anomalous cyclone and 
the enhanced southerly winds over the Bay of Bengal. The area of increasing 
moisture in the atmosphere is the largest for type 1 among the four clustering 
types, favoring the spring precipitation in terms of precipitable water vapor. In 
addition, the area of more precipitation along the anomalous southerly winds 
in Figure 9a corresponds to the largest increase in atmospheric moisture. The 
atmospheric moisture increases by 4.8 kg m −2 averaged in the key region of 
the spring precipitation over the SETP, resulting from the enhanced zonal 
(12.0 kg m −1 s −1) and meridional (14.4 kg m −1 s −1) transport. The total column 
water vapor decreases by 0.5 kg m −2 over the key region for type 2, due to the 
anomalous anticyclone over the Bay of Bengal. Regarding type 3, the anoma-
lies of atmospheric moisture over the SETP are positive but weaker than that 
for type 1. The area of negative anomalies in the atmosphere moisture is the 
largest for type 4 among the four clustering types, indicating a poor condition 
of moisture for the spring precipitation under this type. As shown in Figure 9d, 
the total column water vapor decreases by 3.2 kg m −2 under type 4, led by the 
anomalous transport over the Bay of Bengal, which is from land to ocean and 

away from the TP. Under the background of insufficient moisture, precipitation tends to occur over complex terrain, 
where the uplift of airflow is strong enough. It may partly accounts for the limited area of precipitation under type 4.

Based on the clustering analysis of the synoptic background, dominant synoptic factors of the spring precipitation 
over the SETP could be further revealed (Table 3). Given the climatological low-level westerly in spring over the 
key region, the largest easterly anomalies (−1.1 m s −1) at 700 hPa under type 1 indicate that the background winds 
are the weakest. However, type 1 has the most abundant water vapor (4.8 kg m −2), implying the dominant factor 
of atmospheric moisture for type 1. In this monsoon-like case, atmospheric moisture transported by the enhanced 
southerlies of the anomalous cyclone over the Bay of Bengal plays the key role, and gives rise to broad-area precip-
itation. In contrast, the least atmospheric water vapor (−3.2 kg m −2) but the strongest low-level westerly winds 
(2.2 m s −1) imply that type 4 is a westerly dominated type. The dynamic uplift of the enhanced westerly perpen-
dicular to terrain of the SETP is important in terms of this situation, inducing the precipitation process of a limited 
area. Types 2 and 3 are transitional patterns, and the former has relatively stronger low-level winds. These two 
typical mechanisms (moisture-dominated type 1 and westerly dominated type 4), as well as their transitions (type 2 
and type 3), give rise to the frequent spring precipitation over complex terrain of the SETP. It reflects the synergic 
influence of variant circulation and complex topography on this unique phenomenon of pre-monsoon precipitation.

The evolution of four synoptic types in spring (March–May) is shown in Figure 10. Type 1 hardly occurs before 
the seventh pentad, while its frequency increases gradually after that (Figure 10a). The frequency of type 1 
peaks around the last pentad in spring, favored by the increasing atmospheric moisture related to the develop-
ment of South Asian summer monsoon. Inversely, type 4 concentrates before the seventh pentad. The frequency 
of type 4 is the largest in the first pentad and keeps relatively high values during March, while decreases 
dramatically after its second peak around the fourth pentad. The evolution of type 1 is corresponding to the 
prominent zonal winds along the southern TP before the outbreak of South Asian summer monsoon. Type 2 
and type 3 concentrate around the medium period of spring pentads, which additionally verifies that they are 

Figure 6. The composited difference between rainy days and climatology. 
(a) Geopotential height at 500 hPa (shading, gpm) and winds at 700 hPa 
(vectors, m s −1). (b) Total column water vapor (shading, kg m −2) and its 
transport (vectors, kg m −1 s −1). Dots indicate difference significant at the 90% 
confidence level. Only vectors significant at the 90% confidence level are 
shown. Red crosses and rectangle indicate four typical stations and the key 
area of spring precipitation over the southeastern Tibetan Plateau, respectively.
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Figure 7. The four types of synoptic circulation classified by the SOM method. Daily anomalies of geopotential height 
(shading, gpm) and horizontal winds (vectors, m s −1) at 500 hPa relative to climatology for (a) Type 1, (b) Type 2, (c) Type 
3, and (d) Type 4. Dots indicate difference significant at the 90% confidence level. Only vectors significant at the 90% 
confidence level are shown. Red crosses and rectangle indicate four typical stations and the key area of spring precipitation 
over the southeastern Tibetan Plateau, respectively.

Figure 8. Corresponding anomalies of precipitation (shading, mm day −1) and winds at 700 hPa (vectors, m s −1) under four 
synoptic types. (a) Type 1. (b) Type 2. (c) Type 3. (d) Type 4. Dots indicate difference significant at the 90% confidence level. 
Only vectors significant at the 90% confidence level are shown. Red crosses and rectangle indicate four typical stations and 
the key area of spring precipitation over the southeastern Tibetan Plateau, respectively.
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transitional types between type 4 and type 1. Type 2 has a prior but minor peak around the third pentad and a 
major peak around the eighth pentad. The evolution of frequency of type 3 is unimodal, increasing gradually 
and reaching its peak around the ninth pentad. In general, the synoptic background of the spring precipitation 
over the SETP shows an evolution of type 4-2-3-1, from the zonal-wind type to the monsoon-like type. As 
shown in Figure 10b, rainy days of early spring (March) is dominated by type 4 (61.9%), followed by type 2 
(24.5%) and type 3 (13.3%). The contribution of type 1 is negligible. The percentages of type 2, type 3, and 
type 1 in rainy days of April increase to 40.9%, 37.5%, and 18.2%, respectively, while the percentage of type 
4 decreases to only 3.4%. In terms of late spring, type 1 accounts for 81.7% of rainy days in May. Type 3 and 
type 2 contribute 9.5% and 8.9%, respectively, while type 4 has no contribution to the late-spring precipitation 
over the SETP during the study period. Overall, the synoptic background of the spring precipitation over the 
SETP evolves gradually from the westerly dominated type in early spring to the moisture-dominated type in late 
spring. Different synoptic types continuously give rise to the spring precipitation there, leading to its prominent 
feature of high frequency. This unique phenomenon of pre-monsoon precipitation reflects the comprehensive 
influence of variant circulation and complex terrain.

The duration and diurnal cycle of precipitation events under different synoptic backgrounds are shown in 
Figure  11. The precipitation events are affiliated to corresponding synoptic types according to their begin-
ning time. The accumulated precipitation amount of long-duration nocturnal precipitation events is the larg-

est in days of type 1 due to the moist synoptic environment, while that of 
short-duration evening events is the most prominent in the case of type 2. 
As a result, the precipitation amount of long-lasting nocturnal events is 2.6 
times that of the short-lasting evening events in synoptic type 1, while the 
ratio is only 2.0 in synoptic type 2. The contribution of precipitation amount 
under synoptic type 3 and type 4 is smaller compared to that under synoptic 
type 1 and type 2. The short-lasting evening events in type 2 and type 3 may 
be related to terrain-induced convection (Kirshbaum et al., 2018; Li, 2018). 
However, the evening event in type 4 has a longer duration and a later peak-
ing time compared to that in type 2 and type 3, implying its similarity to the 
non-convective nocturnal events.

Figure 9. The same as Figure 8, but for total column water vapor (shading, kg m −2) and its transport (vectors, kg m −1 s −1). 
(a) Type 1. (b) Type 2. (c) Type 3. (d) Type 4. Dots indicate difference significant at the 90% confidence level. Only vectors 
significant at the 90% confidence level are shown. Red crosses and rectangle indicate four typical stations and the key area of 
spring precipitation over the southeastern Tibetan Plateau, respectively.

Type 1 Type 2 Type 3 Type 4

u −1.1 1.9 0.6 2.2

v 0.1 0.6 0.3 1.0

q 4.8 −0.5 −0.01 −3.2

Table 3 
The Anomalous Zonal Winds (u, m s −1), Meridional Winds (v, m s −1) at 
700 hPa, and Total Column Water Vapor (q, kg m −2) Averaged Over the Key 
Region (24°N ∼ 30°N, 94°E ∼ 100°E) of the Southeastern Tibetan Plateau 
Under the Four Synoptic Types
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The different characteristics of precipitation events under four synoptic types 
may refer to the corresponding local thermal instability. The vertical structure 
of anomalous potential temperature, which is an indicator of the atmospheric 
thermal instability, is shown in Figure 12. Here we take Bomi as an exam-
ple and the conditions for the other three stations are the same. As shown 
in Figure 12a, the lower-to-middle troposphere shows a deep inversion layer 
under type 1, related to the anomalous warm center at middle troposphere 
between 300 and 400 hPa. It indicates the weak thermal instability of lower 
troposphere under type 1. In contrast, there are anomalous cold centers at 
middle troposphere under types 2 and 3 (Figures  12b and  12c), indicating 
relatively stronger thermal instability of lower troposphere under these two 
synoptic types. The anomalous thermal instability of lower troposphere is 
nearly neutral under type 4 (Figure 12d). In addition, the anomalous differ-
ence in potential temperature between 700 hPa and 500hPa averaged over the 
key region is −0.9 K under type 1, indicating a weaker thermal instability of 
stratification and prominent nocturnal rainfall. In contrast, the stratification is 
more unstable for type 2 (0.2 K) and type 3 (0.4 K), favoring the short-lasting 
events under these two synoptic types. For type 4, the anomalous difference is 
nearly neutral (0.1 K).

Figure 13 shows the intensity of daily precipitation influenced by different 
synoptic types. The ratio of days with weak precipitation to the total days 
is the largest in the case of type 1. The maximum daily precipitation among 
the four representative stations is weaker than 5 mm day −1 for more than 
55.4% of the type-1 day, followed by type 3 (44.7%), type 4 (42.1%), and 
type 2 (39.6%). As the threshold of daily precipitation increases, the ratio 
in the case of type 1 (red line) decreases rapidly and is gradually lower than 
other types. The case is the same for the perspective of maximum hourly 
precipitation (Figure not shown). Only 8.9% of type-1  day have hourly 
precipitation stronger than 5 mm hr −1, while the corresponding ratios for 
other types are between 17.0% and 18.0%. The weak intensity of precipita-
tion under type 1 is corresponding to the weak instability of stratification 
in this case. In addition, Figure 14 also reveals that although anomalous 

temperature and specific humidity are both higher under type 1 than conditions under other types, the anoma-
lous relative humidity in this case is relatively low, which could be another reason for the large portion of weak 
precipitation of type 1.

The contribution of different synoptic types is further investigated from the perspective of precipitation at each 
representative station. As shown in Figure 15a, 50.9% of the spring precipitation at Bomi is related to the synop-
tic type 1. On the one hand, it is because the spring precipitation at Bomi is featured by nocturnal events of 
long duration (Figure 5a), which are mainly contributed by the large-area precipitation process related to type 
1 (Figure 11a). On the other hand, the enhanced southerly moisture transport toward the SETP in days of type 
1 is more likely to give rise to precipitation over Bomi locating at the west-east-oriented terrain (Figure 9a). In 
general, the contribution of type 4 is smaller than that of other types. Events in days of type 4 mainly influence 
the precipitation at Gongshan (23.0%) and Fugong (21.4%), which is related to the enhanced low-level westerly 
along the Himalayas and the north-south-oriented terrain around these two stations.

4. Summary
The spring precipitation over the SETP is a unique phenomenon synthetically affected by atmospheric circula-
tion and complex terrain. Based on hourly rainfall records and the SOM method, the study aims to investigate 
fine-scale characteristics and the dominant synoptic factors of the spring precipitation there. The results are 
summarized as follows and shown in Figure 16.

1.  The spring precipitation over the SETP shows high frequency at hourly scale. The diurnal cycle of its precipi-
tation amount and frequency peaks singly at night or early morning. Further event-based analysis reveals it is 
dominated by nocturnal events of long duration (lasting 3 hr or more).

Figure 10. (a) The evolving frequency of four synoptic types in each pentad 
from March to May. Red, blue, green and black lines represent type 1, 2, 3 and 
4, respectively. (b) Percentages of four synoptic types in rainy days for March, 
April, and May (%). Red, blue, green and gray bars represent type 1, 2, 3, and 
4, respectively.
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2.  Although westerly prevails over the TP in spring, more details about the typical synoptic backgrounds and 
the dominant factors of the spring precipitation over the SETP are revealed. In early spring, the low-level 
westerlies along the Himalayas enhance and cause the limited-area precipitation over the SETP under the 
background of anomalous low pressure over the TP. Low-level winds uplifted by topography play the key 
role in this case. In contrast, the precipitation process of a broader area tends to occur over the SETP in late 
spring, when the anomalies in circulation at lower troposphere over the Bay of Bengal are cyclonic and the 
atmospheric moisture is abundant. Moisture is the dominant factor for this monsoon-like synoptic type. The 
dominant synoptic factors evolve from westerly type in early spring to moisture-type in late spring, continu-
ously giving rise to the frequent precipitation over the SETP in spring.

3.  Synoptic environments affect the fine-scale characteristics of the spring precipitation over the SETP. The 
accumulated precipitation amount of long-lasting nocturnal events is the largest under the moisture-dominated 
type because of its high frequency, while it has a large portion of weak precipitation due to the weak thermal 
instability. This monsoon-like synoptic type generates more than half of the spring precipitation over Bomi 
located at west-east-oriented terrain, since precipitation in this case is related to the enhanced northward 
transport of atmospheric water vapor. In contrast, the westerly dominated process mainly influences the spring 
precipitation over Gongshan and Fugong, locating at north-south-oriented terrain. The spatial heterogeneity 
of the precipitation is the consequence of the joint influence of synoptic factors and complex terrain.

Figure 11. The diurnal cycle of accumulated amount (mm) of spring precipitation cases under four synoptic types. (a) Type 
1. (b) Type 2. (c) Type 3. (d) Type 4. The black (white) rectangle in (a) represents the long-lasting nocturnal (short-lasting 
evening) precipitation.
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5. Discussion
The precipitation over the TP is generally considered to be concentrated in summer. However, the SETP of 
the transition region between the Himalayas and the Hengduan Mountains is an exception, where the precip-
itation in spring is larger or comparable compared to that in summer. From the perspective of the evolution 
of dominant synoptic factors and the joint effect of complex terrain, the reason for this unique phenome-
non is revealed in this study, promoting our understanding of the hydrological cycle of this region (Zhao 
et al., 2022).

The fine characteristics of precipitation crucially impact the land-atmosphere interaction and hydrological cycle 
over the SETP. On the one hand, different intensity of precipitation influences the water partitioning of the 
land surface processes (Hu et al., 2020). For instance, intense precipitation contributes to soil moistening and 
more surface runoff, which may generate disasters like floods, while weak precipitation tends to be evaporated 
and increase the risk of droughts. Considering the frequent meteorological disasters happened there, the fine 
characteristics of the spring precipitation over the SETP revealed in this study are conducive to the water 
resource management and disaster prevention. On the other hand, previous conditions of soil moisture have 
further influence on the subsequent precipitation through the soil moisture-precipitation feedback (Froidevaux 
et al., 2014; Guillod et al., 2015; Hu et al., 2021), providing additional predictability for summer precipitation 
over the SETP.

Figure 12. Vertical structure of anomalous potential temperature (shading, K) along the latitude of Bomi under four synoptic 
types. (a) Type 1. (b) Type 2. (c) Type 3. (d) Type 4. Orange slashes indicate difference significant at the 90% confidence 
level. Black dashed lines indicate the longitude of Bomi.
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The clustering results of synoptic patterns regarding rainy days essentially 
reflect the modulation of the geopotential height over the TP compared to 
that over regions to its east (the East Asia) and south (the Bay of Bengal), in 
terms of the low-level winds and atmospheric moisture over the SETP. To 
be specific, the higher (lower) geopotential height over the TP (the Bay of 
Bengal), the stronger moisture transport and larger area of precipitation. 
Otherwise, the area of precipitation tends to be limited due to the enhanced 
westerlies. From the perspective of the comparison between the TP and the 
East Asia, taking type 2 and type 3 in Figure 7 as examples, lower (higher) 
geopotential height over the TP (the East Asia) is conducive to giving rise 
to the enhanced southwesterly and increasing precipitation over the SETP, 
leading to more precipitation under type 2 compared to type 3 (Figure 11).

Figure S1 in Supporting Information S1 shows the composites of original 
700-hPa horizontal winds of the four SOM types. The moisture-dominated 
type 1 indicates the India-Burma trough pattern (Figure S1a in Support-
ing Information S1), while the westerly dominated type 4 is manifested 
as the low-level westerly along the southern TP (Figure S1d in Support-
ing Information S1). The four SOM types have successfully captured the 
key features of spring circulation over this region, which is the occa-
sional India-Burma trough under the background of climatological west-
erly along the southern TP as demonstrated in the previous study (Xiao 
et al., 2013).

Regarding the sensitivity of results to the number of SOM clusters, Figures 
S2 and S3 in Supporting Information S1 are two examples of 12 and 16 types. 

They all reflect the contrast in 500-hPa geopotential height between the TP and its east or south, although with 
some different details. The number of four types are finally chosen because it could already reflect the main 
changes in 500-hPa geopotential height over the study region. As shown in Figure S4a in Supporting Informa-
tion S1, the first EOF mode shows the contrast in 500-hPa geopotential height between the TP and the Bay of 
Bengal, which is reflected by type 1 and type 4 from SOM. The second EOF mode (Figure S4b in Supporting 
Information S1) shows that contrast between the TP and the East Asia, which is manifested as type 2 and type 3 
from SOM. The first two EOF modes explain 79% of the total variance, implying the contrast between the TP and 
its east (the East Asia) or south (the Bay of Bengal) is the main component of the change in the 500 hPa geopo-
tential height over the study region.

Figure 13. The relative frequency of maximum daily precipitation among 
four typical stations under four synoptic types. The x-axis represents different 
precipitation intervals (mm day −1). The y-axis represents the daily frequency 
of precipitation scaled by total number of days under the corresponding 
synoptic type (%). Red, blue, green and black lines indicate type 1, 2, 3 and 4, 
respectively.

Figure 14. Profiles of anomalous (a) temperature (K), (b) specific humidity (g kg −1), and (c) relative humidity (%) at Bomi 
under synoptic type 1 (red lines), type 2 (blue lines), type 3 (green lines), and type 4 (black lines). Difference significant at 
the 90% confidence level is shown with bolder lines.
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Although the spring precipitation over the SETP is dominated by nocturnal events of long duration, precipitation 
with earlier peaking time and shorter duration is also revealed through event-based analysis, especially for Gong-
shan, Fugong, and Chayu (Figure 5). These precipitation events from afternoon to evening may be influenced 
by the diurnal variance of thermal conditions and surface winds related to local topography (Houze,  2012; 
Kirshbaum et al., 2018), which could be further investigated by numerical experiments of high resolution, as 
well as the influence of precipitating diabatic process on the evolution of synoptic circulation. In addition, since 
orographic precipitation has been a long-lasting challenge for numerical modeling, the fine-scale characteristics 
and the relevant synoptic patterns of the spring precipitation over the SETP revealed here could provide informa-
tion for model evaluation and improvement.

Figure 15. The contribution of precipitation under four synoptic types to total precipitation at four typical stations. (a) Bomi. 
(b) Chayu. (c) Gongshan. (d) Fugong.

Figure 16. The schematic diagrams of the dominant synoptic factors of the precipitation over the southeastern Tibetan 
Plateau from early to late spring.
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Data Availability Statement
The reanalysis data set ERA5 is provided by the European Centre for Medium-Range Weather Forecasts (Hersbach 
et al., 2018). The satellite datasets are Tropical Rainfall Measuring Mission (2011) and Integrated Multi-satellitE 
Retrievals for GPM V06B (Huffman et al., 2019), respectively. Gauging observations can be obtained from the 
National Meteorological Information Center (Zhang et al., 2016).
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