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Abstract: The Tibetan Plateau (TP) is one of the most sensitive areas and is more susceptible to climate change than other regions in
China. The TP also experiences extremely frequent light precipitation events compared to precipitation of other intensities. However, the
definition, influencing factors, and characteristics of light precipitation in the TP have not been accurately explained. This study invest-
igated the variation characteristics of light precipitation with intensities (Pre) of 0.1-10.0 mm/d based on climate data from 53 meteoro-
logical stations over the central and eastern TP from 1961 to 2019. For detailed analysis, light precipitation events were classified into
five grades: G1 [0.1-2.0 mm/d), G2 [2.0-4.0 mm/d), G3 [4.0—-6.0 mm/d), G4 [6.0-8.0 mm/d), and G5 [8.0—10.0 mm/d). The results
showed that both the amount of precipitation and number of precipitation days had increased significantly at rates of 4.0-6.0 mm/10 yr
and 2.0-4.0 d/10 yr, respectively, and most precipitation events were of low intensity (0.1 < Pre < 2.0 mm/d). Light precipitation events
mainly occurred in the southeast of the study area, and it showed an increasing trend from the northwest to the southeast . Abrupt
changes in light precipitation primarily occurred in the 1980s. A comprehensive time series analysis using the Mann-Kendall test and
Morlet wavelet was performed to characterize the abrupt changes and cycles of light precipitation. During the study period, the main
periods of light precipitation corresponded to the 6 yr cycle, with obvious periodic oscillation characteristics, and this cycle coexisted
with cycles of other scales. Significant correlations were observed between the amount of light precipitation and temperature over the
study area. The findings will enhance our understanding of changes in light precipitation in the TP and provide Scientific basis for the
definition of light precipitation in the future.
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1 Introduction consequently leads to extreme climates (IPCC, 2013).

Over the past century, extreme climate events have in-
According to the Intergovernmental Panel on Climate  creased in frequency and severity globally, and extens-
Change (IPCC) Fifth Assessment Report (ARS), global  ive studies mainly focused on extreme climate events,
warming introduces anomalies in the climate system and  including extreme droughts (Chen and Sun, 2019; An-
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deregg et al., 2020), floods (Bett et al., 2018; Tellman et
al., 2021), and extreme precipitation events (Cao and
Pan, 2014; Pan et al., 2020; Zhang and Zhou, 2020). Ex-
treme precipitation events have attracted much research
attention, and it has been studied worldwide, including
Europe (da Silva et al., 2020), Asia (Li et al., 2020),
South America (Bettolli et al., 2021), and Africa (Sen
Roy and Rouault, 2013). For example, during the boreal
summer, extreme precipitation in the Yangtze River
Basin led to frequent flood disasters, which had serious
ramifications (Tao and Ding, 1981; Bett et al., 2018). As
the water source of the Yangtze River, the Tibetan Plat-
eau (TP) played an irreplaceable role in extreme precip-
itation over this region (Wang et al., 2003; Zhao et al.,
2016). Most researchers were concerned about extreme
precipitation in the TP. However, only few studies have
investigated the variation characteristics of light precip-
itation events.

Although the contribution of light precipitation to
total precipitation is generally very small, light precipit-
ation accounts for 10%—15% of the total precipitation in
mid-to-high latitudes and plays an important role in the
Earth system (Kidd and Joe, 2007). Light precipitation
is one of the most important sources of groundwater and
soil water, and decreases in its frequency increase the
probability of drought (Liu et al., 2015). Jiang et al.
(2014) investigated changes in precipitation intensity in
different regions of China, and found that under the con-
dition of global warming, light precipitation events have
been decreasing in various regions of China. Wen et al.
(2016) believed that light precipitation is closely related
to heavy precipitation, and light precipitation events
would decrease to some extent with increasing heavy
precipitation events. Fu and Dan (2014) found that light
precipitation contributed to an increase in the propor-
tion of total precipitation and accounted for more than
60% of all precipitation days in the region covering the
southeast to the northwest of China. Ueda et al. (2003)
pointed out that the climatic characteristics of eastern
and western TP are different. The TP has become more
humid since 1990, and the wetting process is related to
changes in atmospheric circulation (Sun et al., 2020).
Light precipitation is believed to have significantly con-
tributed to the wetting of the TP.

Although variations of light precipitation have re-
ceived wide attention, no unified standard has been es-
tablished for the definition of light precipitation. The

common approach toward classifying precipitation in-
tensity is to classify precipitation events, such as precip-
itation, snowfall, and hail. According to most studies,
light precipitation is primarily characterized by an in-
tensity (Pre) of 0.1 < Pre < 10.0 mm/d (Zhai et al.,
1999; Liu et al., 2005; Ma et al., 2015; Wu et al., 2017).
Qian et al. (2007)and Liu et al., (2011) reported a de-
creasing trend of light rain events (< 1.0 mm/d) in
China. Qian et al. (2009) defined light precipitation
events as those with intensities of generally < 10.0
mm/d. In another case study, a fixed-percentile method
was used to observe the characteristics of light precipit-
ation at different stations in China (Liu et al., 2005;
Wen et al., 2016). The range for light precipitation in-
tensity was not broadly applicable to certain areas, in-
dicating the necessity for establishing local standards to
define light precipitation.

Several studies investigated the relationship between
aerosol and light precipitation to determine possible
causes for changes in light precipitation, and they con-
cluded that changes in light rain could be attributed to
increases in aerosol concentration (Qian et al., 2009; Qi-
an et al., 2010; Wang et al., 2016). Aerosols indirectly
affect precipitation by increasing cloud lifetime and the
amount of cloud droplets. Therefore, aerosol data can be
used to investigate changes in light precipitation.
However, aerosol data covering different atmospheric
conditions over the TP are lacking, and long-term aero-
sol data over the TP are difficult to obtain.
sequently, this approach is not suitable for the TP. The

Con-

climate had been much warmer in the last three decades
than in any decade after 1850 (IPCC, 2013), which was
expected to lead to higher evaporation rates and allow
the atmosphere to transport more water vapor. There-
fore, the reference evapotranspiration (ET) is a poten-
tial factor reflecting changes in light precipitation. As
water vapor affects precipitation in the TP (Feng and
Zhou, 2012), it is another major factor reflecting
changes in light precipitation (Zhang et al., 2013; Wu et
al., 2015). Temperature changes also affect precipita-
tion variations in China (Qian et al., 2007; Jiang et al.,
2014). Climate change in China is affected by the East
Asian Monsoon (Zhang et al., 2019a), which in turn is
significantly affected by the Pacific Decadal Oscillation
(PDO; Grigholm et al., 2009), Arctic Oscillation (AO;
Zhang et al., 2017), El Nino-Southern Oscillation (EN-
SO; Shao et al., 2017), and North Atlantic Oscillation
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(NAO:; Liu and Yin, 2001). Moreover, large-scale circu-
lation patterns (PDO, AO, ENSO and NAO) are likely
to affect precipitation changes in the TP.

The TP has attracted much attention due to its partic-
ularity. The response and influence of the plateau sur-
face environment to climate change is a hot topic of
concern to scholars. However, to thoroughly understand
the relevant issues, we must first conduct an in-depth
study of the changes in the plateau climate in recent
years. Light precipitation is an important part of precip-
itation in the TP area. It has an important impact on ve-
getation growth and soil drought on the TP. Therefore,
this study investigated the variation characteristics of
light precipitation in the central and eastern TP. The
primary objectives of this study are 1) to analyze the
temporal and spatial variability characteristics of annual
light precipitation events using different precipitation
intensity methods, 2) to study periodic changes in light
precipitation and analyze abrupt changes, and 3) to in-
vestigate the key factors affecting the variation of light
precipitation over the central and eastern TP, consider-
ing temperature, relative humidity, and large scale circu-
lation patterns (PDO, AO, ENSO and NAO). The find-
ings of this study are expected to enhance our under-
standing of light precipitation changes in the central and
eastern TP and provide references for soil moisture and
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agricultural production in the future.
2 Materials and Methods

2.1 Study area and data description
The TP is located in the western part of China
(25°N—40°N and 74°E-104°E) (Fig. 1), covering an
area of approximately 3 million km?. With an average
altitude of over 4000 m, it is commonly referred to as
the ‘Roof of the World’. Many large rivers in South
Asia, East Asia, and Southeast Asia originate from the
TP. In addition, with a wide range of climatic influ-
ences and wide geographic coverage, the TP is con-
sidered the ‘Third Pole’ of Earth (Liu and Chen, 2000;
Yao et al., 2012). There are many mountains around the
TP, such as the Kunlun Mountains, Himalayas. The cli-
mate of the TP, which falls under the continental cli-
mate, is unique owing to its high altitude environment.
The annual temperature range of the study area is 5-12°C,
mainly affected by west and southeast winds, reflecting
a typical plateau continental monsoon region (Wang et
al., 2014). Precipitation primarily falls between June
and September, and the total annual precipitation of the
TP generally ranges from 350 to 500 mm, with higher
precipitation in the southeast.

Data on daily precipitation, daily mean relative hu-
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Fig.1 Locations of meteorological stations over central and eastern Tibetan Plateau
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midity, and temperature in the central and eastern of TP
during 1961-2019 were obtained from meteorological
stations of the National Climate Center of the China
Meteorological Administration (CMA; http://data.
cma.cn). We selected stations with sufficiently long-
term daily data. The obtained data were subjected to
strict quality control by the CMA. To ensure the repres-
entativeness of the observational data and consistency of
the research time series, stations with continuous miss-
ing observations > 5 d were excluded. For station data
with continuous missing observations < 5 d, supple-
mentary corrections were made through interpolation
using data from adjacent stations covering the times be-
fore and after the missing dates. We finally selected data
from 53 surface stations. Climatic indices (PDO, AO,
ENSO and NAO) at the monthly scale were obtained
from the National Environmental Information Center of
the National Oceanic and Atmospheric Administration
(NOAA; https://www.ncdc.noaa.gov/teleconnections/).
In our analysis, we averaged the monthly values to ob-
tain the annual mean. The ET, of the regional annual
series was calculated as the arithmetic mean at 53 sta-
tions over the TP.

2.2 Methods

2.2.1 Definition of light precipitation events
According to the definition of CMA, a light precipita-
tion event is generally defined as that with an intensity
of < 10.0 mm/d (Qian et al., 2009). Some scholars fur-
ther defined light precipitation (0.1 < Pre < 10.0 mm/d)
(Fu and Dan, 2014; Wu et al., 2017). Wu et al. (2016)
used the CMA precipitation grade standards to measure
daily rain rates and classified precipitation into five
grades of intensity: light [0.1-10.0 mm/d); moderate
[10.0-25.0 mm/d); heavy [25.0-50.0 mm/d); storm
[50.0-100.0 mm/d); and downpour (> 100.0 mm/d). To
further analyze light precipitation events, the same
method can be applied to classify light precipitation in-
to five grades of intensity: grade 1 (G1) [0.1-2.0 mm/d),
G2[2.0-4.0mm/d),G3[4.0-6.0mm/d),G4[6.0-8.0mm/d),
and G5 [8.0-10.0 mm/d) (Zhang et al., 2019b). We es-
tablished a light precipitation assessment index (LPAI)
considering the trends in such events. For one event at a
given station, LPAI can be calculated as follows:

LPAI =G XD1+G2XDy+G3XD3+G4 XDy +Gs5X%XDs (1)

where G denotes the specific grade of light precipita-
tion (1-5) and D is the number of days of light precipit-

ation at the said grade. For example, for a light precipit-
ation event that occurred five times a week with precip-
itation amounts of 1.2, 2.4, 3.9, 4.5, and 9.6 mm, its LPAI
is G (1)xDy(1)+G2(2)x D7 (2)+G3(3)x D3(1)+G4(4)x
Ds(0)+G5(5)XD5(1)=1x1+2%x2+3x1+4x0 + 5 X
1=13
2.2.2 Reference evapotranspiration (ET)
The FAO Penman-Monteith formula is recommended
by the Food and Agriculture Organization of the United
Nations (FAO) for calculating £7,, (Thornthwaite, 1951;
Liang et al., 2008). A modified Penman-Monteith for-
mula is given as follows:
T 0.408A (R, — G) +y 79991z Us (5 —€4)
A+y(1+0.34U,)

2

where ET, is crop water requirement (mm/d); A is a
slope at T of a temperature-saturated vapor pressure
curve (kPa/°C); R, is the daily net radiation at the sur-
face [MJ/(m*-d)]; G is soil heat flux (MJ/(m*-d)); y is
the psychrometric constant (kPa/°C); T is the average air
temperature at 2 m (m/s); U, is the daily wind speed at
2 m height (m/s); e, is the saturation vapor pressure
(kPa); e, is actual vapor pressure (kPa).

2.2.3 Mann-Kendall (M-K) test and abrupt change
analysis

The Mann Kendall statistical test is a non-parametric
test widely used in hydro-meteorological data analyses
(Silva et al, 2015). The null hypothesis H, states that de-
seasonalized data (x,..., x,,) are a sample of n independ-
ent events, and x; is independent and identically distrib-
uted. The alternative hypothesis H; states that a mono-
tonic trend exists in X. The Kendall statistic S is estim-
ated as follows:

n-1 n
S = Z Z sgn(xj—x,-) 3)

i=1 j=it+l
where x; is the value of sequential data, n is the length
of the data set, and
{ +1 for6>0
sgn(@) =< 0 for6=0 4
-1 for6<0
When n > 8, the statistic S is approximately normally
distributed with the mean and the variance as follows
(Mann, 1945; Kendall, 1981).
ElS)=0 "
n(n—1)(2n+5)—Zrm(m)(m—1)(2m+5) %)
Var(S) = s
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where n is the length of the data set, #,, denotes the num-
ber of ties of extent m. The test statistic Z,. is computed

as follows:
S -1
—_—\, § >0
VVar(S)
z.=1 0, =0 ©)

_SHL oo
\/Var(S)’

where Z. is the test statistics. If | Z, | is greater than
Z\_qa» in which the standard normal deviates and «a is
the significance level for the test, then the trend is signi-
ficant.

2.2.4 Period analysis

The Morlet wavelet is an exponential complex-valued
wavelet adjusted by a Gaussian window; it has the char-
acteristics of non-orthogonality and can provide inform-
ation on the amplitude and phase of a time series (Tian
et al., 2014). Therefore, Morlet wavelet analysis is
widely used in climate and meteorological cycle analys-
is (Cao et al., 2014; Cao and Pan, 2014; Wang et al.,
2014). The function of the Morlet wavelet is as follows:

n_%H(a)) e~ (Kw=wo)®
2

where K is the wavelet scale; w is frequency; H(w) =

Heaviside step function, H(w) = 1, if w > 0, H(w) =0

otherwise; wy is the nondimensional frequency.

p(Kw) =

(7

3 Results

3.1 Characteristics of annual precipitation

Fig. 2a shows the average annual precipitation of the
central and eastern TP. From 1961 to 2019, average an-
nual precipitation exhibited an obvious upward trend on
the whole. The increase in precipitation mainly started

in 1980 with yearly fluctuations; before 1980, precipita-
tion was below average (511.3 mm) in most years.
There was a significant increase in precipitation from
1979 to 1980 and 1997 to 1998, and the average annual
precipitation in 1998 was significantly higher than that
in other years, reaching 651.7 mm (Fig. 2a). The lowest
average annual precipitation occurred in 1972, with a
precipitation of only 443.9 mm. The average annual pre-
cipitation was 537.5 mm, which was lower than the me-
dian annual precipitation (541.5 mm). Annual precipita-
tion was outside the range of the 25th—75th percentiles
in most years, indicating high risk of flood and drought
in the central and eastern TP. Fig. 2b shows that precip-
itation was mainly concentrated in summer from June
through September, accounting for approximately
77.9% of the average annual precipitation. Moreover,
precipitation from June to August exceeded 80.0 mm.
This result is similar to the conclusion of Xu et al.
(2008), who reported that most of the precipitation in
central and eastern TP occurred from June through
September, accounting for more than 60%—-90% of the
annual total.

From the spatial distribution of the average annual
precipitation in the central and eastern TP from 1961 to
2019 (Fig. 3a), precipitation presented an increasing
trend from the northwest to the southeast, which can be
explained by the wet stream from the Bay of Bengal be-
ing blocked by the Himalayas and redirected northwest
along this range, creating an east-west precipitation
gradient (Maussion et al., 2014). Thus, the maximum
precipitation occurred in the Three River Headwaters
Region in the southeast of the central and eastern TP,
even exceeding 165.0 mm. The Dingqging, Bomi, and
Nyingchi stations in Tibet and the Kangding, Songpan,
and Emeishan stations in Sichuan are located at two
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heavy precipitation centers in the southeast of the cent-
ral and eastern TP. In all these areas, precipitation ex-
ceeded 145.0 mm. The least precipitation (< 50.0 mm)
was observed in the Qaidam Basin in the northern part
of the study area, which is the driest region. The num-
ber of precipitation days showed a significant increas-
ing trend of 4.2 d/10 yr over the central and eastern TP
(Fig. 3b), and this result is consistent with that of Ge et
al. (2008). The average annual precipitation days were
124 d at all meteorological stations in the central and
eastern TP (Fig. 3b).

3.2 Temporal and spatial characteristics of annual
light precipitation

Fig. 4 shows the spatial and temporal variation charac-
teristics of light precipitation during the 59 yr in the
central and eastern TP. As shown in Fig. 4a and b, the
spatial variations of the amount and number of days of
light precipitation were consistent, and they gradually
increased from the northwest to the southeast. The min-
imum value of light precipitation was observed in the
northwestern part of the central and eastern TP, which
was represented by Lenghu (14.0 mm) and Xiaozaohuo
(25.0 mm) in the Qaidam Basin. The maximum of total
amount of light precipitation (288.6 mm) was observed
in the southeastern part of the plateau, represented by
Bomi in Tibet, Songpan in Sichuan (272.3 mm), and
Hongyuan in Sichuan (258.5 mm) (Fig. 4a). The num-
ber of light precipitation days in the southeast region
was more than 90 days while the northwest of the cent-
ral and eastern TP showed lower values (< 60 d) (Fig. 4b).
The characteristics of spatiotemporal changes of light
precipitation are very similar to spatiotemporal changes
of precipitation. As shown in Fig. 4c and d, the propor-
tion of light precipitation days in the total precipitation

days showed the same spatial variation trend as the pro-
portion of light precipitation in the total precipitation
amount. The amounts and days of light precipitation and
the spatial distribution of the proportion of light precip-
itation appeared to completely oppose each other
(Figs. 4 a—d). The northern and northwestern parts of the
central and eastern TP exhibited low values of light pre-
cipitation and days, but they accounted for a high per-
centage of precipitation. This is in line with the above-
mentioned reasons for the differences in the spatial dis-
tribution of precipitation over the central and eastern
TP. In addition to the northwestern part of the central
and eastern TP experiencing less precipitation, light pre-
cipitation accounted for a larger proportion of the total
precipitation. The annual average light precipitation
days were 71 d and light precipitation was 165.0 mm
(Fig. 4e). In the 59 yr period, the overall light precipita-
tion days in the central and eastern TP appeared to be
slowly increasing at a rate of approximately 2—4 d/10 yr.
The amounts of light precipitation exhibited the same
trend as the number of days of precipitation, with an
overall increase rate of approximately 4.0-6.0 mm/10
yr. Among the 53 meteorological stations in the central
and eastern TP, only 12 stations, mainly in Sichuan and
Yunnan provinces in the eastern part of the central and
eastern TP, showed a downward trend, accounting for
22.6% (Pre < 0.05). The amounts of light precipitation
and the number of light precipitation days accounted for
30.7% and 81.5%, respectively, of the corresponding
total values (Fig. 4f). Similarly, the statistics for
1951-2002 showed that over the eastern edge of the
central and eastern TP, precipitation mainly occurred in
the form of light-moderate precipitation in terms of both
the amounts and number of days, accounting for 66.9%
and 96.9%, respectively (Li et al., 2010). As shown in
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Fig. 4 Spatial and temporal characteristics of light precipitation events. a: light precipitation amounts; b: light precipitation days;
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changes of light precipitation amounts and days; and f: annual proportions in total precipitation amounts and days

Figs. 4e and f, we found that light precipitation changed
dramatically around 1980 and 1998. During the El Nifio
event from 1997 to 1998, strong westerly anomalies oc-
curred on the southern side of the central and eastern
TP, inducing precipitation or snow over large areas of
the central and eastern TP and south of the Yangtze
River (Tao et al., 1998). Light precipitation increased in
both the number of rainy days and intensity in 1998, but
the proportion of light precipitation exhibited a down-
ward trend, indicating that the increase of heavy precip-
itation during the 1997-1998 period exceeded that of
light precipitation. Changes in precipitation would be
affected by various factors, especially in the sensitive
area of the central and eastern TP. The abrupt influence
of light precipitation in 1980 was more complicated and
needs to be investigated further in the future.

For a more in-depth analysis of the spatial and tem-
poral changes of light precipitation, we classified light

precipitation into five grades of intensity (G1-G5). Fig. 5
presents the temporal and spatial characteristics of Gl
light precipitation events over the TP from 1961 to
2019. As presented in Fig. 5a, the amounts of G1 light
precipitation have the same spatial variation trend as
that shown in Fig. 4a. The minimum amount of G1 light
precipitation (< 23.0 mm) was observed in northern TP
with an increasing gradient to southeast TP (> 30.0 mm).
Among the 53 meteorological stations in the central and
eastern TP, only 15 stations presented a downward
trend, accounting for 28.3% (P < 0.05), mainly in
Sichuan and Yunnan provinces in the south and south-
east TP (Fig. 5a). Areas with low values of G1 light pre-
cipitation corresponded to those with low values of the
total amount of light precipitation, and they were loc-
ated in the Lenghu and Qaidam Basin. This further con-
firmed that the northwestern part of the central and east-
ern TP mainly experienced light precipitation. The spa-
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Fig. 5 Spatial and temporal characteristics of G1 light precipitation events. a: G1 light precipitation amounts; b: G1 light precipitation
days; c: G1 proportion in total light precipitation amount; d: G1 day proportion in total light precipitation days; e: annual changes of G1
light precipitation amounts and days; f: annual proportions in total light precipitation amounts and days

tial variation trends of the days and amounts of G1 light
precipitation appeared to be the same (Fig. 5b). In most
areas, the proportion of the amount of G1 light precipit-
ation was 12%-20% (Fig. 5¢), while days of G1 light
precipitation accounted for more than 35% of the total
light precipitation (Fig. 5d). As presented in Figs. 5a—d,
the spatial distribution of G1 light precipitation was op-
posite to the proportion of its amounts and days. From
the perspective of precipitation, G1 light precipitation
did not significantly affect the entire area, but from the
perspective of precipitation days, it had a pivotal effect.
Fig. Se shows the annual average days (25 d) and
amounts (41.0 mm) of G1 light precipitation. As shown
in Fig. 5f, the proportions of the annual average days
and amounts of G1 light precipitation were 42.0% and
15.3%, respectively. The amounts and days of G1 light
precipitation were consistent with the annual change

trend of the proportion of G1 light precipitation to total
light precipitation. An overall increasing trend was ob-
served before 1983 and a decreasing trend was ob-
served after 1983. In addition, significant upward
changes were observed around 1980. From the above-
mentioned results, G1 light precipitation accounted for
more than 30.0% of the total light precipitation events in
the study region. During the 59 yr, most meteorological
stations with G1 light precipitation recorded upward
trends for days and amounts. The above results indic-
ated that G1 light precipitation events accounted for a
much larger proportion of the total light precipitation
events than other intensities of light precipitation.
Therefore, G1 light precipitation over the central and
eastern TP would be worth paying attention.

The amounts of G2 and G3 light precipitation showed

the same obvious spatial variation characteristics
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(Figs. 6a and 7a), with higher values in the southeast
(> 39.0 mm) and lower values in the northwest
(< 28.0 mm). Most of the stations with G2 and G3 light
precipitation days and amounts recorded an increasing
trend and accounted for more than 70% of all stations.
Most of these stations were distributed in the southeast
TP (Figs. 6a and 7a). The days and amounts of G2 and
G3 light precipitation exhibited the same spatial vari-
ation trend (Figs. 6b and 7b). The proportions of the
amounts and days of G2 light precipitation exhibited the
same spatial variation trends (Figs. 6¢ and d). However,
these trends were diametrically opposite to those of G2
light precipitation. The proportions of the days and
amounts of G2 light precipitation were gradually de-
creasing from the north and center to the southeast,
while the amount of G2 light precipitation was increas-
ing from the north to the southeast. G2 and G3 light pre-

cipitation events (2.0 < Pre < 6.0 mm/d) not only exhib-
ited the same spatial variation but also exceeded Gl
light precipitation (0.1 < Pre < 2.0 mm/d). However, the
frequency of G1 light precipitation was significantly
higher in the number of precipitation days. Fig. 6e
shows that the annual average days and amounts of G2
light precipitation were 12 d and 33.5 mm, respectively.
As shown in Fig. 6f, the proportions of the annual aver-
age days and amounts of G2 light precipitation were
12.5% and 22.3%, respectively. As shown in Fig. 7e, the
annual average days and amounts of G3 light precipita-
tion were 8 d and 36.8 mm, respectively. As presented
in Fig. 5f, the proportions of the annual average days
and amounts of GI1 light precipitation were 7.8% and
22.3%, respectively. Before 1980, the proportions of the
amounts and days of G2 light precipitation showed the
same trend. Between 2016 and 2019, the proportion of
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the days of G2 light precipitation decreased and that of
the amounts increased. These changes can probably be
attributed to increases in the amounts and days of Gl
light precipitation. Similarly, the proportions of the
amounts and days of G3 light precipitation declined
from 2016 to 2019.

As most of the observing stations are located in the
southeast of the central and eastern TP, approximately
81.1% of the observing stations showed a slight upward
trend for G4, with obvious spatial variation characterist-
ics (Fig. 8a). Higher (> 35.0 mm) and lower (< 24.0 mm)
amounts of amounts of G4 light precipitation were ob-
served in the southeast and north. The spatial variation
trend of the annual average days of G4 light precipita-
tion was the same as that of the amounts, increasing
from < 3 d in the northwest to > 5 d in the southeast
(Fig. 8b). The proportions of the amounts and days of
G4 light precipitation exhibited similar spatial variation

trends (Figs. 8c and d). Fig. 8e shows the annual means
of the amounts (32.4 mm) and days (5 d) of G4 light
precipitation. As shown in Fig. 8f, the proportions of the
annual mean days and amounts of G4 light precipitation
were 4.8% and 19.6%, respectively.

As presented in Fig. 9a, the spatial trend of G5 light
precipitation was basically the same as that of G4
(Figs. 9a and b). The lowest G5 light precipitation
(< 28.2 mm) was observed in the north and increased to
the southeast (> 41.8 mm) of the area. This can be at-
tributed to most of these stations being located in the
southeast of central and eastern TP, and the upward
trend was recorded in approximately 69.8% of the sta-
tions (Fig. 9a). The proportions of the amounts and days
of G5 light precipitation were similar to those of G4
(Figs. 9¢ and d). Fig. 9¢ shows the annual average days
(4 d) and amounts (37.0 mm) of G5 light precipitation.
As shown in Fig. 9f, the proportions of the annual mean
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Fig. 8 Spatial and temporal characteristics of G4 light precipitation events. a: G4 light precipitation amounts; b: G4 light precipitation

days; c: G4 proportion in total light precipitation amount; d: G4 day proportion in total light precipitation days; e: annual changes of G4

light precipitation amounts and days; f: annual proportions in total light precipitation amounts and days

days (4.3%) and amounts (22.4%) of G5 light precipita-
tion declined.

To comprehensively investigate the spatial distribu-
tion of different intensities of light rain over the entire
region, we divided light precipitation into 5 levels and
calculated the light precipitation assessment index
(LPAI) for the entire study area (Fig. 10). LPAI showed
high performance in the east and west and low perform-
ance in the middle. Through the spatial distribution of
LPAI, we can more accurately ascertain that light pre-
cipitation occurs more frequently in the southeast of the
TP. According to the analysis of G1-G5 light precipita-
tion, we could conclude that G1 light precipitation ac-
counted for the least amount (41.0 mm) but the most
days (25 d). The amounts of G2, G3, G4, and G5 light
precipitation were similar (ca. 30.0 mm), but the num-
ber of days decreased from G1 to G5. The number of
G1 days accounted for 35% of the total light precipita-

tion days; increasing light precipitation trends can be at-
tributed to changes in G1 events (0.1 < Pre < 2.0 mm/d).
This is because the increasing trends of the days and
amounts of G1 light precipitation are more prominent
than those of the others. Therefore, the spatial distribu-
tion of G1 light precipitation affects the spatial vari-
ation of LPAL

3.3 Abrupt change analysis

We applied the Mann-Kendall (M-K) method at the 0.05
significance level for G1-G5 light precipitation and
LPAI. The analysis results are summarized in Table 1.
All the factors exhibited abrupt changes to some extent,
and these abrupt changes are worth exploring. As shown
in Fig. 4e, the amounts and days of light precipitation in
TP exhibited an increasing tendency from 1961 to 2019,
with an abrupt change in 1980. Fig. 2a and Fig. 3b also
show the same abrupt change in the amounts and days
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Fig. 10 Spatial characteristics of the light precipitation assess-
ment index (LPAI) over the central and eastern Tibetan Plateau

of precipitation in 1980, after which precipitation prom-
inently increased in the TP. In Fig. 5e, a sudden change
in G1 light precipitation appeared in 1980, but the M-K
test showed that the sudden change in G1 light precipit-
ation appeared in 1974. As the exact beginning time of
the abrupt change cannot be determined from Fig. Se,

Table 1 Trend and abrupt change of G1-G5 light precipitation
and light precipitation assessment index (LPAI)

M-K trend
Grade Abrupt change year
Confidence/%
Gl 95 1974
G2 95 1979
G3 95 1980
G4 95 1983
G5 95 1979
LPAI 95 1979

the year of abrupt change can be ascertained to be
around 1980. In the middle of the 1970s, the east of the
TP experienced a climatic jump, with abrupt changes in
snow-accumulation days, regional average annual pre-
cipitation, and surface pressure (Niu et al., 2004). This
abrupt climate change might have significantly affected
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G1 light precipitation. Combining the results of the M-K
test and the results shown in Fig. 6e, Fig. 9¢, and Fig. 10,
the year of the abrupt changes in G2 and G5 light pre-
cipitation and LPAI can be ascertained to be 1979. Ac-
cordingly, abrupt changes in G3 and G4 light precipita-
tion occurred in the years of 1980 and 1983, respectively.

3.4 Relationship between LPAI and large-scale at-
mospheric circulation

In order to further characterize the causes of changes in
light precipitation, correlation analysis was conducted to
study the relationship of G1-G5 light precipitation and
LPAI with four climate indices (ENSO, NAO, AO and
PDO), ET,, temperature (TEM), and relative humidity
(RHU) (Fig. 11). In general, the correlation of G1-G5
light precipitation and LPAI with temperature was stat-
istically significant at the 0.05 level, indicating stronger
influence of temperature on G1-GS5 light precipitation
and LPAI compared to other indicators. Fig. 11 shows a
positive correlation of temperature with G1-G5 light
precipitation and LPAI, implying that the rising temper-
ature was conducive to the formation of light precipita-
tion events in the TP. Although the correlation of
G1-G5 light precipitation and LPAI with the four cli-
mate indices, ET,,, and RHU was not statistically signi-
ficant, the effects of these factors on changes in light
precipitation still need to be considered. Our analysis re-
vealed that G1 light precipitation had the highest correl-

ET

1 -013 | 0.02

ENSO |5 !B ENES! 0.23 [t 0EH 0.41

0.14 8k 0.21
0.26

ation with the four climate indices and they were posit-
ively correlated, among which the correlation with PDO
reached 0.42. It can thus be concluded that G1 light pre-
cipitation was more sensitive to these four climate in-
dices. We also found that the RHU had a small impact
on light precipitation, with a correlation below 0.3 (P <
0.05). Many scholars found that water vapor has a signi-
ficant correlation with light precipitation in other re-
2011; Wu et al., 2015). The correla-
tion between RHU and light precipitation in the central
and eastern TP was not significant, and the reasons
might be more complicated. Therefore, the relationship

gions (Liu et al.,

between light precipitation and water vapor in the cent-
ral and eastern TP area requires further investigation in
order to determine the complex factors affecting
changes in light precipitation. Studies have reported that
the aerosol concentration of the TP had been continu-
ously changing in the past few decades (Lau et al.,
2006; Huang et al., 2007; Cong et al., 2007). Many re-
searchers believe that changes in aerosol concentration
in the atmosphere might affect changes in light precipit-
ation (Qian et al., 2009; Zhao et al., 2006). Aerosols
might increase the number of droplets while reducing
droplet size, thereby inhibiting light precipitation (Gong
et al., 2007). However, long-term aerosol data over the
central and eastern TP are lacking. The accuracy of the
correlation is difficult to verify using the results of short-
term aerosol data.
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Fig. 11 Correlation coefficients between the light precipitation assessment (LPAI) and large-scale atmospheric circulation over the
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Oscillation; NAO, North Atlantic Oscillation; AO, Arctic Oscillation; G1-GS, grade of light precipitation events; RHU, relative humid-
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3.5 Period analysis 1961-2019 in the real part of the Morlet wavelet. Fig. 12a
Fig. 12 presents the time-frequency distributions of  shows that G1 light precipitation had 7 yr and 8 yr
G1-G5 light precipitation and LPAI over the TP during  cycles, with significant oscillations. As presented in
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Fig. 12 The real part of the Morlet wavelet analysis of the G1-G5 light precipitation and light precipitation assessment index (LPAI)
over the central and eastern Tibetan Plateau from 1961 to 2019
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Fig. 12b, G2 light precipitation had 5 yr and 9 yr cycles.
The 9 yr cycle, which mainly occurred from 1972 to
1981, was the most significant cycle in the entire time
series. As shown in Fig. 12¢, G3 light precipitation had
2 yr and 5 yr cycles, and the main cycle was 5 yr.
Fig. 12d shows that G4 light precipitation had 6 yr and
7 yr cycles. In the entire time series, the 6 yr cycle was
the most noteworthy. As shown in Fig. 12e, G5 light
precipitation had 2 yr, 4 yr, and 6 yr cycles, and the
main cycle was 6 yr. The LPAI had 6 yr and 13 yr
cycles (Fig. 12f), and the dominant cycle was 6 yr.

4 Discussion

In this study, We observed that the annual precipitation
amount did not exhibit any obvious growth trend over
the central and eastern TP (approximately 1.1 mm per
year). Zhang et al. (2015) also reported similar results
that the annual precipitation increased by about one mil-
limeter per year over the last 52 yr in the TP. However,
the number of precipitation days exhibited a trend of
significant increase. The number of light precipitation
days accounted for 81.5% of the total precipitation days
in the central and eastern TP. Accordingly, we infer the
increase in precipitation day count to be mainly attribut-
able to the significant increase in the number of light
precipitation days. Li et al. (2010) also believed that the
number of rainy days and the amount of total precipita-
tion have changed from the 1950s to the 1970s in asso-
ciation with light-moderate precipitation over the east-
ern edge of the central and eastern TP. In summary, the
amount and days of precipitation over the central and
eastern TP were mainly affected by changes in light pre-
cipitation.

We also analyzed the spatial distribution of precipita-
tion in the central and eastern TP. In the central and
eastern TP, precipitation is mainly concentrated in the
southeast, and showed a decreasing trend from the
southeast to the northwest. We observed that the tem-
poral and spatial variation trend of light precipitation
had the same spatial distribution as that of central and
eastern TP. This coincided with the abovementioned
conclusion that light precipitation is the main factor af-
fecting precipitation in the central and eastern TP. This
spatial distribution can be mainly attributed to the
towering Himalayas running east to west and the Naga
Mountains in western Myanmar running north to south,

which form a horseshoe—shaped terrain with the open-
ing in the southwest. When warm southerly winds blow
from the Bay of Bengal into the horseshoe—shaped ter-
rain in summer, the airflow is forced into a cyclonic
bend. The frequencies of the northeast and southwest
winds are not significantly different, and a monsoon
convergence zone is consequently formed, which in-
creases precipitation in the area (Wu and Zhang, 1998;
Duan et al., 2013). The low precipitation in the north-
western TP and the Qaidam Basin could be attributed to
the deep interior of the Qaidam Basin. Plateaus and
mountains on the side may also block the southeast
monsoon from the effects of the Pacific Ocean. The
Kunlun Mountains on the south and the Qilian Moun-
tains on the north hinder the weak Atlantic and Arctic
water vapor from entering the basin, and the lack of ex-
ternal water vapor transportation leads to a decrease in
precipitation in the basin. Therefore, a phenomenon of
precipitation increasing from the northwest to the south-
east occurs in the TP.

According to previous studies, we set the range of
light precipitation at 0.1 < Pre < 10.0 mm/d (Qian et al.,
2009; Fu and Dan, 2014; Wu et al., 2017). Through our
calculations, we found a significant increase in the
amounts and days of annual light precipitation in the
central and eastern TP. However, this threshold did not
accurately reflect the trend of light precipitation. To de-
termine a threshold more suitable for the central and
eastern TP, we divided it into five grades (G1-GS5). Al-
though G1 precipitation accounted for only approxim-
ately 14% of the total amount of precipitation, the num-
ber of days of G1 precipitation accounted for more than
40%. Therefore, we believe that G1 (0.1 < Pre <
2.0 mm/d) is more in line with the light precipitation
standard over the central and eastern TP. This conclu-
sion also agrees with the threshold of light precipitation
in China reported by Liu et al. (2011).

We performed the M-K test and Morlet wavelet ana-
lysis to investigate the long-term series of precipitation
variation data. We observed that the abrupt changes in
precipitation were mainly concentrated in 1980. Some
scholars also found that changes in many meteorologic-
al factors, including RHU, total cloud amount, regional
average temperature, sunshine duration, and surface
pressure, in certain areas corresponded to the same
change in 1980 (Niu et al., 2004; You et al., 2010). Pre-
vious studies found that solar irradiance, total cloud
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cover, and air temperature are strongly correlated with
changes in light precipitation (Qian et al., 2009; Liu et
al., 2011; Wu et al., 2017). Through wavelet analysis,
we found that light precipitation and LPAI were mainly
concentrated in the 6 yr cycle.

We investigated factors affecting changes in light pre-
cipitation and found that temperature was the main in-
fluencing factor. According to previous research, most
areas of the TP experienced a warming trend in recent
decades. In the TP, surface temperature had increased
by approximately 1.8°C over the past 50 years (1960—
2007), and the warming would have induced more pre-
cipitation in the eastern part of the TP (Liu and Chen,
2000). Some scholars have also pointed out that temper-
ature affects changes in light precipitation (Qian et al.,
2007; Wu et al., 2015). According to our correlation
coefficients, other climatic factors had a small impact on
micro—precipitation. In contrast, previous studies repor-
ted that these climatic factors have a greater impact on
TP precipitation. The spatial distribution of precipita-
tion anomalies in the TP and its adjacent areas was con-
trolled by changes in the regional atmospheric circula-
tion of the so-called ‘plateau monsoon’ on the decadal
scale. ENSO may exert a direct impact on the East Asi-
an summer monsoon precipitation by modulating the
variability of the Philippine Sea anticyclone (Jin et al.,
2018). NAO determines the spatial distribution of sum-
mer precipitation in the eastern part of the TP (Liu and
Yin, 2001). Yang (2011) investigated relationships
between AO and the precipitation and temperature over
China, and found a good relationship between them over
South China.

5 Conclusions

Our analysis revealed that the central and eastern TP
mainly experienced light precipitation (0.1 < Pre <
10.0 mm/d) during 1961-2019. The amounts and days
of light precipitation accounted for 30.7% and 81.5% of
their corresponding total values. Therefore, light precip-
itation is a key indicator of central and eastern TP cli-
mate change. The amount and number of days of light
precipitation exhibited increasing trends over the study
period. We also found the same temporal and spatial
characteristics for light precipitation events of various
intensities (G1—-G5 light precipitation). Light precipita-
tion events gradually increased from the northwest to

the southeast, and their intensity was higher in the
southeast than in the northwest. The major cycle of
G1-GS5 light precipitation and LPAI over the study peri-
od was 6 yr with apparent periodic oscillation character-
istics, and this cycle coexisted with cycles of other
scales. A major abrupt change of light precipitation oc-
curred in 1980, after which light precipitation mainly
showed an increasing trend. We also observed that al-
though G1 light precipitation accounted for only ap-
proximately 14% of the total amount of precipitation,
the number of days of G1 light precipitation accounted
for more than 40%. Therefore, we believe that G1 (0.1 <
Pre <2.0 mm/d) is more in line with the light precipita-
tion standard for the central and eastern TP. In the fu-
ture, when we study the light precipitation in central and
eastern TP, we should pay more attention to G1 light
precipitation. Analyzing G1 light precipitation will give
us a clearer understanding of the causes of central and
eastern TP climate change, and will be the key to our fu-
ture research on the factors affecting the central and
eastern TP drought and vegetation growth.
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