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ABSTRACT

In this paper, the spatial and temporal characteristics of convective precipitation (CP) and
large-scale precipitation (LSP) in southern China during 1980-2020 are analyzed using monthly mean
precipitation data from MERRA-2. In addition, the possible effects of relative humidity on CP and LSP
are explored. The results indicate the following. (1) The LSP dominates the proportion of total
precipitation (TP). Both LSP and CP are more prevalent in the south and less prevalent in the north, but
there is a difference in the regions of their maximum centers. (2) Significant interannual and seasonal
variations are observed in precipitation. TP and LSP tended to be higher than average after the 1990s,
while for the CP, a negative trend has dominated the past years with considerable fluctuation. There are
obvious increasing trends for TP and LSP, with area-averaged linear trends of 7.0 mm/year and 8.9
mm/year, respectively, while that of CP is -1.9 mm/year. The increasing trends of LSP are mainly
contributed by the precipitation of summer and autumn. (3) The variations of LSP are affected by
relative humidity in the troposphere, while CP is only influenced by the changes in relative humidity
due to air temperature or specific humidity. The trend of relative humidity is -0.32%/decade, mainly
due to rising temperature in the troposphere. (4) Changes in specific humidity caused by temperature or
specific humidity alone act on large-scale precipitation through both interannual and interdecadal
processes, causing large-scale precipitation to increase. And the convective precipitation is mainly
affected by the interdecadal processes.
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1 Introduction
The IPCC Fifth Assessment Report revealed that the annual average precipitation in the mid-high

latitudes of the Northern Hemisphere has increased since the 1950s under the influence of global
warming (Hartmann et al. 2013). The precipitation trend exhibits distinct spatial signatures, but there
are no certain long-term trends in the tropical regions or on land at the global scale ((Hartmann et al.
2013; Wan et al. 2013). Trends of extreme precipitation can differ from the implied trends of average
precipitation. Global extreme precipitation has increased significantly in many regions due to global
warming with a growth rate of approximately 7%/℃; this is termed the Clausius–Clapeyron rate
(Trenberth et al. 2007; Hartmann et al. 2013; Seneviratne et al. 2012; Zhang and Zhou 2019; Trenberth
et al. 2003; Kharin et al. 2013; Westra et al. 2013). Extreme precipitation causes disasters such as
floods, droughts, and landslides, and changes in extreme precipitation can affect society more directly
than can variations in most other meteorological elements that can be observed (Allan and Soden 2008).
In the absence of significant changes in average precipitation on land at the global scale, extreme
precipitation has increased markedly, indicating that the nature of precipitation has been significantly
modified. Thus, it is necessary to further understand the variety of different types of precipitation and
the responses of precipitation to global warming.

Precipitation can be divided into two components, namely, convective and stratiform precipitation
(Houze 1997); this division is one of the most important ways to study precipitation. Since these two
types of precipitation are related to cloud physics and have important effects on general atmospheric
circulation, it is beneficial to study the effects of the controlling factors on precipitation (Zipser et
al.,1977; Leary and Houze 1979). The characteristics of convective and stratiform precipitation have
been studied for several years. Sui (2007) noted that stratiform precipitation exhibits weaker radar
echoes, smaller vertical velocities and larger extents than convective precipitation, and the ratio of ice
water to liquid water is greater than 1 in the former (Sui et al. 2007). Using three-hourly synoptic
observations to separate the two types of precipitation in Germany from 1997 to 2004, Berg (2013)
reported that the 99th percentile of stratiform precipitation increases with temperature at a rate of
approximately 7%/℃, while the rate of increase in the 99th percentile of convective precipitation (CP)
almost doubles. Additionally, the relative contribution of CP to total precipitation (TP) can increase
with temperature. All of these findings reveal that CP reacts more sensitively to changes in temperature
than stratiform precipitation (Berg et al. 2013); in this context, the influence of CP on TP, especially
extreme precipitation, will increase with global warming.

Ruiz et al. (2013) analyzed the characteristics of convective and stratiform precipitation along the
Eastern Iberian Peninsula during 1998-2008. The results show that both convective and stratiform
precipitation have interannual and seasonal variations, and a significant increasing trend of stratiform
precipitation leads to a positive trend of annual TP. Seasonal differences in the contributions of
different types of precipitation to TP were also reported (Tremblay 2005; Ruiz-Leo et al. 2013).
Rulfová (2013) disaggregated the precipitation in the Czech Republic from 1982 to 2010 based on
cloud forms and synoptic observations and pointed out that compared with annual stratiform
precipitation, CP has larger fluctuations and is the main contributor to the increasing trend of regional
precipitation in the Czech Republic (Rulfová and Kyselý 2013). Fu et al. (2016) showed that the
intensities of CP and stratiform precipitation in the eastern part of northern China exhibited a
significant decreasing trend from 2002 to 2012; conversely, the frequency of CP in the eastern region of
southern China had a significant increasing trend (Fu et al. 2016). It is evident that there are
considerable regional differences in convective and stratiform precipitation throughout China. Using
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TRMM data, Hu et al. (2011) and Liu et al. (2010) indicated that the CP rate in southern China is much
larger than the stratiform precipitation rate, but both of them increase gradually as the East Asian
summer monsoon advances ((Hu et al. 2011; Liu et al. 2013).

Based on the above studies, it is clear that the characteristics of convective and stratiform
precipitation and their contributions to the long-term trend of precipitation vary in both space and time.
It is therefore necessary to investigate the annual and seasonal characteristics of both types of
precipitation in China under the context of a changing climate. Some studies have been performed on
convective and stratiform precipitation in China, but most of them focused on intra-annual
characteristics. The time series employed to discuss the trend of precipitation are generally short and
limited to satellite data. However, reanalysis data can generally span 40 years or more. Precipitation in
reanalysis datasets originates from two distinct parameterization schemes: CP is generated by the
convection scheme, which represents convection at spatial scales smaller than the grid box (subgrid),
while large-scale precipitation (LSP) is captured by the cloud scheme representing the formation and
dissipation of clouds, and the LSP due to changes in atmospheric quantities (such as pressure,
temperature and moisture) is predicted directly at spatial scales of the grid box or larger (Dai 2006).
According to previous studies, we can adopt a simplified assumption, that is, that the subgrid
precipitation (large-scale precipitation) in reanalysis data corresponds to the convective precipitation
(stratiform precipitation) in the real atmosphere and that TP is the sum of CP and LSP (Rulfová et al.
2017). Although the scale division of the two types of precipitation is not entirely clear in the real
atmosphere, it can often be considered that their overlapping parts can compensate for each other
(Kyselý et al. 2015).

Influenced by the East Asian monsoon system and the South Asian monsoon system, the amount
of precipitation that falls over southern China is immense, and the seasonal changes in this
precipitation are obvious (Seneviratne et al. 2012; Yali et al. 2013). Under the background of global
warming, a trend of concurrent droughts and floods has been observed with an increase in the
frequency of disasters (Weijing et al. 2016, 2015), all of which exhibit multiscale variability (Huang et
al. 2012; Zhang 2015; Si et al. 2016). Therefore, it is crucial to fill the existing research gaps and
further improve climate forecasts to study the characteristics of CP and LSP in southern China.

In this study, the spatial-temporal variabilities of annual and seasonal CP and LSP as well as the
possible effects of relative humidity (RH), specific humidity (SH) and air temperature (T) on CP and
LSP are analyzed in southern China during the period 1980–2020 using atmospheric reanalysis data.
The remainder of this paper is structured as follows. After a description of the data and methodology in
Section 2, the spatial-temporal characteristics of annual precipitation are presented in Section 3.1,
while the spatial-temporal characteristics of seasonal precipitation are shown in Section 3.2. The
possible effects of relative humidity, specific humidity and air temperature on precipitation are reported
in Section 3.3, and Section 4 presents the conclusions and a discussion of the results.

2 Data and methodology

2.1 Ground observed data

The diurnal observed meteorological data used in this study, including precipitation, are from the
daily meteorological data records (V3.0) acquired at 2374 stations in China from January 1951 to
December 2019 provided by the National Meteorological Information Center of the China
Meteorological Administration. In this study, we have extracted data from 840 observation stations in
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southern China (17–30° N, 105–123° E) between 1980 and 2020 (the distribution of these stations is
shown in Fig. S1).

2.2 Reanalysis data

In recent years, atmospheric reanalysis data have been produced by several meteorological
agencies using assimilation technology. These reanalysis data have high spatial and temporal
resolutions, and generally, as the whole world is covered by these data, climate systems around the
globe can be analyzed (Tianbao et al. 2010). Recent studies on reanalyses have indeed found that no
reanalysis data have an absolutely outstanding ability to predict precipitation, as the applicability of
reanalysis data is prone to change in both space and time (Reichle et al. 2017b; Wang et al. 2017). It is
necessary to select the most suitable reanalysis data according to the research purpose and area.

The Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2), is
a global atmospheric reanalysis dataset produced by NASA’s GMAO (Global Modeling and
Assimilation Office); compared with the original MERRA reanalysis, the spatial and temporal
resolutions of MERRA-2 are improved, the latest satellite data are added, and the hydrological cycle is
improved (Gelaro et al. 2017; Reichle et al. 2017a). MERRA-2 uses observation-based precipitation
data as forcing for the land surface parameterization, and the bias corrected precipitation is contained in
products (Reichle et al. 2017a). Chen (2019) shows that the precipitation of China is best represented
by MERRA-2 than other reanalysis data because the precipitation of MERRA-2 was bias corrected
using observed precipitation (Chen et al. 2019). The comparisons we have made between several
reanalysis data and observation-based total precipitation do agree with the previous study (Fig. S1 and
Fig. S2). Therefore, the precipitation estimates, including total precipitation, convective precipitation
and large-scale precipitation, given by MERRA-2 will be used in this paper. To further show the
possible causes of the characteristics of TP, LSP and CP, air temperature, relative humidity and specific
humidity at 24 levels (1000, 975, 950, 925, 900, 875, 850, 825, 800, 775, 750, 725, 700, 650, 600, 550,
500, 450, 400, 350, 300, 250, 200 and 150 hPa) of MERRA-2 are also used.

2.3 Methodology

2.3.1 Calculation of the average temperature, average specific humidity and average relative humidity

in troposphere

The past studies have reported that the troposphere plays an important role in the study of
precipitation, it provides a essential feedback mechanism for precipitation (Wu et al. 2015). Thus, it is
more suitable to use T, RH and SH data of the troposphere than their surface or lower troposphere data
to study the changes of LSP and CP. In this study, the mass-weighted mean method was used to
calculate the troposphere average of T, RH and SH (Wu et al. 2015), and there we defined the
troposphere ranging from the surface to 150hPa (LIU et al. 2012):���� = ��150 e��� ∕ ��150��� . (1)

where e is the expression for the quantity to be averaged.
Area-averaged quantities are calculated by weighted average method using the cosine of the

latitudes as the weights. Linear trend and linear correlation analysis methods are also used in the paper.

2.3.2 Calculation of relative humidity �� = e�� × 100%. (2)
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Where RH is the relative humidity, e and es is the actual vapor pressure (hPa) and saturation vapor
pressure (hPa), respectively. �� = 6.1078 ��� 17.2693882 �−273.16�−35.86 . (3)

Where T is the temperature (units: K). � = ������+ ��−�� � . (4)
Where q is the specific humidity (units: kg kg-1), p is the pressure (units: hPa), Rv is the specific gas
constant of water vapor (units: J kg-1 K-1), and Rd is the specific gas constant of dry air (units: J kg-1

K-1).

3 Results

3.1 Spatial and temporal characteristics of annual precipitation

LSP is usually weak and correlated with long-lived events due to changes in atmospheric
quantities in models. CP generally exhibits a shorter duration and greater intensity caused by the strong
ascension of local convection under unstable stratification (Tremblay 2005). Thus, there are differences
in the precipitation growth mechanism and cloud physical characteristics between the two types of
precipitation (Ruiting et al. 2004; Arakawa 2004; Rulfová and Kyselý 2013; Berg et al. 2013). In
addition, it is also important to interpret the different atmospheric responses of the two types of
precipitation.

Fig. 1 shows the spatial distributions of the different types of annual mean precipitation in
southern China (1980-2020) obtained from MERRA-2. Regarding the amount of precipitation, in
southern China, the annual LSP is larger than the annual CP. The CP in most areas is below 800 mm,
while the LSP is above 800 mm. The two maximum centers of TP (Fig. 1a) correspond to the centers of
LSP (Fig. 1c) and CP (Fig. 1b) respectively. The South China and Jiangnan are high-precipitation areas,
for the former, the TP and CP exceed 1600 mm and 800 mm, while for the latter, the TP and LSP
exceed 1600 mm and 1200 mm, respectively. According to Fig. 1b, the spatial distribution of CP is
significantly different from that of LSP, showing a pattern of gradually decreasing from the south to the
north.

The general feature of precipitation in southern China is that the amount of LSP exceeds that of
CP, consistent with previous studies (Peng and Yu 2010). The proportion of CP gradually decreases
from south to north with values ranging from 20% to 30% in Jiangnan and the Southwest China to
more than 30% in South China, especially in southern South China, where the proportion is more than
50%. Thus, the magnitudes of the two types of precipitation are comparable in southern South China.

The temporal evolution of different types of precipitation also differs significantly. The linear
trend coefficient and time series of the annual area-averaged precipitation (CP, LSP and TP) over
southern China (22°–30°N, 105°–122°E) from 1980 to 2020 are given in Fig. 2. The trend of TP in
most parts of southern China is positive and is significant (with a confidence level above 95%, the
threshold value is 0.31) in some areas (Fig. 2a). The trend coefficient of LSP shows a spatial pattern
characterized by positive values in most of the southern China; the trend coefficient ranges from 0.4 to
0.6 in most parts (Fig. 2b) with a confidence level of 95%, expect the western of the South China. The
trend of CP is negative and significant (with a confidence level above 95%) in Southwest China (Fig.
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2c). As previous studies have shown, these precipitation trends have obvious spatial differences (D and
Y 2009; Zhang and Zhou 2019; Weijing et al. 2015).

For the regional average precipitation, the correlation coefficient between TP and LSP is 0.91
(Table 1), indicating a strong correlation, as they show consistent interannual and interdecadal
characteristics. With respect to their long-term changes, the TP and LSP show increasing trends,
approximately 70 mm/10 a and 89 mm/10 a (exceeding the 99% confidence level), respectively (Fig.
2d and Fig. 2e). The annual CP has decreasing trend of approximately -19mm/10 a during 1980-2020
(Fig. 2f). The trends of the different types of precipitation are caused by changes in their frequency and
intensity throughout China, but their changes are not completely consistent in space and time (Fu et al.
2016; Han et al. 2016). The 9-year moving averages of the different precipitation anomalies show
interdecadal characteristics. The interdecadal changes in TP (Fig. 2d) are consistent with those in LSP
(Fig. 2e). The precipitation anomalies were below average until the late 1990s and then above average
from the late 1990s to the present. the variation of CP is clearly different from that of TP and LSP. the
CP was below average from the 1980s to the early 1990s and then above average until the 2010s. In the
last decade, CP has generally been below average (Figure 2f).

In summary, there is a positive trend of TP in most parts of southern China, which is contributed
by LSP. The time series of the TP anomalies are consistent with those of LSP, showing a
“negative-positive” pattern from the 1980s to 2010s, whereas CP was below average before 1992/1993
and in recent years.

3.2 Spatial and temporal characteristics of seasonal precipitation
In addition to interannual variability, intra-annual variabilities are also observed in CP and LSP.

From the perspective of its temporal and spatial distributions, the monthly TP (Fig. 3a) in southern
China remains above 175 mm in summer, and there are clear seasonal differences. After April, the
center of the region with the largest TP gradually moves southward and is above 175 mm in Jianghuai
and Jiangnan, which is during the meiyu season (from June to July). At the same time, the precipitation
center is over South China with values exceeding 225 mm. Then, the precipitation decreases in July
and August, and the precipitation center moves southerly (south of 23°N). The temporal and spatial
distributions of LSP (Fig. 3b) seem to be different from those of TP. The LSP center in May is mainly
located in southern Jiangnan and northern South China, where the monthly mean precipitation is more
than 125 mm. After May, CP increases significantly, with the monthly mean precipitation reaching
more than 125 mm, and the precipitation center is located over South China. The area begins to expand
northward in June and is maintained until August, and then the CP decreases rapidly. Past studies have
pointed out that the onset of the South China Sea summer monsoon in late May will gradually affect
South China and continue northward. The South China Sea summer monsoon will enhance the
instability of stratification, which will lead to an increase in CP (Bin et al., 2006). On the other hand, in
summer, especially in August, many typhoons will make landfall along the coast of China, bringing
heavy rainfall to eastern China (Shen et al., 2013), which also contributes to the summer CP in South
China and Jiangnan. It can be seen that the changes in LSP and CP, as well as their movements in space,
correspond to the development of the East Asian monsoon.

Fig. 3d illustrates the intra-annual differences in CP and LSP more clearly. On the one hand, at the
same time of year, the relative contribution of CP to TP gradually decreases from south to north, which
is quite consistent with the above conclusion. On the other hand, it is found that the contribution of CP
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gradually increases from 20% in March and continues to expand northward. From May to September,
the contribution of CP in southern South China increases to more than 40% and can reach 60% in
summer. The area where CP accounts for more than 30% is the maximum, covering the area south of
30°N. This finding has also been demonstrated by Hu et al (Hu et al., 2011).

Therefore, regarding the different types of annual mean precipitation, LSP is always dominant in
southern China. After the onset of the South China Sea summer monsoon in May, both CP and LSP
begin to increase, and the proportion of CP begins to increase gradually, reaching a peak in summer.
Then, the East Asian summer monsoon weakens in September, and CP also decreases rapidly.

Fig. 4 shows the spatial distributions of the trend coefficients of precipitation in each season from
1980 to 2020.

The TP in spring (Fig. 4a) do not have a significant trend in southern China. Except for some parts
in the South China and eastern Jiangnan where the trend coefficient is negative, other areas have a
slightly increasing TP trend. Fig. 4b shows decreasing trends of CP in southern China in spring. For the
LSP, there are increasing trends along the Yangtze River Basin and the eastern part of southern China,
and the trend in the former is statistically significant at 0.05 level (the threshold is 0.31).

The TP in summer (Fig. 4d) shows an increasing trend in most parts of southern China, and this
trend is significant in eastern and central Jiangnan and in most parts of South China. The spatial
patterns of LSP (Fig. 4f) in summer are similar to that of TP, with significant trend in almost the whole
southern China. Fu et al. (2016) also pointed out clear increasing trends in the frequencies of LSP in
summer over the southern region of eastern China (Fu et al. 2016). The trend of CP shows a
“negative-positive” pattern from the north to the south, the trends pass the significance test (at the 95%
confidence level) in eastern Jiangnan. Additionally, in comparison with Fig. 4, the spatial trend patterns
of CP and LSP in summer are very similar to those over the whole year. Therefore, it can be considered
that the annual trends of the different types of precipitation are mainly contributed by summer
precipitation.

The characteristics of precipitation in autumn are depicted in Fig. 4. There is an increasing trend in
southern China for TP, and the trends in parts of South China and parts of eastern Southwest China pass
the significance test (at the 95% confidence level). The spatial distributions of the trends of LSP (Fig.
4i) in autumn agree well with those in summer. Compared with the corresponding areas in summer, the
areas where the LSP show a significant trend in autumn are decreased, while the areas of CP showing a
negative trend are increased.

The TP in winter (Fig. 4j) decreases in most parts of South China (Lin and Juan 2011), while there
is a positive trend (significant at the 95% confidence level) in eastern Jiangnan. CP (Fig. 4k) shows a
distribution of positive values in the east and negative values in the west of southern China. The LSP in
winter (Fig. 4L) shows a weak decreasing trend in Southwest China, central and western Jiangnan, and
parts of South China, while the increasing trends in eastern Jiangnan pass the significance test at the
95% confidence level.

There are also significant differences in the interannual variations of precipitation in each season
and throughout the whole year. Fig. 5 shows the interannual time series of precipitation in different
seasons. With regard to the precipitation amount, the amount of LSP in spring is much more than that
of CP, generally above 400 mm, while most of the CP was below 200 mm (Fig. 5a). From the
perspective of long-term trends, the linear trend coefficients of TP, LSP and CP are 0.12, 0.29, and
-0.30, respectively, in spring (Table 2), were not significant. In addition, the correlation coefficients
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between TP and the LSP and CP are 0.89 and 0.46, respectively (Table 1), which indicates that the
trends of LSP and TP in spring are more consistent because the main sources of spring precipitation in
southern China are the spring persistent rains and the first rainy season in South China, which are
mainly related to the thermal difference between the land and the sea, the influence of topographic
forcing, and the existence of westerlies; the large-scale ascension of condensation precipitation is
dominant (GuoXiong Wu and Wan 2006; Rugui et al. 1983).

In summer (Fig. 5b), CP dominates the proportion of TP. LSP is generally above 200 mm, and CP
is generally above 300 mm. Since the 1980s, the summertime fluctuations of CP and LSP have
continued to increase. The trend coefficients of TP, LSP and CP are 0.53, 0.68 and -0.12, respectively
(Table 2), among which TP and LSP are significant at the 99% confidence level (the threshold is 0.40).

According to Fig. 5c, the LSP in autumn has obvious interannual fluctuations, with the minimum
being less than 100 mm (1992) and the maximum being greater than 300 mm (2016), and is generally
above 150 mm, while the CP is basically below 100 mm. LSP gradually decreased before the end of the
1990s and then increased until the present day, but such changes in CP are not evident. The trend
coefficients of TP, LSP and CP in autumn are 0.28, 0.40, and -0.29, respectively (Table 2), and the
trend of LSP is significant at the 99% confidence level.

The precipitation in winter (Fig. 5d) is the lowest in the whole year, and the amount of CP is
almost negligible. Compared with those in the other seasons, the interannual fluctuations of the LSP in
winter are severe, with the minimum being about 100 mm and the maximum being greater than 250
mm (2016). Winter is the only season in which the TP show decreasing trends among the four seasons,
the decreasing trend is contributed by CP (Table 2). Past studies have proven that the first mode of
winter precipitation in southern China exhibits significant interdecadal changes and has experienced a
negative phase transition since the 21st century, while the second mode of winter precipitation in
southern China has decreased in recent years (Lin and Juan 2011).

In summary, the positive trend of TP is mainly the result of the effect of LSP while CP contributes
to the negative trend, and the pattern of TP depends on LSP. From a seasonal perspective, the
increasing trend in LSP and CP is significantly the largest (in all four seasons) and significant in
summer, while a weak, insignificant positive trend exists in spring. Thus, the annual trend of TP is
mainly contributed by the increase of LSP during summer. In addition, the decreasing trend of CP was
weakest in summer, to which sufficient moisture may have contributed.

3.3 The possible effects of relative humidity, specific humidity and air temperature

The spatial and temporal characteristics of CP and LSP are discussed above. There is no doubt that
the features of precipitation are affected by a variety of climate systems and meteorological elements;
undoubtedly, both temperature and moisture are important factors (Xiaoxia et al. 2008; Zhang and
Zhou 2019), especially under the background of global warming. Past studies have shown that the
distribution of relative humidity can influence cloud distribution and climate feedbacks to some extent,
and thus the type of precipitation (Zelinka et al., 2013), as evidenced by the model's ability to simulate
convective and large-scale precipitation in correlation with its accuracy for relative humidity (Jing
YANG et al., 2021). Here, we use the mass-weighted averaged RH, T and SH data of MERRA-2 for
further research.

According to the Clausius–Clapeyron equation and the saturation vapor pressure formula, the RH
is influenced by temperature and moisture (Allen and Ingram 2002; Wu et al. 2015). If the SH was
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constant, RH would increase (decrease) when the temperature decrease (increase), for the decreasing
(increasing) saturation vapor pressure. When the temperature is unchanged, vapour pressure would
increase (decrease) due to increasing (decreasing) SH, leading to the increasing (decreasing) of RH.
The spatial and temporal characteristics of the mass-weighted mean troposphere air temperature and
specific humidity variation in southern China (22°–30°N, 105°–122°E) from 1980 to 2020 are shown
in Fig. 6. The linear trend of T and SH was 0.27K/decade and 0.067g·kg-1/decade, respectively, which
reached the 99% significance level. The relative humidity was calculated for three cases to compare the
effect of air temperature and specific humidity on relative humidity (Zhou et al. 2020). In the first case,
when both specific humidity and air temperature vary with time, the RHTq can be calculated. The
second case is when specific humidity is constant (the value in 1980 was used) and air temperature
varies with time, we can obtain RHt. Similarly, when air temperature remains unchanged, but the
specific humidity changed, the RHq is obtained.

Fig. 7a shows that there is a decreasing trend in the relative humidity in the troposphere with a rate
of -0.32%/decade. A decreasing trend was also found for RHTq with a rate of -0.24%/decade, and the
time series of RHTq is consistent with that of RH (Fig. 7b). The correlation coefficient was 0.99,
passing the 99.9% significance level. RHT decreases significantly at a rate of -0.9%/decade (Fig. 7c),
much higher than RH and RHTq, while RHq increases significantly at a rate of 0.64%/decade (Fig. 7d).
In addition, the linear correlation coefficient between RH and T is -0.17, while between RH and SH is
0.47 (Not given in the paper). Referring to the Fig. 8b and Fig. 8c, the maximum center of correlation
coefficients between RH and CP, LSP concentrate on South China and eastern Jiangnan, which
coincide with that between RH and SH. For the correlation between T and RH, there are negative
values that are not significant over the most parts of southern China (Fig. 8e). In addition, the
correlation coefficient after a nine-year sliding average shows that the correlation coefficient between
RH and T reached -0.55, while the correlation coefficient between RH and SH was 0.01 (Not given in
the paper). Which show that the decreasing long-term trend of RH is mainly contributed by air
temperature, while the interannual variabilities of RH agree well with that of SH.

According to the above conclusion, the increasing air temperature contribute to the decrease of
RH, and the increasing SH leads to an increase in RH. The increasing SH weaken the decreasing trend
of RH; thus, the rate of RH is smaller than that of RHT. So how does the relative humidity in the
troposphere under different scenarios affect different types of precipitation? Nine-year Lanczos filter is
applied to separate the interannual and interdecadal components. The interannual and interdecadal
correlations between relative humidity in different scenarios and different types of precipitation are
shown in Table 3.

As shown in Table 3, there are significant positive interannual correlations between RH and TP,
and LSP with correlation coefficients of 0.42, 0.36, respectively, and insignificant positive interannual
correlations with CP. Interannual (-0.54, -0.60), interdecadal negative correlations (-0.84, -0.75)
between RHt and TP, LSP are significant, proving that RHT affects TP and LSP through both
interannual and interdecadal variation, as does RHq (Table 3). In contrast, CP was mainly influenced by
the interdecadal variability of RHt and RHq with correlation coefficients of -0.6 and -0.28, respectively
(Table 3). However, the joint effect of temperature and specific humidity was not significant, and the
correlation coefficients of RHTq and CP were 0.19 and 0.15, respectively.
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Fig. 9 summarized the possible effects of relative humidity, specific humidity and air temperature
on convective precipitation, large-scale precipitation and total precipitation. The rising of the
temperature in the troposphere results in the decrease of relative humidity, and an increase in specific
humidity leads to an increase in relative humidity. Changes in specific humidity caused by temperature
or specific humidity alone act on large-scale precipitation through both interannual and interdecadal
processes, causing large-scale precipitation to increase. For the decrease of convective precipitation, it
is mainly the interdecadal processes that play a role. In addition, the increase of relative humidity
caused by specific humidity can weaken the decrease of relative humidity as a result of the increase of
temperature in the troposphere. There is a positive trend of total precipitation as the sum of convective
precipitation and large-scale precipitation.

4 Conclusion and discussion

In the past, studies on CP and LSP in China focused on their summer characteristics (Han et al.
2016; Fu et al. 2016). In this study, we revealed the annual and seasonal variations in LSP and CP in
southern China using MERRA-2 reanalysis data. Subsequently, we analyzed the correlations between
the relative humidity and the two types of precipitation throughout southern China under the
background of global warming, and further, explored the possible influences of troposphere specific
humidity and air temperature.
The main findings can be summarized as follows:

1. The annual CP in southern China is generally characterized by a meridional distribution; the
CP gradually decreases from south to north, which results in an increasing proportion of CP
from north to south, with the maximum value being less than 50% in South China. The
amount of LSP is greater than that of CP in southern China, and the maximum value of LSP
is in the northern part of South China and Jiangnan.

2. After the 1990s, the annual mean TP and LSP were mainly above average, a positive trend of
them has dominated the past decade with considerable fluctuation. For the long-term trend,
we can conclude that the TP and LSP in most areas of southern China have an obvious
increasing trend, with area-averaged linear trends of 7.0 mm/year and 8.9 mm/year,
respectively. While the decreasing trend of CP exists in the western Jiangnan with
area-averaged linear trends of -1.9 mm/year. The increasing trends of LSP are mainly
contributed by the precipitation of summer and autumn. By contrast, the decreasing trend of
CP is the weakest in summer.

3. The variations of LSP are affected by relative humidity in the troposphere, while CP is only
influenced by the changes in relative humidity due to air temperature or specific humidity.
The trend of relative humidity caused by an increase in temperature alone was
−0.90%/decade, whereas the trend in relative humidity caused by an increase in specific
humidity alone was 0.64%/decade. The trend of relative humidity is -0.32%/decade, as the
result of the increase of temperature in the troposphere, and the rising specific humidity slow
down the decreasing trend of relative humidity. thus, temperature has a more important role
in the variation of relative humidity.

4. Although the decreasing long-term trend of RH is mainly contributed by air temperature, the
interannual variabilities of RH are depend on that of SH. Changes in specific humidity
caused by temperature or specific humidity alone act on large-scale precipitation through
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both interannual and interdecadal processes, causing large-scale precipitation to increase.
And the convective precipitation is mainly affected by the interdecadal processes. As results,
the TP displays an increasing trend.

In this paper, we find that the LSP is mainly influenced by interannual variation of RH, while the
interannual, interdecadal correlation between CP and RH were not significant. As we have known that
LSP is mainly affected by large-scale ascension, whereas CP is more related to the instability of
stratification (Ruiting et al. 2004). Thus, the annual correlation between LSP and meteorological
elements could be the result of air-sea interaction, and the specific mechanism of the changes of CP
may need to add additional elements about energy (Allen and Ingram 2002).
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Figures and tables

Fig. 1 Spatial distributions of the annual mean (a) total precipitation, (b) convective precipitation and (c)

large-scale precipitation from 1980 to 2020 over southern China (units: mm). Contours in (b) and (c) are the

percentage distribution of the convective and large-scale precipitation

Fig. 2 Spatial distributions of the linear trend coefficients of (a) total precipitation, (b) large-scale precipitation,

and (c) convective precipitation from 1980 to 2020. The black dots denote the areas where the trend is statistically

significant at the 95% confidence level. (d)-(f) are the time series of the total precipitation, large-scale precipitation

and convective precipitation average anomalies over southern China (22°–30°N, 105°–122°E), respectively. The

linear trends of precipitation are shown as the black dash lines, and the green curve denotes the nine-year running

deviation (unit: mm/year)
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Fig. 3 Zonal mean precipitation for the mean annual (a) total, (b) large-scale, and (c) convective precipitation from

1980 to 2018; (d) Zonal mean contribution of mean annual convective precipitation to total precipitation from

1980 to 2018

Fig. 4 Same as Fig. 2(a) to (c) but for each season: (a) to (c) spring, (d) to (f) summer, (g) to (I) autumn, and (j) to

(L) winter
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Fig. 5 Time series of the mean seasonal total (black line), large-scale (blue line), and convective precipitation (red

line) from 1980 to 2018 over southern China (22°–30°N, 105°–122°E) for (a) spring, (b) summer, (c) autumn, and

(d) winter (unit: mm)

Fig. 6 Same as Fig. 2, but (a) and (c) for air temperature (unit: K/year) while (b) and (d) for specific humidity

(g·kg-1/year) in the troposphere
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Fig. 7 Time series of relative humidity in the troposphere in the southern China during 1979–2020. (a) Relative

humidity, (b) relative humidity caused by temperature and specific humidity (RHTq), (c) relative humidity caused

by the temperature only (RHT) and (d) relative humidity caused by specific humidity only (RHq) (units: %/year)

Fig. 8 Spatial distributions of the correlations coefficients between the relative humidity and (a) total precipitation,

(b) convective precipitation, (c) large-scale precipitation, (d) specific humidity and (e) air temperture from 1980 to

2020. The black dots denote the areas where the correlation is statistically significant at the 95% confidence level
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Fig. 9 Summary of the possible effects on the variations of convective precipitation, large scale precipitation and

total precipitation in southern China. Dashed arrows indicate interdecadal effects and solid arrows indicate

interannual effects

Table 1 Correlation coefficients between different types of precipitation from 1980 to 2020 over

southern China. *(**) denotes trend significant at the 0.05 (0.01) significance level

precipitation TP LSP CP

TP 1

LSP 0.91**/0.89**/0.85**/0.97**/0.98** 1

CP 0.27/0.46**/0.49**/0.54**/0.54** -0.14/0.015/-0.047/0.32*/0.52** 1

Table 2 Linear trends coefficients (and trend magnitudes, units: mm/year) of the different types of

annual mean precipitation from 1980 to 2020 over southern China. *(**) denotes trend significant

at the 0.05 (0.01) significance level

precipitation Annual spring summer autumn winter

TP 0.44*(6.98) 0.12(0.79) 0.53**(4.17) 0.28(1.64) 0.06(0.25)

LSP 0.58**(8.90) 0.29(1.68) 0.68**(4.67) 0.40*(2.07) 0.10(0.40)

CP -0.28(-1.85) -0.30(-0.87) -0.12(-0.50) -0.29(-0.41) -0.21(-0.07)

Table 3 The interannual and interdecadal correlation coefficients between precipitation and

relative humidity from 1980 to 2020 over southern China

pre
RH RHTq RHT RHq

interannual interdecadal interannual interdecadal interannual interdecadal interannual interdecadal

TP 0.42** 0.024 0.46** 0.075 -0.54** -0.84** 0.75** 0.74**

LSP 0.36* -0.0032 0.39* 0.045 -0.60** -0.75** 0.75** 0.64**

CP 0.20 0.12 0.19 0.15 0.09 -0.60** 0.06 0.59**

Note: *(**) denotes correlation significant at the 0.05 (0.01) significance level
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