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Abstract

This study analyzes the spatial and temporal distribution characteristics of
seasonal precipitable water vapor (PWV) in China between 1979 and 2008.

ronment Protection, 11, 159-173. To achieve this, the observed temperature dew point difference and atmos-

https://doi.org/10.4236/gep.2023.115010 pheric pressure at various altitudes of 102 radiosonde stations were utilized.

The analysis involved calculating and examining the PWV variations across
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the different seasons in the study period. The results are illustrated as follows:
1) The annual mean and seasonal mean PWYV over China is characterized by
decreasing from southeast to northwest. The PWV has obvious seasonal fea-
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tures. It is the least in winter, which is mainly affected by latitude and alti-
tude, and the most in summer, which is mainly affected by the monsoon. It is
the medium in spring and autumn, with more in autumn than in spring. 2)
The spatial distribution pattern of four seasonal PWYV is approximately oppo-
site to its variation coefficient distribution pattern, that is, the monsoon (non-
monsoon) areas with more (less) PWV have a smaller (larger) variation am-
plitude. 3) The distribution pattern of four seasonal PWV shows a consistent
distribution pattern in the whole region and the winter characteristics are the
most significant. The abnormal variation of PWV shows consistent interde-
cadal oscillation, and it exhibits an obvious phase transition around 2002
when the PWV has an increasing shift in winter, spring, and summer, while it
is more complicated in autumn.
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1. Introduction

Water vapor plays a pronounced role in climate change and hydrological processes
(Chahine, 1992; Held & Soden, 2000). It is one of the most important green-
house gases, which can account for two-thirds of the natural greenhouse effect
and lead to further global warming through radiation effects (Kiehl & Trenberth,
1997; Wagner et al., 2006). In addition, it is an active and changeable component
in the atmosphere, which has a major influence on the global water cycle and
energy balance (Fontaine et al., 2003; Trenberth et al., 2007). The precipitable
water vapor (PWYV), the amount of vertically integrated water vapor, mainly re-
flects the richness of water vapor content in the atmosphere, which has unique
spatial and temporal distribution of four seasonal PWV over China due to its
complex topography and the influence of the East Asian summer monsoon. Ac-
cordingly, it is of great scientific significance to study the PWV for a better un-
derstanding of the water vapor feedback on global warming, reasonably devel-
oping water resources in the atmosphere, and predicting climate changes in the
future (Held & Soden, 2000; Trenberth et al., 2005, 2007).

In recent years, many studies have been performed to detect the changes of
PWYV in China using a variety of reanalysis datasets (Shi & Sun, 2008; Liao et al.,
2013; Ma et al.,, 2015; Huang et al., 2018a), which enrich the understanding of
the temporal and spatial distribution of PWV. They mainly focus on the calcula-
tion and analysis of the whole region or a specific region of China. It is worth
noting that reanalysis data includes errors brought by the change of observing
system and introduced by assimilation schemes and numerical models. There-
fore, the reanalysis data may not be reliable for some regions where the observa-
tion data are limited or absent for data assimilation (Oikonomou & O’Neill,
2006). Consequently, the errors may lead to the spurious long-term climate
change of reanalysis water vapor (Zhao et al., 2010; Xie et al., 2011). Meanwhile,
some scholars have pointed out that the applicability of reanalysis water vapor in
different altitudes and seasons over China remains a vast distinction by com-
paring the specific humidity in reanalysis datasets and radiosonde dataset (Jia et
al., 2014). In addition, some previous studies have revealed the climatic distribu-
tion characteristics of PWV in China using radiosonde dataset, mainly before
the 1990s. Given high accuracy and vertical resolution of radiosonde water va-
por, it is often used as the reference data in evaluating the performance of other
water vapor measuring techniques (Brettle & Galvin, 2003; Liu et al., 2013a). It
has been concluded that the distributions of PWV vary substantially in both
space and time due to the influence of geographical latitude, altitude and mon-
soon. It is further confirmed that the PWV decreases from southeast to north-
west and has significant seasonal variations (Zhai & Eskridge, 1997). However,
there are some problems in these studies, such as the earlier data period of
1960-1969 (Zou & Liu, 1981; Lu & Gao, 1984), the shorter time series of 1957-1959
and the fewer stations (70 stations) (Zheng & Yang, 1962). At the same time, the
radiosonde dataset has also been used to analyze the climatic distribution cha-
racteristics of PWV over the Tibetan Plateau (Zhou et al., 2011), North China
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(Wang et al., 2017), Sichuan and Chongqing (Guo & Li, 2009), Ili River Basin
(Yang et al., 2013), Northwest China (Huang et al., 2018b) and other regional
areas. All these studies have provided a crucial reference for understanding the
temporal and spatial distribution characteristics of PWV in China.

In summary, there are obvious regional differences and seasonal differences in
the temporal and spatial distribution of PWV. In recent years, the research on
PWYV in China mostly focuses on a specific region of China, in the absence of
the analysis of the whole region of China. Moreover, the research on the whole
region of China is mainly based on reanalysis data, lacking analysis of observa-
tional data. In this paper, we implement the observational data of 102 radi-
osonde stations from 1979 to 2014 to investigate the distribution features of four
seasonal PWV in China.

This paper is organized as follows. Section 2 describes the data and methods
used in this study. In Section 3, the spatial distributions of annual, seasonal av-
eraged PWV over Chinese mainland are examined. Moreover, the amplitude of
variation of PWYV is presented by calculating the coefficient of variation (the ra-
tio of standard deviation to average). In Section 4, the empirical orthogonal
function (EOF) decomposition (Wei, 2007) is used to reveal the spatial distribu-
tion and temporal variation of PWV in China. The conclusion and discussion

are provided in Section 5.

2. Data and Method
2.1. Radiosonde Data

In this paper, the radiosonde data of 102 stations from 1979 to 2014 provided by
the National Meteorological Information Center of the China Meteorological
Administration are used. Radiosonde balloons are launched twice daily, at 0000
UTC and 1200 UTC (local time + 8 h). The meteorological parameters include
temperature, temperature dew point difference and atmospheric pressure at dif-

ferent altitudes. Figure 1 shows the spatial distribution of radiosonde stations.

50°N —
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Figure 1. Annual mean PWV over Chinese mainland (unit: mm); the circles
represent the spatial distribution of 102 radiosonde stations in China.
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There are 62 radiosonde stations in eastern China (Referring to the area in the
east of 105°E, similarly hereinafter), accounting for more than 60% of total sta-
tions. There are few stations in the western part of the Tibetan Plateau. Addi-
tionally, the spring refers to March to May, the summer refers to June to August,
the autumn refers to September to November, and the winter refers to December

to February of the next year in this paper.

2.2. PWV Retrieval

Firstly, water vapor pressure (e) of each standard isobaric surface is determined
by the dew point temperature (7,) (The difference between the temperature and
temperature dew point difference provided by the radiosonde data) as follows
(Zhu et al., 2000):

e=0.611xexp| —Te (1)
273.16+T, b

where a and b are constants, and when the water surface is saturated, a = 17.26
and b = 35.86, respectively.
The specific humidity (g) is further obtained from the water vapor pressure as

follows (Zhu et al., 2000):

q=062197x——— )
p-0.378xe
where pis the atmospheric pressure of each standard isobaric surface.
Finally, the PWV (mm) can be calculated from the vertically integrated water

vapor column using the following equation (Zhou et al., 2011):

PWV == [* qdp 3)
g t

where gis gravitational acceleration, g is specific humidity, P, is surface pressure,
P, is atmospheric pressure at the upper boundary of the integral, which is taken

as 200 hPa in this paper due to little water vapor above it.

3. Climatological Characteristics of PWV

3.1. Spatial Distribution of Annual and Seasonal Mean
PWV over Chinese Mainland

The radiosonde data have been used to calculate and analyze the spatial distribu-
tion of PWYV in this study. Figure 1 shows the spatial distribution of annual
mean PWV over Chinese mainland from 1979 to 2014. The distribution of PWV
in China showed clear geographical differences. Due to the influence of latitude,
altitude, monsoon and other factors, the spatial distribution of PWV in China is
generally characterized by low-latitude regions greater than high-latitude re-
gions, plain regions greater than plateau regions, coastal regions greater than in-
land regions, and decreasing from southeast China to northwest China, which is
basically consistent with the spatial distribution obtained by the NCEP/NCAR
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and ECMWF reanalysis (Dai & Yang, 2009; Liu et al., 2013a). The PWV con-
tours in China roughly distribute along the parallel and vary along the latitude.
Meanwhile, it can be seen that there is no intersection angle between the PWV
contours and the parallel in southeast China but an intersection angle in other
areas. Furthermore, the increasing PWV contours are associated with decreasing
altitudes. The high PWYV values prevail in South China with lower altitude
ranging from 40 to 44 mm, while the low PWV values prevail over the Tibetan
Plateau with the highest altitude, with PWV of lower than 5 mm. Therefore, the
topography plays a crucial role in influencing the distribution of PWV: on the
one hand, the orographic lift reduces the thickness of low-level air column with
ample moisture resulting in less PWV in the total column; on the other hand,
the barrier effect of topography blocks the water vapor input resulting in less
PWYV over the Tibetan Plateau (Zou & Liu, 1981; Liu et al., 2013b). It can be seen
that the PWV contours are dense and have a large gradient in southwest China,
which is also related to the large topography. The 11 mm PWYV contour in Fig-
ure 1 distributes along the Xiaoxing’an Mountain-Yinshan-Helan Moun-
tain-Hengduan Mountain, which roughly corresponds to the separatrix between
monsoon and non-monsoon areas over Chinese mainland and coincides with
the demarcation line of population density, namely Heihe-Tengchong Line.
Taking the 11 mm PWYV contour as the boundary, the PWV in southeast China
(monsoon areas) is about four times more than that in northwest China
(non-monsoon areas), which indicates that the East Asian monsoon has a great
influence on the spatial distribution of PWV in China.

Figure 2 further presents the spatial distribution of the 30-year averaged
PWYV for winter, spring, summer, and autumn. Overall, the seasonal mean PWV
is characterized by decreasing from South China Coastal to northwest interior
over Chinese mainland and shows pronounced seasonal variations. Its values are
lowest in winter, followed by spring and autumn, and are highest in summer,
which are consistent with previous studies (Zhao et al., 2012; Wong et al., 2015;
Wang et al., 2017). Winter (Figure 2(a)), with lower temperature and smaller
evaporation, is the season with the least amount of PWV. The maximum PWV
appears in South China Coast, with a value of about 24 mm. The minimum
PWYV appears in the Tibetan Plateau, with a value of only 2 mm. A wet tongue
extends from the South China to the Sichuan Basin and a dry tongue extends
from the eastern Tibetan Plateau to the Yunnan-Guizhou Plateau, which are re-
lated to the role of the Hengduan Mountain and the Sichuan Basin (Liao et al.,
2013). It can be seen that the PWV contours in eastern China are the most con-
sistent with the parallel, with the largest gradient and relatively uniform spacing,
which are mainly affected by the geographic latitude and altitude. Affected by
the East Asian summer monsoon, the PWV values increases significantly over
Chinese mainland in summer (Figure 2(c)). The PWV in the South China Coastal
can reach 54 mm and the PWYV in the Tibetan Plateau can reach 10 mm. The

range of dry tongue and wet tongue become larger and the PWV contours are
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Figure 2. Seasonal averaged PWV over Chinese mainland in (a) winter, (b) spring, (c) summer and (d) autumn (unit: mm).

denser. It is worth noting that the PWV in Sichuan Basin is only smaller than
that in the South China coast in summer, with a value of about 46 mm, which
shows that the topography plays an essential role. At this time, the PWV con-
tours in eastern China forms a large northeast-southwest angle with the parallel.
The 26 mm PWYV contour corresponds to the boundary between the monsoon
region and the non-monsoon region in summer (Figure 2(c)). The PWV in the
monsoon areas (southeast of the boundary) is significantly higher than that in
the non-monsoon areas (northwest of the boundary), which shows that the East
Asian summer monsoon has a major impact on the spatial distribution of PWV
in summer. It is the medium in spring and autumn, with more in autumn than
in spring (Figure 2(b), Figure 2(d)). And there are similar spatial distributions
of PWYV in spring and autumn. The PWV contours in the south of 35°N in east-
ern China are mainly unanimous with the parallel. While, the PWV contours in
the north of 35°N form a northeast-southwest obliquity, which are more parallel

than that in summer.

3.2. Spatial Distribution of Annual and Seasonal Mean PWV
Variation Coefficient over Chinese Mainland

To further analyze the variation amplitude of PWV, Figure 3 shows the varia-
tion coefficient distribution of the annual averaged PWV in China from 1979 to
2014. In general, the variation coefficient of PWV is characterized by increasing
from southeast China to northwest China, which is contrary to the spatial dis-
tribution of PWV (Figure 1). That is to say, the variation coefficient of PWV is
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Figure 3. Annual mean PWV variance coefficient over Chinese mainland (unit: %).

smaller (larger) and the variation amplitude of is smaller (larger) in the areas
with more (less) PWV. The 0.09 mm contour roughly corresponds to the boun-
dary between the monsoon regions and the non-monsoon regions in China
(Figure 3). Taking this line as the boundary, the variation coefficient of PWV in
the monsoon areas with more PWV is obviously smaller than that in the
non-monsoon area with less PWV. The regions with the smallest PWV variation
coefficient are located in the Sichuan Basin and the south of Yunnan. The region
with the largest PWV variation coefficient is located at the junction of Xinjiang
and Qinghai.

Figure 4 further shows the variation coefficient of four seasonal PWV. Over-
all, the variation coefficient of seasonal mean PWYV is characterized by increas-
ing from southeast China to northwest China, which is also opposite to the spa-
tial distribution of four seasonal PWV (Figure 2). Moreover, the variation coef-
ficient of PWV has obvious seasonal difference. In winter (Figure 4(a)), PWV
variation coefficient is the largest. The area with the smallest variation amplitude
is located in Sichuan Basin and the areas with the largest variation amplitude are
located at the junction of Xinjiang and Qinghai and the southwest of Xizang. In
summer, the variation coefficient of PWV decreases markedly (Figure 4(c)).
Taking the 0.08 contour as the boundary, the variation coefficient in the mon-
soon regions is smaller than that in the non-monsoon regions. The region with
the smallest variation amplitude is located in South China and the region with
the largest variation amplitude is located at the junction of Xinjiang and Qing-
hai. It is the medium in spring and autumn and their spatial distribution is
roughly similar (Figure 4(b), Figure 4(d)). The regions with the largest varia-
tion amplitude are located at the junction of Xinjiang and Qinghai. The region

with the smallest variation amplitude is located in the Southeast China coast.

4. Temporal Evolution Characteristics of PWV
4.1. EOF Analysis

It can be seen that there are obvious regional and seasonal differences in the
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Figure 4. The variance coefficient of seasonal averaged PWV over Chinese mainland in (a) winter, (b) spring, (c) summer and

(d) autumn (unit: %).

spatial distribution and variation amplitude of PWV over Chinese mainland ac-
cording to the above analysis. Therefore, the EOF decomposition of the four
seasonal PWV anomaly in China is further applied to examine the spatial dis-
tribution characteristics of the leading modes. Table 1 shows the variance con-
tributions and cumulative variance contributions of the two leading EOFs of
four seasonal PWV anomaly. The results show that the cumulative variance
contributions of the two leading EOFs can reach 59%, which can represent the
main distribution characteristics of PWV. Overall, the levels of the first mode
variance contribution are highest in winter, followed by spring and autumn, and
are lowest in summer.

Figure 5 shows the spatial distribution of the first EOF of four seasonal PWV
anomaly. It shows that a consistent distribution pattern in the whole region
and there are still obvious seasonal differences. In winter (Figure 5(a)), the va-
riance contribution of the first mode is 74.2%, which has better convergence in
spatial distribution. The large value area is located in the Southeast China coast-
al. In spring (Figure 5(b)), the large value area is located in eastern China. In
summer (Figure 5(c)), the distribution of high PWYV value centers is scattered
and the convergence rate is the slowest, with a value of 48.8%, which reflect the
complexity and variability of the spatial distribution of PWV. The spatial distri-
bution pattern in autumn (Figure 5(d)) is similar to that in winter. In summary,
it indicates that the first EOF shows a consistent distribution pattern in the
whole region, which is roughly similar to the first EOF of Zhao et al. (2012). The
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Table 1. Variance contributions and cumulative variance contributions (unit: %) of four seasonal PWV anomaly from EOF de-

composition.
season winter spring summer autumn
eigenvector 2 1 2 1 2 1 2
variance contributions 74.2 6.4 71.5 6.6 48.8 11.0 57.2 9.5
cumulative variance 742 80.6 715 78.1 488 59.8 57.2 66.7

contributions
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Figure 5. Spatial distribution of the first EOF of PWV anomaly in (a) winter, (b) spring, (c) summer and (d) autumn respectively;

values have been multiplied by 100.

second EOF shows a dipole pattern between South and North China (not
shown).

Figure 6 displays that the corresponding time coefficients of first EOF with
the largest variance contribution to analyze the time variation characteristics of
four seasonal PWV in China. The abnormal variation of four seasonal PWV
shows obvious interdecadal oscillation. In winter, spring and summer (Figures
6(a)-(c)), it shows a consistent increasing trend before 2002, although there
were interannual changes. However, it shows a consistent decreasing trend after
2002, which may result from the inhomogeneity of humidity data caused by the
renewal of radiosonde instrument and the upgrading of detection system in
China around 2002 (Dai et al., 2011; Zhao et al., 2012; Chen et al., 2015). In au-
tumn (Figure 6(c)), PWV has an increasing-decreasing-increasing-decreasing

trend, which shows higher-than-normal PWV anomalies during 1981-1990 and
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Figure 6. Time coefficients of the first EOF of PWV anomaly from in (a) winter, (b) spring, (c) summer
and (d) autumn respectively; the black lines indicate 5 year running means.
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Figure 7. The running trend coefficients of PWV in (a) winter, (b) spring, (c) summer and (d) autumn

respectively; the black dots are statistically significant at the 90% level.
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1994-2002 and lower-than-normal PWV anomalies in other years.

4.2. Trend Analysis

In order to further analyze the long-term trend of four seasonal PWV, Figure 7
presents the distribution of the sliding trend coefficient. The trend coefficient is
calculated from 1979 until the end of the recording, with the increment of 1 year
and the shortest sliding window of 5 years (Guo et al., 2017). It shows a consis-
tent decreasing trend since 2002, although the trend coefficient of four seasonal
PWYV fluctuates. The decrease trend in winter is statistically significant at the
90% level. The trend in winter (Figure 7(a)) resembles the variation in spring
(Figure 7(b)). The time window above 15 years shows an increasing trend, and
the time window below 15 years has obvious fluctuations, showing the trend of
increasing-decreasing-increasing-decreasing. In summer (Figure 7(c)), the PWV
shows a robust growth trend, which is statistically significant at the 90% level in
the time window of more than 10 years. In contrast, the time window below 10
years shows a weak growth trend. In autumn (Figure 7(d)), the fluctuations are
more obvious and the overall trend is increasing—decreasing—increasing—de-

creasing.

5. Conclusion and Discussion

5.1. Conclusion

This paper calculates the annual and seasonal averaged PWV and further reveals
the spatial distribution and temporal evolution characteristics of four seasonal
PWYV over Chinese mainland, based on the observed temperature and humidity
data of 102 radiosonde stations from 1979 to 2014.

The spatial distribution of annual mean and seasonal mean PWV in China
shows obvious geographical differences, which are generally characterized by
low-latitude regions greater than high-latitude regions, plain regions greater than
plateau regions, coastal regions greater than inland regions, and decreasing from
southeast to northwest. The levels of PWV are lowest in winter, followed by spring
and autumn, and are highest in summer. The PWV contours in winter over
eastern China are the most consistent with the parallel, with the largest gradient
and relatively uniform spacing, which are mainly affected by geographic latitude
and altitude. The PWV contours in summer over eastern China form a large
northeast-southwest angle with the parallel, which is mainly affected by the East
Asian summer monsoon.

The spatial distribution pattern of four seasonal PWV is approximately oppo-
site to the distribution pattern of the variation coefficient, that is, the monsoon
region with more PWV has a smaller variation coefficient and smaller variation
amplitude, while the non-monsoon area with less PWV has a larger variation
coefficient and has larger variation amplitude. Besides, there are obvious season-
al differences and extreme value centers differences.

The cumulative variance contributions of the first two modes of four seasonal
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PWYV from EOF decomposition can reach 51%, which can represent the main
distribution characteristics of PWV. The first EOF has a consistent distribution
pattern in the whole region and the feature is most significant in winter. The
abnormal variation of four seasonal PWV shows obvious interdecadal oscilla-
tion. Meanwhile, it shows an apparent decreasing trend after 2002, which may be

due to the renewal of radiosonde instruments in China around 2002.

5.2. Discussion

Although the paper has obtained some meaningful conclusions, there are still
some shortcomings that need further research. Due to the scarcity of radiosonde
stations and the coarse spatial resolution in western China (Figure 1), the results
in western China need to be discussed. With the development of satellite remote
sensing technology (Gao & Kaufman, 2003; Chen & Liu, 2016; Nelson et al.,
2016; Chen et al., 2018; Jiang et al., 2019), it can contribute to the study of water
vapor in these regions. The inhomogeneity of humidity data caused by the re-
newal of radiosonde instruments and the upgrading of detection system in Chi-
na after 2002 will lead to false trend variation. Therefore, more analyses about
trend evolution of PWV before and after the upgrading of the radiosonde sta-
tions will be conducted in the future.
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