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e spatiotemporal characteristics of dry-wet trends were identi�ed and assessed, and the dominant meteorological factors were
identi�ed for the climate of Jiangsu province in humid southeastern China for the period 1960–2019. We conducted the research
using data for the entire Jiangsu province as well as three major regions in Jiangsu (Huaibei, Jianghuai, and Sunan) with di�erent
regional climates. e results showed that decreased precipitation and relative humidity in spring and autumn over the study period
were mainly responsible for the dry trends of the climates of all three regions and the entire province. Precipitation had a greater
in�uence in spring and relative humidity in autumn. Decreases in sunshine hours and wind speed were responsible for the summer
wet trends of the climates of Huaibei and Jianghuai and the entire province. However, precipitation increased signi�cantly in the
summer and was responsible for the increasing wet trend in Sunan. Signi�cantly increased precipitation in winter was primarily
responsible for the increasing wetness in Jianghuai and Sunan and the entire province in that season. However, the wet trend in
northern Huaibei in winter was mainly caused by the decrease in wind speed over the study period. For the growing season and
annually, the positive e�ects of changes in wind speed, sunshine hours, and precipitation led to increased humidity index in
Jianghuai, Sunan, and the entire province. Precipitation showed a decreasing trend that countered the positive e�ects of decreases in
wind speed and sunshine hours, which resulted in a slight decrease in the humidity index in Huaibei for both the growing season and
annually. Sensitivity analysis indicated that the humidity index was positively sensitive to precipitation and relative humidity and
negatively sensitive to air temperature, wind speed, and sunshine hours in Jiangsu province during 1960–2019. Overall, the humidity
index in this region of southeastern China wasmost sensitive to changes in precipitation followed, in order of sensitivity, by sunshine
hours, air temperature, wind speed, and relative humidity. Our �ndings provide a theoretical basis for adjusting irrigation programs
and e�cient utilization of water resources at the regional scale in humid southeastern China.

1. Introduction

It is well recognized that extreme weather events are largely
caused by global climate change and anthropogenic activity
[1], and they severely a�ect human society and the natural
environment [2]. Drought is a signi�cant and in�uential
meteorological phenomenon in most climate zones [3].
Widespread drought causes tremendous economic losses
and is a great threat to food, water and energy security, civil
society, and natural habitats [2, 4–6]. It is therefore im-
portant to study the spatiotemporal characteristics of

droughts and their causes; that is, to analyze and predict
spatiotemporal variations in indicators of extreme wet or dry
conditions and to identify reasons for these variations.

Researchers have developed dry and wet indexes based
on air temperature (Ta), wind speed (WS), precipitation
(Pre), reference evapotranspiration (ETo), and other mete-
orological factors [7]. ese indexes include the Palmer
drought severity index (PDSI) [8], the standardized pre-
cipitation index (SPI) [9], the humidity index (HI) [10], and
the standardized precipitation evapotranspiration index
(SPEI) [11, 12]. Yang et al. [13] compared the applicability of
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these indicators to China’s conditions and recommended
that the HI be used in this country. Ma and Fu [14] found
that HI had performed well in China over the last five
decades. HI, which reflects changes in precipitation and air
temperature, has been used extensively in studies around the
world [15–20].

In the literature review, it is found that the variations in
dry-wet trends and their causes have been examined for
different seasons, regions, and durations worldwide. Chinese
researchers have studied the annual increase in aridity in
regions within China such as the ZoigeWetland [21], Bosten
Lake [22], Loess Plateau [15], semi-arid or semi-humid areas
[6], the entire northern part of China [23], and even China in
its entirety [7]. Annual dry trends have been identified in
other countries such as Korea [24], Iran [16], Guatemala
[25], Iraq [20], Rwanda [26], India [27], Middle East [28],
and Iberian Peninsula [29]. In general, these studies at-
tributed the drying mainly to surface warming, decreased
precipitation, and increased evapotranspiration
[5–7, 15, 16, 20, 21, 27–29]. However, the main drivers of the
wet trends in the Yangtze River Delta in eastern China [1]
and the Tibetan Plateau, North Xinjiang, and the Tuotuo
River of western China [30–32], were found to be increased
precipitation and relative humidity (RH) together with a
reduction in wind speed and sunshine hours (SSH)
[1, 30–32]. It was also observed that the dominant meteo-
rological variables caused opposite dry-wet trends in dif-
ferent months or seasons. For example, Jin et al. [21] found
that the Zoige Wetland in southwestern China tended to
become drier in spring and winter and wetter in summer and
autumn during the period 1961–2016. In the Zhejiang
province of southeastern China, in the period 1971–2015,
there were dry trends in April, May, and September, a wet
trend in August, and no observable dry or wet trends in
other months [33]. Muhire et al. [26] reported increased
aridity in the rainy season in Rwanda in the period
1961–1992, but a wet trend in other months. In summary,
there has not been unanimous scientific agreement on the
causes of spatiotemporal variation in aridity or moisture or
on the causes of drier or wetter regional climates.

Studies have found that in China (1) both wet
[1, 31, 34] and dry trends [6, 15, 21, 22] occurred in
different regions and during different seasons; (2) the
drivers of wet and dry trends were not only temperature
and precipitation but also other meteorological param-
eters such as WS, SSH, and RH [6, 7, 15, 21, 31, 32, 34];
and (3) most research was concerned with arid areas of
northern and western China but ignored wet and dry
trends in the climate of humid southeastern China,
which was greatly affected by global climate change due
to human activity.

We conducted our research on Jiangsu province and
proposed the hypothesis that increasing air temperature,
mainly induced by global warming and rapid regional ur-
banization, would lead to a dry trend in this province. *e
aims of this study were (1) to explore the spatiotemporal
changes that determine the humidity index using the ob-
served meteorological data; (2) to determine the contribu-
tion of each meteorological parameter to variation in the

humidity index; and (3) to perform sensitivity analysis to
identify the relative change in HI due to relative changes in
the five parameters Ta, WS, RH, SSH, and Pre.

2. Study Area

Jiangsu province (30°45′–35°20′N, 116°18′–121°57′E) is an
important economic and agricultural region in southeastern
China. It has a high population density of 770 people/km2

[35, 36] and has witnessed themost rapid urbanization in China
[36]. Intensification of human activities, land use changes as-
sociated with urbanization, increased industrial emissions, and a
sharp increase in water demand have influenced its regional
climate and thus affected dry-wet climate trends as well as the
forces of global climate change. *e province is surrounded by
Zhejiang province and the city of Shanghai to the south, Anhui
province in the west, Shandong province in the north, and the
Yellow Sea in the east; the coastline is over 1000km long
(Figure 1). Jiangsu province is 460km fromnorth to south and is
partitioned into three regions (Huaibei, Jianghuai, and Sunan)
by the Huai River and the Yangtze River (Figure 1). *e
province spans more than 5° of latitude, which leads to dif-
ferences in the regional climate of three regions, such as an air
temperature range of 13–16.5°C and a precipitation range of
800–1200mm [37]. *ese differences in regional climate cause
differences in moisture between the regions. We therefore ex-
amined themoisture in each region aswell as in the province as a
whole.

3. Materials and Methods

3.1. Data Source. Meteorological data used in the study
included daily mean air temperature (Ta, oC), maximum
temperature (Tmax, oC), minimum temperature (Tmin, oC),
wind speed (WS, m/s), sunshine hours (SSH, h), relative
humidity (RH, %), and precipitation (Pre, mm) measured at
24 stations during 1960–2019. All data were preprocessed by
the China Meteorology Administration according to the
2004 Standard of Surface Meteorology Observation by the
China Meteorology Administration was shared in the China
Meteorological Data Service Center (http://data.cma.cn/).

Jiangsu province has been an important rice-growing
region for thousands of years [38]. We conducted our re-
search for individual seasons, spring (March–May), summer
(June–August), autumn (September–November), and win-
ter (December–February in the next year) as well as the
entire year (January–December) and the rice-growing sea-
son (May–October).

3.2. Humidity Index. *e humidity index HI is calculated by
[39]

HI �
P

ETo

, (1)

where P is precipitation (mm) and ETo is reference
evapotranspiration (mm) and was calculated by the FAO 56
Penman–Monteith (PM) model. *is model has been rec-
ommended by the Food and Agricultural Organization
(FAO) and is expressed as [40]
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ETo �
0.408Δ Rn − G(  + c(900/T + 273)U2 es − ea( 

Δ + c 1 + 0.34U2( 
, (2)

where Rn is the net radiation at the crop surface (MJ/m2/
d); G is the soil heat flux density (MJ/m2/d), which can be
ignored at a daily scale; T is the mean daily air tem-
perature (°C); U2 is the wind speed at 2 m height (m/s); es
is the saturation vapor pressure (kPa); ea is the actual
vapor pressure (kPa); c is the psychrometric constant
(kPa/oC); and Δ is the slope of the vapor pressure curve
(kPa/oC).

A set of equations were devised by Allen et al. [40] to
calculate the parameters in equation (2), which we used
with the daily meteorological data of 24 stations in
Jiangsu province. We calculated ETo at a daily scale using
equation (2), combined observed daily precipitation data
with calculated daily ETo at seasonal and annual scales,
and then used equation (1) to compute seasonal and
annual HI for each region and for the entire province.

3.3. TrendAnalysis. *e trend of long-term climatic data is a
critical indicator in analyzing climate change. Many kinds of
trends can be defined, such as extrinsic and predetermined
trends, intrinsic and adaptive trends, and using empirical
mode decomposition for trend extraction [41]. *e commonest
andmost simple trend is a straight line fitted to the data. A trend

can be found by identifying changes in the moving average of a
data series. In addition to these, trends that emerge from
complicated trend extraction methods (such as regression
analysis and Fourier-based filtering) are all extrinsic and pre-
determined trends. In this study, we used linear fitting and the
Mann–Kendall test to identify extrinsic predetermined trends
[42, 43] to identify changes inmeteorological parameters andHI
at both seasonal and annual scales. *e Mann–Kendall test was
also used to determine the significance of the trends at the 0.001,
0.01, 0.05, or 0.1 levels. *e Mann–Kendall test is based on the
hypothesis that the expected change in the series is a monotonic
trend.*e null hypothesis H0 is that in a data series X (Xk, k� 1,
2,. . ., n), Xk is independent and randomly distributed. *e al-
ternative hypothesis H1 is that a monotonic trend exists in X.
*e statistic S is calculated as

S � 
n−1

k�1


n

j�k+1
sgn Xj − Xk , (3)

where Xj represents the sequential data values, n is the
number of the dataset, and

sgn Xj − Xk  �

1, if Xj − Xk > 0,

0, if Xj − Xk � 0,

−1, if Xj − Xk < 0.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(4)
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Figure 1: *e three regions of Jiangsu province (Huaibei, Jianghuai, and Sunan), rivers, and meteorological stations.
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When n> 10, S is approximately normally distributed
with E (S)� 0. *e variance of statistic S can be calculated by

Var(S) �
1
18

n(n − 1)(2n + 5) − 
v

w�1
tp tw − 1(  2tw + 5( ⎡⎣ ⎤⎦,

(5)

where v is the number of tied groups and tw is the number of
data values in group w.

*e standard test statistic (Z) is

Z �

s − 1
������
Var(s)

 , if s> 0,

0, if s � 0,

s + 1
������
Var(s)

 , if s< 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

*e null hypothesis H0 is rejected when |Z|>Z1−α/2,
where Z1−α/2 is the standard normal deviation. |Z| > 1.28,
1.64, and 2.32 indicate that change trends are significant at >
90% (p< 0.1), >95% (p< 0.05), and >99% (p< 0.01),
respectively.

*e*eil–Sen estimator [44, 45] was used to evaluate the
magnitudes of the parameter trends. *ese simple but ef-
fective statistical methods have been widely used in hy-
drological-meteorological time series dataset trend analysis
[32, 46–49]. *e *eil–Sen estimator is calculated as

β � Median
Xj − Xk

j − k
 , 1< k< j< n, (7)

where β is the estimated magnitude of the slopes of HI
trends. β> 0 represents an increasing trend, and β< 0 rep-
resents a decreasing trend.

3.4. Detrended Method. Linear detrending was used to
quantify the contributions of five meteorological variables to
the trend of HI at both seasonal and annual scales for each
region and for the entire Jiangsu province. Previous studies
[50–55] have described this method in three steps. (1) For
each meteorological parameter, detrend the parameter time
series to remove any overall increasing or decreasing trend.
(2) Recalculate HI using one detrended meteorological
parameter time series with the other four original parameter
time series, and repeat this for each parameter. (3) Compare
the recalculated HI with the original HI and use the indicator
R to quantify the changes in meteorological variables that
affect the trends in HI. R is calculated by

R � 
m

i�1

HIoo − HIRo 

HIo
oi

, (8)

where HIoo and HIRo are the original and the recalculated HI,
respectively, andm is the length of the time series.R> 0, R< 0,
and R� 0 indicate the positive, negative, and null effects of
changes in the parameter on HI. A greater value of |R| in-
dicates a greater contribution of this variable to the HI trend.

3.5. Sensitivity Analysis. We used the method of sensitivity
analysis developed by McCuen et al. [56] to identify the
percentage change in HI due to percentage change in each
meteorological parameter. *is method has been widely
used to analyze the sensitivity coefficients that relate ETo to
various meteorological parameters [57–60], and the method
has also been used in recent years to examine the sensitivity
of the dry-wet index to meteorological parameters
[31, 61–63]. *e sensitivity coefficient of HI to a meteoro-
logical parameter is calculated by

Sxi � lim
Δxi⟶ 0

ΔHI/HI
Δxi/xi

  �
zHI
zxi

xi

HI
, (9)

where xi is meteorological parameter i, and S (xi) is the
sensitivity coefficient of the parameter and indicates the
percentage change in HI caused by a percentage change in
the parameter xi. A positive or negative value of S (xi) in-
dicates whether HI will increase or decrease as the parameter
xi increases.

4. Results

4.1. Temporal Variation of Five Meteorological Variables and
ReferenceEvapotranspiration (ETo). Ta has shown significant
increasing trends (p< 0.05) in Jiangsu province over the past
60 years, with lower and similar rates of change in Huaibei
and Jianghuai (Table 1). Ta in southern Sunan had the
greatest rate of increase, and Ta increased for the entire
province at respective rates of 0.041, 0.015, 0.026, 0.036,
0.022, and 0.29°C/y for spring, summer, fall, winter, growing
season, and annually (Table 1).*e rates of change of Ta were
ordered as spring>winter> annual> autumn> growing
season> summer (Table 1).

In contrast to Ta, WS for the three regions and the entire
province showed significant decreasing trends (p< 0.05) over
the period 1960–2019 (Table 1). One notable difference from
the behavior of Ta was that the greatest variation in WS was
found in northern Huaibei with a decreasing rate of change
ranging from −0.027m/s/y in spring to −0.02m/s/y in autumn
(Table 1). *e rates of change in WS in Jianghuai and Sunan
were both less than that in northern Huaibei and resulted in
the decreasing trends ranged from −0.022m/s/y in spring to
−0.015m/s/y in summer for the entire province (Table 1).

In the period 1960–2019, RH also showed decreasing
trends in Jiangsu province (Table 1). *e negative rates of
change in RH were least in Huaibei, in the range of −0.106%/y
(p< 0.05) in spring to −0.013%/y in winter. In southern Sunan,
RH had the greatest rate of decrease, between −0.223%/y
(p< 0.001) in spring and −0.076%/y (p< 0.05) in winter
(Table 1). RH for the entire province decreased significantly
(p< 0.01) in all seasons except for winter, when RH decreased
at an insignificant rate −0.047%/y. *e significantly decreasing
trends of the entire province ranged from −0.161%/y in spring
to −0.078%/y in both summer and autumn (Table 1).

*ere was little change in SSH in spring for all three
regions during 1960–2019 (Table 1). In the other three
seasons and annually, SSH showed significant decreasing
trends (p< 0.05) for the three regions (Table 1). Similar to
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WS, these SSH trends were the greatest in northern Huaibei
and were least in Jianghuai and Sunan; rates of decrease were
between −0.036 h/y in summer for Huaibei and −0.013 h/y in
autumn for Jianghuai (Table 1). For the entire province, SSH
showed a significant decreasing trend (p< 0.01) for three
seasons (there was almost no change in spring) and annually.
*e negative rates of change ranged from −0.033 h/y in
summer to −0.015 h/y in autumn (Table 1).

Table 1 shows that in the period 1960–2019, Pre showed a
significant positive increasing trend (p< 0.01) in winter with
a rate of change of 0.64mm/y in Huaibei. However, Pre
decreased significantly in Huaibei at a rate of −1.2mm/y
(p< 0.05) in summer and showed significant decreasing
trends (p< 0.05) in the growing season (−1.78mm/y) and
annually (−1.55mm/y) (Table 1). In southern Sunan, Pre
increased significantly (p< 0.05) in summer and winter and
annually with rates of change between 1.68mm/y for the
growing season and 2.8mm/y at the annual scale; changes
for spring and autumn were not significant (Table 1). Pre
showed significant (p< 0.01) increasing trends, with rates of
change of 1.02 and 1.07mm/y, for Jianghuai and the entire
province only for winter (Table 1), respectively.

Similar to Pre, ETo showed both positive and negative
trends for different seasons and annually in each region and
the entire province (Table 1). In northern Huaibei, this
variable showed significant decreasing trends (p< 0.05) in
all seasons except spring, with little change (Table 1). *e
negative rates of change in Huaibei ranged from −0.082mm/

y for summer to −0.019mm/y for both winter and the
growing season. Jianghuai differed from Huaibei, showing
significant changes in ETo only for spring (p< 0.001) with a
rate of change of 0.65mm/y (Table 1). Southern Sunan
showed significant increasing trends (p< 0.01) for spring
and winter with rates of change of 1.04 and 0.36mm/y,
which resulted in ETo increasing significantly (p< 0.05) by
0.75 and 1.32mm/y, respectively, in the growing season and
annually (Table 1). *e changes in seasonal and annual ETo
in each region eventually caused ETo for the entire province
to increase in spring and autumn and annually and decrease
in the other seasons. However, these changes were only
significant in spring and summer, with rates of change of
0.56 and −0.38mm/y (Table 1).

4.2. Analysis of Seasonal and Annual Humidity Index (HI)

4.2.1. Characteristics of Monthly Humidity Index (HI),
Reference Evapotranspiration (ETo), and Precipitation (Pre).
Variations in monthly Pre, ETo, and HI are shown in Fig-
ure 2. It is clear that both Pre and ETo first increased and
then decreased, with maximum values of 233 and 137mm in
July. *ese two variables had minimum values of almost
25mm for winter (December–February). Maximum HI was
1.7, also for July, with the greatest positive difference be-
tween Pre and ETo. *e greatest negative difference between
Pre and ETo was for May, with minimum HI close to 0.7.

Table 1: Seasonal and annual trends of daily mean air temperature (Ta), wind speed (WS), relative humidity (RH), sunshine hours (SSH),
precipitation (Pre), and reference evaporation (ETo) in Huaibei (HB), Jianghuai (JH), Sunan (SN), and the entire Jiangsu province during
1960–2019 using the Mann–Kendall and *eil–Sen estimator tests.

Variable Zone Spring Summer Autumn Winter Growing season Annual

Ta (°C/y)

HB 0.039∗∗∗ 0.011∗ 0.023∗∗∗ 0.04∗∗∗ 0.019∗∗∗ 0.028∗∗∗
JH 0.038∗∗∗ 0.013∗ 0.024∗∗∗ 0.036∗∗∗ 0.02∗∗∗ 0.027∗∗∗
SN 0.049∗∗∗ 0.022∗∗ 0.035∗∗∗ 0.048∗∗∗ 0.03∗∗∗ 0.037∗∗∗

Whole 0.041∗∗∗ 0.015∗ 0.026∗∗∗ 0.036∗∗∗ 0.022∗∗∗ 0.029∗∗∗

WS (m/s/y)

HB −0.027∗∗∗ −0.021∗∗∗ −0.02∗∗∗ −0.022∗∗∗ −0.021∗∗∗ −0.023∗∗∗
JH −0.021∗∗∗ −0.013∗∗∗ −0.016∗∗∗ −0.019∗∗∗ −0.014∗∗∗ −0.017∗∗∗
SN −0.019∗∗∗ −0.014∗∗∗ −0.015∗∗∗ −0.022∗∗∗ −0.014∗∗∗ −0.017∗∗∗

Whole −0.022∗∗∗ −0.015∗∗∗ −0.017∗∗∗ −0.021∗∗∗ −0.016∗∗∗ −0.019∗∗∗

RH (%/y)

HB −0.106∗ −0.035+ −0.046 −0.013 −0.035∗ −0.044∗
JH −0.164∗∗∗ −0.077∗∗ −0.073+ −0.049∗∗∗ −0.088∗∗∗ −0.089∗∗∗
SN −0.223∗∗∗ −0.121∗∗∗ −0.139∗∗∗ −0.076∗ −0.159∗∗∗ −0.135∗∗∗

Whole −0.161∗∗∗ −0.078∗∗∗ −0.078∗∗ −0.047 −0.09∗∗∗ −0.084∗∗∗

SSH (h/y)

HB −0.007 −0.036∗∗∗ −0.021∗∗∗ −0.027∗∗∗ −0.028∗∗∗ −0.023∗∗∗
JH 0.005 −0.031∗∗∗ −0.013∗ −0.017∗∗∗ −0.02∗∗∗ −0.015∗∗∗
SN 0.005 −0.036∗∗∗ −0.015∗∗ −0.02∗∗ −0.023∗∗∗ −0.018∗∗∗

Whole 0.003 −0.033∗∗∗ −0.015∗∗ −0.02∗∗∗ −0.024∗∗∗ −0.018∗∗∗

Pre (mm/y)

HB −0.33 −1.2∗ −0.17 0.64∗∗ −1.78∗ −1.55∗
JH −0.53 0.55 0.13 1.02∗∗ 0.06 0.59
SN −0.52 1.84∗ 0.19 1.7∗∗∗ 1.68∗ 2.8∗

Whole −0.45 0.44 0.09 1.07∗∗∗ 0.23 0.53

ETo (mm/y)

HB 0.04 −0.82∗∗∗ −0.28∗ −0.19∗ −0.19∗∗∗ −1.37∗∗∗
JH 0.65∗∗∗ −0.25 0.06 −0.01 0.003 0.33
SN 1.04∗∗∗ −0.02 0.36∗∗ 0.01 0.75∗ 1.32∗∗

Whole 0.56∗∗ −0.38∗ 0.01 −0.04 −0.14 0.05
Note: ∗∗∗, ∗∗, ∗, and + indicate significance levels of 0.001, 0.01, 0.05, and 0.1, respectively.
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4.2.2. Spatiotemporal Characteristics of Seasonal and Annual
Humidity Index (HI) in Jiangsu Province. During
1961–2019, the increasing HI was only found in two sites of
the Huaibei region in spring. For the other two regions in
this season, we observed decreasing HI in all 17 sites
(Figure 3(a)). In summer, the HI increased in 57.1%, 83.3%,
and 100% of the sites of Huaibei, Jianghuai, and Sunan
regions, respectively (Figure 3(b)).

In autumn, the HI generally showed increasing trends in
Huaibei and Jianghuai regions with 85.7% and 58.3% of the
sites with positive trends in each region (Figure 3(c)), re-
spectively. For the southern Sunan region, the decreasing HI
was found in all sites during 1961–2019 (Figure 3(c)). It was
observed that the HI showed increasing trends in winter in
all sites of Jiangsu province (Figure 3(d)). *e decreasing HI
was observed in 71.4% of the sites of the Huaibei region in
both the growing season and annually (Figures 3(e) and
3(f)). Also, in these two periods, the HI showed increasing
trends in most sites of the Jianghuai region (66.6% for the
growing season and 75% annually) in 1961–2019. Further-
more, the increasing HI was found in all sites of the southern
Sunan region in the growing season and annually
(Figures 3(e) and 3(f )).

In addition to each site, we also used the Mann–Kendall
test to examine seasonal and annual trends of HI in the
whole Huaibei and Jianghuai Sunan regions, and Jiangsu
province (Table 2), which were generally consistent with
those shown in Figure 3. *e Mann–Kendall test showed
increasing trends in summer (only significant in Sunan) and
winter (significant in all three regions and the entire
province) during 1960–2019. In spring, the HI decreased in
all three regions and the entire Jiangsu province but the
decrease was only significant in Jianghuai and Sunan regions
(Table 2). In autumn, the HI showed insignificant positive
trends in Huaibei and Jianghuai regions and insignificant
negative trends in Sunan and the entire province. Table 2
also exhibits that the growing season and annual HI only

decreased in the Huaibei region and showed increasing
trends in the other two regions and the entire province.

4.3. Sensitivity of Humidity Index (HI) to Key Meteorological
Variables. Figure 4 shows the sensitivity coefficients relating
HI to the five meteorological variables in each region and the
entire province at both seasonal and annual scales for the
period 1960–2019. *e HI in Jiangsu province was clearly
negatively sensitive to Ta, WS, and SSH, and positively
sensitive to RH and Pre (Figure 4).*e HI was least sensitive
to Ta in winter; the absolute values of the sensitivity coef-
ficients were <0.1 for all three regions and the entire
province (Figure 4(a)).*eHI wasmore sensitive to Ta in the
other seasons and annually, with sensitivity coefficients
ranging from –0.5 for Huaibei in spring to –0.23 for Sunan
in autumn (Figure 4(b)). *e HI was most sensitive toWS in
Jiangsu province in winter and showed less sensitivity in the
other seasons and annually (Figure 4(b)). *e sensitivity
coefficients were less than for Ta and ranged between –0.015
for Huaibei in summer and –0.02 for Sunan in winter
(Figure 4(b)). *e HI was more sensitive to SSH than to Ta
and WS in Jiangsu province (Figure 4(c)). *e HI was least
sensitive to SSH in winter; sensitivity coefficients ranged
from −0.33 in Huaibei to –0.18 in Sunan. For other seasons
and annually, the absolute values of sensitivity coefficients of
SSH were all >0.3, with maximum values in Huaibei −0.97 in
spring, −0.93 in summer, −0.92 in the growing season, and
−0.69 both in autumn and annually (Figure 3(c)).

*eHI in Jiangsu province was positively sensitive to RH
and Pre. It can be seen that the sensitivity of HI to RH was
small to negligible, being <0.05 (Figure 4(d)). HI showed the
greatest sensitivity to Pre in each region and the entire
province, with sensitivity coefficients all >1 (Figure 4(e)).
*e sensitivity of HI to Pre at an annual scale was the
greatest, with coefficients ranging from 1.47 in Jianghuai to
1.52 in Sunan. *e sensitivity of HI to Pre was least in
summer, with coefficients in the range of 1.09 in Sunan to
—1.13 in Jianghuai (Figure 4(e)).

In Jiangsu province, the HI was most sensitive to Pre,
followed by SSH, Ta, WS, and RH, in all seasons and annually
except for winter (Figure 4). In the cold and dry winter, the
sensitivity of HI to all five meteorological parameters was
ranked Pre > SSH>WS>Ta>RH (Figure 4).

4.4. Contributions of Five Key Meteorological Parameters to
Humidity Index (HI) Trends. We used the indicator RHI,
calculated by linear detrending, to evaluate the effects of
changes in each meteorological variable on HI trends for
different seasons and different regions (Figure 5). In spring,
the decreases in RH and Pre were the main reasons for
decreases in HI in all regions and the entire province. RH
contributed more in Sunan (Figure 5(c)), and Pre con-
tributed more in the other regions and the entire province
(Figure 5(a), 5(b), and 5(d)). In summer, the negative effects
of the decrease in Pre countered the positive effects of the
changes in SSH and WS, resulting in little change in HI in
Huaibei (Figure 5(a)). For the other two regions and the
entire province, the HI increases in summer were mainly
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6 Advances in Meteorology



34
°0

'0"
N

32
°4

0'0
"N

31
°2

0'0
"N

Stations with decreasing Humidity index

Stations with increasing Humidity index

N

117°20'0"E 118°40'0"E 120°0'0"E 121°20'0"E
32

°4
0'0

"N
34

°0
'0"

N
34

°0
'0"

N
34

°0
'0"

N

118°40'0"E 120°0'0"E 121°20'0"E117°20'0"E

(a)

34
°0

'0"
N

32
°4

0'0
"N

31
°2

0'0
"N

34
°0

'0"
N

32
°4

0'0
"N

31
°2

0'0
"N

Stations with decreasing Humidity index

Stations with increasing Humidity index
34

°0
'0"

N

117°20'0"E 118°40'0"E 120°0'0"E 121°20'0"E

118°40'0"E 120°0'0"E 121°20'0"E117°20'0"E

(b)

35
°2

0'0
"N

34
°0

'0"
N

32
°4

0'0
"N

31
°2

0'0
"N

34
°0

'0"
N

32
°4

0'0
"N

31
°2

0'0
"N

Stations with decreasing Humidity index

Stations with increasing Humidity index

117°20'0"E 118°40'0"E 120°0'0"E 121°20'0"E

118°40'0"E 120°0'0"E 121°20'0"E117°20'0"E

(c)

35
°2

0'0
"N

34
°0

'0"
N

32
°4

0'0
"N

31
°2

0'0
"N

35
°2

0'0
"N

34
°0

'0"
N

32
°4

0'0
"N

31
°2

0'0
"N

Stations with decreasing Humidity index

Stations with increasing Humidity index

117°20'0"E 118°40'0"E 120°0'0"E 121°20'0"E

118°40'0"E 120°0'0"E 121°20'0"E117°20'0"E

(d)

Figure 3: Continued.
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caused by changes in WS, SSH, and Pre, with Pre having a
greater effect than the other parameters in Sunan
(Figure 5(c)), the decrease in SSH had a greater effect in both
Jianghuai and the entire province (Figure 5(b) and 5(d)).

In autumn, similar to spring, the decreases in RH and
Pre had the most effect on the negative trend of HI in
Huaibei (Figure 5(a)). However, the combined effects of
different parameters caused insignificant changes in the HI
in the other two regions and the entire province in autumn
(Figure 5). It is clear that the significant increase in Pre was
responsible for the positive HI in Jianghuai, Sunan, and the
entire province in winter (Figures 5(b)−5(d)). In northern
Huaibei in winter, the decrease inWS had themost influence
on the increase in HI (Figure 5(a)). In the growing season
May−October, the large negative effect of a decrease in Pre
overwhelmed the positive effects of decreases in WS and
SSH, which resulted in the slightly decreasing trend of HI in
Huaibei (Figure 5(a)). Also in the growing season, Pre

showed an increasing trend and was dominant in the in-
crease in HI in southern Sunan (Figure 5(c)). For Jianghuai
and the entire province, decreases inWS and SSH (especially
in WS) were the main reasons for the increase in HI in the
growing season (Figures 5(b) and 5(d)). At the annual scale,
the effects of SHH, WS, and Pre offset each other and
resulted in little change in HI in Huaibei (Figure 5(a)).
Similar to the growing season, the increase in Pre dominated
the positive trend of HI in Sunan (Figure 5(c)), and the
decreases in WS and SSH together were mainly responsible
for the increase in HI in both Jianghuai and the entire
province (Figures 5(b) and 5(d)).

Decreases in Pre and RH in Jiangsu province were
generally responsible for the negative trends of HI in spring
and autumn; the positive trends of HI in summer and winter
were mainly due to decreases in WS and SSH and increases
in Pre (Figure 5). In the growing season and annually in
Jianghuai, Sunan, and the entire province, the decreases in
WS and SSH and increases in Pre were themain causes of the
increase in HI. *e slight decreasing trend in HI in the
growing season and annually in northern Huaibei was
mainly caused by the decrease in Pre which counterbalanced
the positive effects of changes in WS and SSH (Figure 5).

5. Discussion

5.1. Dry andWet Trends in Jiangsu Province. Similar to some
previous studies in China [6, 21, 32, 33, 48, 64, 65]. We found
that the climate of Jiangsu province also exhibited different
dry-wet trends in different seasons and annually during
1960–2019 (Figure 3). We found a dry trend in Jiangsu
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Figure 3: Spatial distribution of the sites with decreasing or increasing humidity index (HI) at seasonal and annual scales during 1961–2019
throughout Jiangsu province; the solid red inverted and blue regular triangles indicate the negative and positive trends of HI, respectively.
(a) Spring, (b) summer, (c) autumn, (d) winter, (e) growing season, (f ) annual.

Table 2: Trends of seasonal and annual humidity index (HI) in
Huaibei, Jianghuai, Sunan, and the entire province during
1960–2019 using the Mann–Kendall test.

Season Huaibei Jianghuai Sunan Entire province
Spring ↓ ↓+ ↓∗ ↓
Summer ↑ ↑ ↑+ ↑
Autumn ↑ ↑ ↓ ↓
Winter ↑∗∗ ↑∗∗ ↑∗∗∗ ↑∗∗
Growing season ↓ ↑ ↑ ↑
Annual ↓ ↑ ↑ ↑
Note: ∗∗∗, ∗∗, ∗, and + indicate significance levels of 0.001, 0.01, 0.05, and 0.1,
respectively.
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Province in spring and autumn in the period 1960–2019
(Figures 3(a) and 3(c)). *is was consistent with findings for
some regions within China, such as the Zoige Wetland in
southwestern China for 1961–2016 [21], Zhejiang province
in southeastern China for 1961–2016 [33], Bosten Lake
basin, and the Loess Plateau in northern China for
1980–2016 and 1961–2014 [15, 22]. Wang et al. [6] inves-
tigated dry-wet trends in China and found a drought ten-
dency in the semi-arid or semi-humid and humid areas of
southwestern China for a recent 58-year period.Wu et al. [7]
found that the overall trend in China had changed from wet

to dry since 1954. Worldwide, a drying climate has been
observed in many countries, such as Finland [66], South
Africa [67], Spain [17], India [27], Iraq [20], Iran [16],
Rwanda [26], and Middle East and adjacent areas [28].
Except for spring and autumn, we detected a wet trend in
Jiangsu province during 1960–2019 for the other seasons and
annually (Figure 3). In reviewing previous studies, we no-
ticed that areas with an increasingly wet climate were dis-
tributed mainly in western and northern China: Qinghai
province [30], north Xinjiang [31], the Yellow River basin
[49], and the Tibetan Plateau [15, 68]. Researchers have also
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Figure 4: Sensitivity coefficients of seasonal and annual humidity index (HI) to five principal meteorological parameters in each region and
the entire province; Ta, WS, SSH, RH, and Pre are mean daily air temperature, wind speed, sunshine hours, relative humidity, and
precipitation, respectively.
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found an increasingly wet trend since 1970 for northwestern
China and northern China west of longitude 100oE [34, 64].
However, the trend for an increasingly wet climate was
found only for August in Zhejiang province in southeastern
China for the period 1971–2015 and in summer, autumn,
and annually for the humid regions of southern China for
the period 1960–2017 [6, 33].

5.2. Contributions ofMeteorological Variables to Humidity Index
(HI)Trends. *is study differs from most previous studies of
trends of the humidity index, which considered only the

effects of Pre, ETo, and Ta [6, 7, 15, 20, 27–29, 48, 68]. We
examined the effects of five meteorological variables, WS,
RH, SSH, Ta, and Pre (Figure 5). We found that HI trends for
each region and the entire province were primarily affected
by changes in Pre in most seasons and annually during
1960–2019 (Figure 5). *is result is consistent with the
results of most previous studies [6, 7, 15, 20, 27, 32, 48].
However, for all three regions and the entire province, the
decrease in RH had a negative effect on both seasonal and
annual HI and was predominant in decreasing HI in spring
for Sunan (Figure 5(c)). Changes in RH have been found to
affect the humidity index in the Yellow River basin in
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Figure 5: Contributions of five meteorological variables to humidity index (HI) trends at both seasonal and annual scales in (a) Huaibei,
(b) Jianghuai, (c) Sunan, and (d) the entire province; Ta, WS, SSH, RH, and Pre are daily mean air temperature, wind speed, sunshine hours,
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northern China [49] and the ZoigeWetland in southwestern
China [21]. We also analyzed the effects of SSH and WS,
which were included in only a few previous studies, and
found that both contributed positively to the HI trend in
Jiangsu province (Figure 5). Our previous study found that,
for Jiangsu province in 1960–2019, the decrease in RH and
SSH decreased ETo [69], which increased HI.

5.3. Sensitivity of Humidity Index (HI) to Meteorological
Variables. *eHIwasmost sensitive to Pre in Jiangsu province
for the period 1960–2019 (Figure 4(e)). *is is consistent with
results for both the entire northwestern and southwestern parts
of China [34, 65]. Wang et al. [6] also found that dry-wet
conditions were most sensitive to Pre in the humid regions of
China that had annual precipitation >800mm.Our results differ
from previous studies, which foundHI was secondarily sensitive
to vapor pressure or ETo [6, 34], as we found that in ranking
parameters to which HI was sensitive, SSH ranked second
(Figure 4(c)).*is differencemay be due to the exclusion of SSH
from sensitivity analysis in previous studies [6, 34]. However,
measured SSH indicated that a limited amount of energy was
available at the surface [40, 51, 70] and it was therefore necessary
to include it in the sensitivity analysis.*e sensitivity of HI to Ta
andWSwasmuch less than to Pre and SSH,with absolute values
of sensitivity coefficients in Jiangsu province all <0.5
(Figures 4(a), 4(b), and 4(d)). HI in the Gansu province of
northwestern China showed the least sensitivity to WS and to
minimum air temperature [63]. Liu et al. [34] also found that HI
for northwest China in 1960–2010 was least sensitive to Ta and
WS. Studies that include sensitivity analysis have mostly con-
centrated on arid areas within northern China, and further
similar work must be conducted for humid southern China,
which has experienced a dry trend [6, 32, 33].

5.4. Uncertainties and Future Research. In this research, we
adopted the FAO 56 PM method to estimate ETo and many
mathematical methods to determine the dominant meteo-
rological variable. However, the selected five meteorological
variables were not totally independent, and the influences
between them would impact the determination of dominant
factors [34]. Another uncertainty was caused by these
mathematical methods without considering the physical
mechanism.*ese uncertainties forced researchers to search
a hydrometeorological model, which can clarify the inter-
action between different meteorological variables with the
help of underlying climatic mechanisms. Moreover, our
research was conducted in Jiangsu province on the southeast
coast of China. *is is helpful to explore the dry-wet trends
for the whole country by combining with the existing re-
search in arid areas of northwest China. In addition to this,
future research is still needed to focus on the potential
impacts of dry-wet changes on human society.

6. Conclusion

We investigated the contributions of five meteorological
variables (Ta, WS, RH, SSH, and Pre) to both seasonal and
annual HI trends for three regions of Jiangsu province and

the province as a whole in humid southeastern China for the
60-year period 1960–2019.*e results showed the following:
(1) the decreased Pre and RH were generally responsible for
the negative trends of HI in spring and autumn. (2) *e wet
trend in summer and winter was mainly caused by decreases
in WS and SSH and increases in Pre (Figure 5). (3) For the
growing season and annually, the decreased WS and SSH
and increased Pre were the main causes for positive HI in
Jianghuai, Sunan, and the entire province. *e slight de-
creasing HI in the growing season and annually in northern
Huaibei was mainly caused by the decrease in Pre (Figure 5).
Sensitivity analysis indicated that the HI in Jiangsu province
was positively sensitive to Pre and RH and negatively
sensitive to Ta, WS, and SSH over the 60-year period
(Figure 4). *e climate of Jiangsu province was most sen-
sitive to changes in Pre and then, in the decreasing order of
sensitivity, to SSH, Ta, WS, and RH in all seasons (except for
winter) and annually. For winter, sensitivity was ranked Pre
> SSH>WS>Ta>RH (Figure 4).

*is study has shown that the regional climate has ex-
perienced a dry trend in some seasons during the period
1960–2019 despite the humidity in southeastern China. *is
will draw attention to the evolution of dry-wet conditions in
humid southeastern China rather than the arid regions in
western China. Furthermore, in addition to the Pre that was
directly related to dry-wet conditions, the other climatic
factors also impacted the dry-wet conditions and need to be
considered in humid regions. As an important agricultural
area in China, the observed dry trend may threaten existing
irrigation systems and the security of water resources, which
in turn affects crop yield in Jiangsu province. *e contri-
bution of each meteorological variable to HI trends, and the
sensitivity of HI to each variable, can provide a basis for
structural adjustment of farming systems in Jiangsu prov-
ince at different spatiotemporal scales. Further work should
extend this research to the entire humid area of south-
western China and clarify the mechanisms that lead to
different trends of humidity indexes in different regions or
over different seasons.
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