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 The wetness index (W) was calculated using gridded monthly precipitation and potential 
evapotranspiration (PET) in the Beijing–Tianjin–Hebei region of China. Meteorological data 
from 1991 to 2020 were provided by the Climate Research Unit. The change in W and the factors 
influencing it were analyzed at regional and urban levels. The results show that (1) W of the 
Beijing–Tianjin–Hebei region fluctuated greatly year by year. W decreased (p < 0.05) during the 
years from 1991 to 2000, rose slightly (p < 0.05) from 2001 to 2010, and experienced almost no 
change in the last decade. (2) In the last two decades, W in some areas of the Beijing–Tianjin–
Hebei region increased, probably owing to the increase in precipitation in this area. (3) In the 
context of climate warming, W values in the Beijing–Tianjin–Hebei region and major cities are 
affected by precipitation, while temperature has little impact on the values.

1. Introduction 

 Drought is defined as a ‘prolonged absence or marked deficiency of precipitation’, a 
‘deficiency that results in water shortages for some activities or for some groups’, or a ‘period of 
abnormally dry weather sufficiently prolonged for the lack of precipitation to cause a serious 
hydrological imbalance’.(1,2) The impact of recent extreme climate events, such as heat waves, 
droughts, floods, cyclones and wildfires, indicates that certain ecosystems and many human 
systems have significant vulnerability and exposure to current climate variability.(3) Many 
studies show that, in recent years, climate warming has led to frequent disasters, which have had 
an impact on the economy, society, and environment.(4–6) Drought is one of the worst natural 
disasters related to climate and costs huge losses to the society and economy.(7)

 In recent years, many studies have used meteorological station monitoring, remote sensing, 
and reanalysis data to evaluate dry and wet conditions in different regions. With the continuous 
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updating of sensors and the continuous improvement of monitoring quality, the use of monitoring 
data and remote sensing data is becoming increasingly common. Dai et al. in 2004 found that 
the area of severe global drought (PDSI < −3.0) has been increasing since the 1970s owing to the 
decrease in precipitation and the increase in temperature.(8) Zhang in 2010 calculated the annual 
drought area in China using data from meteorological records and showed that the drought area 
has increased since 1951.(9) From 1954 to 1983, the trend in droughts in North China, Northeast 
China, Central China, and East China was significant, and the degree of drought was higher 
than that in other regions.(10) Since the late 1990s, the severity and frequency of drought have 
become more serious,(11,12) and the area of drought has increased by about 3.72% every decade.
(12) Two serious droughts(13) occurred in the North China Plain in 1962–1963 and 2010–2011. Xu 
et al. in 2015 found that the reduction in precipitation was the main reason for drought in the 
region.(14 )

 Many studies have been carried out on drought and wet indicators and methods for their 
evaluation.(1) Owing to different objectives, geographical locations, and time periods of these 
studies, significant differences exist in the applicability of drought and wet indicators to regional 
levels and over various time scales.(15) According to existing research, drought and wetness 
indicators can be divided into two categories. One category is based on the principle of drought, 
comprehensively considering physical processes (e.g., soil moisture evaporation, surface runoff, 
surface water supply, and surface heat flux) to improve the accuracy of the determination of 
drought strength and duration. The other category is based on meteorological methods that 
consider precipitation, temperature, potential evapotranspiration (PET), and other meteorological 
factors to reflect the intensity and duration of drought. Common indicators are the standardized 
precipitation index,(16) composite index,(17) and wetness index (W).(18) Wu and Yan have 
elaborated the advantages and disadvantages of these methods. Most studies focus on the 
watershed or national scale, but few on city clusters.(19) Therefore, we used W to analyze the 
change in drought and the mechanism of impact of drought in the Beijing–Tianjin–Hebei 
(JingJinJi) region from 1991 to 2020. We examined the influence of various meteorological 
conditions on regional changes in wetness and drought. 

2. Materials and Methods

2.1 Study area

 The JingJinJi region is in the North of China and includes Hebei Province, Beijing, and 
Tianjin (Fig. 1). The region has temperate semi-humid and semi-arid monsoon climate and is 
dominated by mountains and plains. There are 12 municipalities and prefectural cities under the 
jurisdiction of the region. By the end of 2021, four cities had a permanent resident population of 
more than 10 million, namely, Beijing, Tianjin, Shijiazhuang, and Baoding. The total population 
of the four cities had reached 58.2579 million, accounting for more than 50% of the total 
population of JingJinJi. In recent years, the total economic output of the JingJinJi region has 
increased nearly threefold, from 2298.494 billion yuan in 2006 to 6835.014 billion yuan in 2019.
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Fig. 1. (Color online) Map of digital evaluation in JingJinJi. 

2.2 Meteorological data

 In 2020, Harris et al. updated the gridded climate dataset with high-resolution data (referred 
to as CRU TS 4.06) from monthly observations at meteorological stations across world’s land 
areas, which was then released by the Climatic Research Unit at the University of East Anglia(20). 
This dataset provides mean monthly data on ten surface climate variables from January 1901 to 
May 2022, the spatial resolution of which is 0.5 × 0.5 degrees (about 50 km). These variables are 
mean temperature (TMP), maximum temperature (TMX), minimum temperature (TMN), 
diurnal temperature range (DTR), frost day frequency (FRS), precipitation (PRE), potential 
evapotranspiration (PET), vapor pressure (VAP), wet day frequency (WET), and cloud cover 
(CLD). The sources of the data were the World Meteorological Organization (WMO) and the US 
National Oceanographic and Atmospheric Administration [NOAA, via its National Climatic 
Data Center (NCDC)]. It is worth noting that the sources of data include 160 climate base 
stations providing observational data released by the National Climate Center of China. The 
meteorological observation instruments at these stations use a variety of sensors, which is not 
only of great significance to the development of sensors but also provides a basis for the 
application of remote sensing observation in the meteorological field. PET data, analyzed in this 
paper, were obtained from CRU TS 4.06 and derived from half-degree gridded absolute values of 
TMP, TMN, TMS, VAP, and CLD. These gridded values were calculated using the Penman–
Monteith method, which is provided by the Food and Agricultural Organization (FAO); the 
values were used to estimate PET at the same resolution.
 In this study, we divided the time series (from 1991 to 2020) into three periods and analyzed 
the temporal and spatial distributions of PET during these three periods. Each period was 10 
years in length: 1991–2000 (P1), 2001–2010 (P2), and 2011–2020 (P3). 
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2.3	 Identification	and	calculation	of	W	

 W was defined by Ci and Wu in 1997 on the basis of the definition of the United Nations.(18) 
They identified W as a measure of the potential incidence of desertification in China. In the past 
ten years, many people have used and improved using this concept. In 2004, Liu used this index 
to study drought and wetness changes in China and Central Asia and separated the area into five 
climate regions.(21) Mao et al. in 2008 used the FAO-56 Penman–Monteith equation instead of 
the Thornthwaite equation to calculate PET, which produced a favorable evaluation for the 
Qinghai-Tibet Plateau.(22) After that, W, which was improved by Mao, was used at the national 
scale by Shen et al.(23) and Zhao et al.(24) Compared with the traditional W in China, W 
calculated using the Penman–Monteith equation better portrays current dry and wet conditions, 
especially in very humid and very dry Northeast China.(23) The equation for the calculation is

 .=
PREW
PET

 (1)

Here, W is the wetness, PRE is the precipitation in mm/month, and PET is the potential 
evapotranspiration in mm/month.

2.4	 Contributions	of	meteorological	factors	

 With the multiple regression model, relative contributions of the independent meteorological 
variables for W are defined by:

 ,= + +PET PRE TMPW a PET a PRE a TMP  (2)

 ,=
+ +

i
i

PET PRE TMP

a
a a a

η  (3)

where W is the dependent variable; PET, PRE, and TMP are independent variables; aPET, aPRE, 
and aTMP are regression coefficients; ηi is the relative contribution; and i = PET, PRE, and TMP.

3. Results and Discussion

3.1	 Annual	W

 By calculating the anomaly value of W in the JingJinJi region from 1991 to 2020, we found 
that W gradually decreased (the region became drier), and from 2001 to 2010, the region was dry 
for most of the time. Compared with previous years, the degrees of wetness in 2003 and 2016 
were higher than those in normal years (Fig. 2).
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 The multi-year averaged W in JingJinJi (Fig. 3) shows that W of most areas in JingJinJi was 
between 0.34 and 0.42, a value belonging to semi-arid areas, which is consistent with the results 
of the studies by Shen et al.(23) and Wu and Yan.(19) W in the northwest and central regions of 
JingJinJi was lower than that in the other regions (W < 0.34), while W in the southwest and 
eastern regions was higher (W > 0.46).

3.2	 Drought	and	wet	variations	in	different	periods

3.2.1	 Trend	of	decadal	drought	and	wetness	in	JingJinJi

 Through an analysis of the tendency for dry and wet changes in the JingJinJi region in 
different time periods, we found that all areas in the JingJinJi region showed a drying trend to 

Fig. 2. (Color online) Anomaly value of W in JingJinJi region from 1991 to 2000.

Fig. 3. (Color online) Multi-year averaged W from 1991 to 2020.
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varying degrees from 1991 to 2000, with the most significant drought in the west of Shijiazhuang 
(p < 0.05). From 2001 to 2010 and from 2011 to 2020, varying degrees of dry and wet changes 
occurred in the region. The difference is that, from 2001 to 2010, the degree of wetness in most 
areas from the northeast to the southwest of JingJinJi increased, while that in other areas 
decreased, especially in the northwest of JingJinJi near Zhangjiakou. From 2011 to 2020, the 
degrees of dryness and wetness in the north of the region increased by 0.04–0.06, especially in 
the area near Chengde. The dryness and wetness in other regions decreased to varying degrees, 
especially in the central JingJinJi region (Fig. 4).

3.2.2	 Trends	of	decadal	drought	and	wetness	in	different	cities

 On the basis of the geographical distribution of major cities in JingJinJi and the number of 
urban permanent residents and their economic level, we selected five cities, Beijing, Tianjin, 
Shijiazhuang, Zhangjiakou, and Chengde, and analyzed the trends of changes in dryness and 
wetness at the urban level (Fig. 5): (1) From 1991 to 2020, W fluctuated between 0.22 and 0.58. 

Fig. 4. (Color online) Decadal trend of W in different periods.

Fig. 5. (Color online) Annual W of each city.
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Fig. 6. (Color online) Anomalies in W of five cities (1991–2000).

Over the past 30 years, W fluctuated frequently and showed no obvious trends in changes in 
dryness and wetness. The mean values of W in Beijing, Tianjin, Shijiazhuang, Zhangjiakou, and 
Chengde were 0.3345 ± 0.0581, 0.3752 ± 0.0660, 0.3854 ± 0.0708, 0.3181 ± 0.0577, and 0.4177 ± 
0.0703, respectively. (2) During 1998, 2003, and 2017, the dryness and wetness of the five cities 
showed significant increases (humidification). (3) Although the overall trends in the changes in 
the dryness and wetness of the five cities were basically the same over the past 30 years, there 
were some occasional differences or opposite trends in the dryness and wetness in the five cities 
in some years.
 By analyzing the anomalies in W for the five cities (Fig. 6), we found that (1) W of JingJinJi 
in 2003 and 2016 was significantly higher than that of normal years; the anomaly values were 
more than 0.1. However, the W values of Shijiazhuang and Zhangjiakou in 2003 were high and 
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consistent with the anomaly in the W of JingJinJi. Although W was high in other regions, its 
range was very small. In 2016, the deviation in W values of the other four cities was consistent 
with that of JingJinJi, except for Zhangjiakou, where the deviation in W was 0.086. (2) The 
analysis results indicated that the deviations in W in Zhangjiakou in 2011 and 2019 were in the 
opposite direction to that of the other cities.

3.3	 Influence	of	meteorological	factors	on	drought	and	wetness

3.3.1	 Influence	of	various	factors	on	W	in	JingJinJi

 We calculated the annual averages of different meteorological factors and their trending 
changes over the same time period (Fig. 7). We also analyzed the impact of various 
meteorological elements on W and determined the factors that affect the drought and wetness 
changes in the region and cities during the recent 30 years (Table 1). It is worth noting that, 

Table 1 
Contribution of meteorological factors to W (%).

1991–2000 2001–2010 2011–2020
PET 23.04 11.40 3.61 
PRE 61.54 78.53 89.31 
TMP 15.41 10.07 7.08 

Fig. 7. (Color online) Annual averages of W, PRE, PET, and TMP in JingJinJi.
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because W was between 0 and 1, while the values of PRE, PET, and TMP were greater than 1, or 
even greater than 1000, the large difference in magnitude makes the results of analyzing the 
impact of meteorological factors statistically insignificant. Therefore, PRE, PET, TMP and W 
were standardized using a normalization method before calculating the total contribution of 
meteorological factors, so that the dimensions were unified.
 On the basis of these results, we found that the change in PRE was the main reason for the 
change in W, and the influence of PRE on changes in dryness and wetness in the region is 
gradually increasing. Although TMP showed a significant upward trend, its degree of influence 
was the lowest.

3.3.2	 Influence	of	various	factors	on	W	in	five	cities

 The annual values of W, PRE, PET, and TMP of each city show that (1) the degrees of 
dryness and wetness of each city were similar, and the degree of wetness over the last ten years 
going from highest to lowest values was observed in Chengde, Tianjin, Shijiazhuang, Beijing, 
and Zhangjiakou. (2) Although the temperature of each city showed a significant upward trend 
over the recent 30 years, the changes in dryness, wetness, and precipitation were highly 
consistent (Fig. 8). (3) The magnitude of and changes in PRE over time in each city were the 
same as those in W. The difference was that the TMP and PET of Zhangjiakou and Chengde 

Fig. 8. (Color online) Annual W, PRE, PET and TMP in five cities.
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were lower than those of other regions because these two cities are located in the northwest and 
northeast regions of the Beijing– Tianjin– Hebei region, which are at a higher altitude. 
Zhangjiakou is short of water resources, while Chengde has a relatively developed water system. 
Although Chengde has a low temperature, it is more humid than other cities, while Zhangjiakou 
has the lowest humidity.
 From the contribution of each meteorological factor to W (Table 2), we found that (1) 
precipitation is the main factor affecting W in all cities, which is consistent with the results in the 
JingJinJi region. (2) Ninety percent of changes in dryness and wetness in Beijing, Tianjin, and 
Chengde were due to precipitation, while the dryness and wetness changes in Shijiazhuang and 
Zhangjiakou were slightly less affected by precipitation (about 75–81%), and the next greatest 
contributor in these two cities was TMP.

4. Conclusions

 We analyzed the changes in conditions of drought and wetness in the Beijing–Tianjin–Hebei 
region over the recent 30 years and determined the meteorological factors affecting these 
changes. We found the following:
(1)  W in the northwest and central areas of the Beijing–Tianjin–Hebei region was lower than that 

in other areas (W < 0.34), while W in the southwest and eastern areas was higher (W > 0.46). 
W in this entire region fluctuated greatly year by year. From 1991 to 2000, W decreased 
significantly, and from 2001 to 2010, W increased slightly (p < 0.05). In the last ten years, 
there was almost no change in the value.

(2)  The spatial analysis of the ten-year trend of W in the Beijing–Tianjin–Hebei region showed a 
decreasing trend in W from 1991 to 2000. In the most recent 20 years, W of some regions 
gradually increased, which was primarily caused by the increase in precipitation in the 
region. At the same time, the influence of precipitation on W in the region gradually 
increased.

(3)  In the context of climate warming, the temperature increase in the Beijing–Tianjin–Hebei 
region and its major cities in the most recent 30 years was not the main meteorological factor 
affecting the changes in dryness and humidity. Precipitation plays a decisive role in 
influencing the degree of change in W in the areas studied.

 In future work, changes in dryness and wetness in the Beijing–Tianjin–Hebei region in 2060 
will be simulated on the basis of the meteorological data of nearly 30 years, and the results, 
combined with remote sensing data, will impact the urban development planning for this region.

Table 2 
Contribution of meteorological factors to W of five cities (%).

Beijing Tianjin Shijiazhuang Zhangjiakou Chengde
PET 3.89 5.62 7.35 10.36 4.40
PRE 92.30 90.93 81.19 75.32 93.95
TMP 3.80 3.45 11.45 14.32 1.65
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