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Abstract: Water scarcity is commonly evaluated using the water resource stress index (WRSI).
However, the conventional WRSI model cannot effectively reflect the water shortage in humid areas,
which may lead to distorted evaluation results. To solve this problem, an improved WRSI has been
designed. In the improved WRSI, the assessment year is first divided into multiple periods. Then, the
temporal WRSI (T-WRS]I) is built to evaluate water scarcity in each period. Finally, the comprehensive
WRSI (C-WRSI) is constructed based on the entropy weight model (EWM) to synthetically assess the
water shortage condition. The water scarcity of Yongzhou City is taken as a sample for evaluation.
The results are as follows. (i) The Lingling-Lengshuitan District and Dong’an County suffer from
the most serious water shortage. Their C-WRSI values are 0.464 and 0.458, respectively, both of
which are “high” grades. (ii) The values of T-WRSI are more than 0.4 from August to October in
most areas, indicating that the major key water shortage period is from August to October. (iii) The
reasons for water shortage are that the annual runoff distribution in Yongzhou City is uneven with a
uniformity coefficient (Cv) of 0.83, and the main irrigation periods are coincidentally accompanied by
the retreat of rainfall. (iv) The main measures to solve water scarcity are to strengthen water resource
management, to optimize plant structure, and to construct more reservoirs. (v) The C-WRSI values
calculated by the improved model in each region are 95-168% larger than those of conventional WRSI.
The improved WRSI has better capacities in evaluating the water shortage induced by uneven runoff
within the year and identifying the key water scarcity period of humid regions.

Keywords: water resource stress index; water shortage evaluation; uneven annual runoff; humid
regions; Yongzhou City

1. Introduction

Abundant water resources are the basis of human survival and social development.
However, due to rapid economic growth and population expansion, the global social water
demand has increased dramatically, which has resulted in a serious water crisis in recent
years. Therefore, to maintain the sustainable development of society and ecology, water
resources management researchers have focused on water scarcity evaluation.

To quantify the regional water shortage condition, Charles J. Vorosmarty et al. [1]
proposed a water resource stress index (WRSI) model, defined as the ratio of the annual
water consumption and natural water resources of the study area, which is concise and
intuitive. Furthermore, WRSI provides flexible choices of evaluation criteria according
to actual regional situations. As a result, WRSI has been widely used in global water
shortage research. For example, Tian et al. [2] designed an improved WRSI based on
physical interpretation to evaluate water stress. Zheng et al. [3] assessed the evolutionary
characteristics and spatial correlation of WRSI spatial patterns in China. Dehghanpir
et al. [4] reflected regional water scarcity in Iran’s agricultural sector by combining WRSI
with water footprint.
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The current research on WRSI is mainly concentrated in arid areas. In such areas, as
the precipitation is sparse, the annual runoff is scarce. Therefore, the water shortage in
arid areas is primarily due to insufficient natural water resources [5]. As introduced above,
the conventional WRSI hypothesis is that the water shortage condition of the study area is
quantified by the ratio of its annual social water consumption and natural water resources.
Evidently, as the total natural water resource is insufficient, the denominator is small, and
the final WRSI value is relatively large, which correctly reflects the water shortage situation
in the arid area.

However, the precipitation in the humid area is abundant, and its water shortage is
mainly caused by the uneven annual runoff distribution. Due to the influence of monsoons,
the precipitation in the dry season is relatively rare, which causes water shortage prob-
lems [6]. When the conventional WRSI model is applied in humid areas, as the annual total
water resource is abundant, the WRSI value is relatively small, which easily ignores the
water shortage in the dry season.

For instance, in the water supply stress evaluation of Louisiana, a typical humid region
in the USA, Eldardiry et al. [7] proved that only using annual total water resources for
evaluation may mask the high stresses in the dry period. Mo et al. [8] pointed out that the
annual scale is not entirely suitable in the WRSI evaluation of the Guangxi Province, one
of the most humid areas in China. Liu et al. [9] found that for the significant intra-annual
variations in water use and availability in humid areas, a monthly scale could provide more
information about the water shortage condition rather than a yearly scale.

Another typical instance is in the Hunan Province, one of the most humid areas in
China. Its natural annual water resource is 209.12 billion m3, and its water consumption is
33.30 billion m3 [10]. Evidently, its WRSI is only 0.16, which shows that there is no water
shortage problem [11]. However, with the influence of the East Asian monsoon, the annual
runoff distribution of the Hunan Province is extremely uneven. The water resource in the
rainy season (April-early August) accounts for 68.9% of the total. On the contrary, the
irrigation period for late rice is from late August to October, which mainly lies in the dry
season. And, the proportion of the dry season water volume to the total annual runoff is
less than 15% [12]. As a result, the Hunan Province often suffers from severe water shortage
problems from late August to October.

The objectives of this study are as follows: (i) According to the period division method
and entropy weight model (EWM), improved WRSI is designed to evaluate the water
scarcity in humid areas with uneven annual runoff distribution. (ii) The water shortage
assessment of Yongzhou City, China is evaluated using the improved WRSI to test its
effectiveness. (iii) The differences between the conventional and improved WRSI models
are discussed.

The innovation of the improved WRSI is that the annual variations in natural water
resources and social water consumption are introduced into the evaluation, which help to
accurately identify the key water shortage periods and obtain more realistic assessment
results of humid areas.

2. Methods and Materials
2.1. Study Area

This study examines Yongzhou City, which is located in the Hunan Province, China.
As shown in Figure 1, Yongzhou City is located in the south of China, with a longitude
and latitude of 111°03’ E-112°21’ E and 24°39’ N-26°51" N, respectively. According to Li
and Zeng [13], Yongzhou City has an area of 22,259 km? and a population of 5.45 million.
The city had a GDP of $32.57 billion in 2021, with agriculture playing a dominant role in
its economic structure. With its adequate light and heat conditions, Yongzhou City is an
important producer area for rice, tobacco, soybeans, and fruits in China [14].
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Figure 1. Study area. (a) The geographical location of Hunan Province in China. (b) The geographical
location of Yongzhou City in Hunan Province. (c) The regional distribution of Yongzhou City.

Yongzhou City is one of the most humid areas in China. Its annual precipitation is
1804.8 mm, which is approximately three times higher than the Chinese average precip-
itation. However, Yongzhou City has a typical East Asian subtropical monsoon climate,
and thus, its temporal precipitation distribution is extremely uneven. According to the
Yongzhou City Water Resources Bulletin [15], the precipitation of Yongzhou City in the
rainy season is 1232.7 mm, accounting for 68.3% of the total annual amount. By contrast,
the precipitation in the dry season is only 572.1 mm, accounting for 31.7% of the total.

In addition, the storage capacity of the reservoir in Yongzhou City is extremely weak,
which exacerbates the water shortage in the dry season. The terrain of Yongzhou City is
mainly mountainous and hilly, which causes great difficulties in high dam construction.
According to the investigation of Zhou [16], the total storage capacity of its reservoirs
is 1.61 billion m3, which only accounts for 8.3% of the annual runoff. As a result, the
water resource is difficult to reserve for the dry season, which increases the water stress in
this period.

Figure 1 shows that Yongzhou City is divided into 10 administrative regions: Lingling-
Lengshuitan District, Qiyang County, Dong’an County, Shuangpai County, Dao County,
Jiangyong County, Ningyuan County, Lanshan County, Xintian County, and Jianghua
County. In this study, the natural runoff and social water consumption data are provided
by the Hunan Provincial Department of Water Resources. The data sources of Yongzhou
City are shown in Table 1.
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Table 1. Data sources.

Deposited Data Source Explanation of Indicators Data Sources

The total amount of water

resources in a certain area
Natural water resources of Hunan Provincial refers to the surface and http:/ /slthunan.gov.cn/
Yongzhou City Hydrology Bureau underground water (accessed on 8 June 2024).

production formed by http:/ /slj.yzcity.gov.cn

local precipitation. (accessed on 8 June 2024).
The total amount of water

consumption refers to the
gross water volume of various
water users, including water
transmission losses.

Social water consumption in Hunan Provincial
Yongzhou City Hydrology Bureau

This study selects the evaluation year of 2019 since its rainfall process and water con-
sumption conditions are good representatives of Hunan’s general hydrological situations.
(i) The rainfall of Yongzhou City in 2019 reached 40.17 billion m3, which equals 108.87% of
the annual average value, and its water consumption was 2515.83 million m?, which equals
100.56% of the multi-year mean value. (ii) The temporal distribution of precipitation and
runoff is close to the annual average hydrological situations.

What should be noticed is that the evaluation year should be selected according to the
research objective. If the objective is to assess the general water shortage situation of the
study region, it is suggested to evaluate the normal flow year, the runoff of which is close
to the multi-year average hydrological process. The wet year will make the evaluation
results overly optimistic and the dry year will make it overly pessimistic. If the objective
is to analyze the trend of inter-annual changes, the long series data should be used for
evaluation, which contains sufficient typical wet years, dry years, and normal flow years.

2.2. Conventional WRSI

Proposed by Charles J. Vorosmarty [1], WRSI has become a classic model for evaluating
water scarcity. WRSI uses the ratio of the annual social water consumption and the natural
water resource to reflect the water shortage.

Given that there are m evaluation regions, the annual social water consumption,
natural water resources, and the WRSI of the ith evaluation region are denoted as x;, y;, and
z;, respectively. The calculation formula of z; is

_ X

= 1
Yi M)

Zi
WREI is divided into three grades, which are shown in Table 2. According to the
research of Vorosmarty, C. J. et al. [1] and Wada et al. [17], when the WRSI is larger than
0.4, the ecological flow cannot be guaranteed, and the social water supply will be tight.
Therefore, WRSI > 0.4 is an internationally recognized criterion to indicate the serious water
shortage condition. Based on the research of Mo et al. [8], Zheng et al. [3], and Pan and
Fu [18], this criterion is also applicable to the Chinese humid areas. Furthermore, according
to the investigation of the Hunan Hydrology and Water Resources Bureau, when WRSI
is larger than 0.4, the social water consumption can cause groundwater over-exploitation
and restrict the economy’s growth. As a result, this study continues to use this criterion to
determine that the water shortage grade is “high”.
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Table 2. The Classification Method of WRSI in Hunan Province.

Grade Range Significance

The social water consumption only has a slight influence on
Low [0,0.2] the natural hydrological cycle and aquatic ecosystems, and
the study area has no water shortage.
The social water consumption has a moderate influence on
Medium (0.2,04] the natural hydrological cycle and aquatic ecosystems, and
the study area has a potential water scarcity.
The social water consumption has a significant impact on
High (0.4, +c0) the natural hydrological cycle and aquatic ecosystems, and
the study area suffers from severe water shortage.

In most of the international literature, 0.2 < WRSI < 0.4 is selected to indicate the
medium water shortage condition. Based on the research of Li et al. [19], this criterion is
also applicable to the Yangtze River basin in China, where the Hunan Province is located.
Moreover, according to the investigation of the Hunan Hydrology and Water Resources
Bureau, when the WRSI lies in (0.2, 0.4], social water consumption has an undeniable
impact on the natural hydrological cycle and aquatic ecosystems, and the study area has a
potential water scarcity. Therefore, this study continues to use this criterion to determine
that the water shortage grade is “medium”.

According to the research of Raskin et al. [20] and Pfister et al. [21], when WRSI is
less than 0.2, the impact of social water consumption on the natural hydrological process
is generally considered acceptable. And, this criterion is also adopted by the Hunan
Hydrology and Water Resources Bureau to assess the water shortage of the Hunan Province.
As aresult, this study uses this criterion to determine that the water shortage grade is “low”.

At present, the WRSI has been successfully applied in arid areas but is not suitable
enough in humid regions [22]. The reason is that the water shortage in humid areas is
caused by the uneven annual runoff distribution instead of the inadequate total water
resources. The conventional WRSI model cannot effectively reflect the annual runoff
distribution and, thus, results are often distorted in its evaluation of water shortage in
humid areas.

2.3. Improved WRSI

On the basis of the above discussion, we propose the following four steps for an
improved WRSI model. (i) According to the actual hydrological characteristics of the study
area, the evaluation year is divided into multiple time periods. (ii) The temporal WRSI
(T-WRSI) is designed to assess the water shortage in each period. (iii) EWM is utilized
to quantify the importance of each period. (iv) The comprehensive WRSI (C-WRSI) is
constructed to comprehensively assess water scarcity in the study area.

2.3.1. Period Division Method

According to the investigations of Ji et al. [23] and Jia et al. [24], the conventional WRSI
model evaluation does not include the division of time periods and is usually evaluated
directly on an annual basis. However, with the development of its research, combined with
the researches of Kong et al. [25] and Eldardiry et al. [7], the annual scale assessment in the
WRSI model is not suitable for reflecting more information about water scarcity and may
overlook the impact of seasonal changes in water intake and available water. As a result,
the period division method is needed.

At present, there are various methods for dividing time periods in water resource
assessment. For example, Xu et al. [26] analyzed the influence of landscape metrics on
river water quality from the perspective of the dry and wet seasons. Ma and Yan [27]
discussed the effects of water temperature and pH on the toxicity of ammonia nitrogen to
aquatic organisms on a seasonal basis. Zhang et al. [28] studied the occurrence of extreme
precipitation events on a weekly basis.
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Therefore, to reflect the variations in water shortage within the year, the evaluation
year needs to be further divided into several periods. The division principles are as follows:
(i) To avoid errors caused by large data variations, there are no significant changes in
social water consumption and natural runoff in a single period. (ii) The stronger the
regulation capacity of reservoirs, the more stable the water resources are. It is difficult to
reflect changes in the evaluation object during these periods, so the regulation capacities of
reservoirs do not significantly influence the hydrological processes of different periods. (iii)
In order for the evaluation to be feasible and truthful, the data on social water consumption
and natural water resources in each period need to be easily investigated.

Supposing that the evaluation year is divided into n periods, the social water con-
sumption and natural water resource of the ith region in the jth period are defined as x;;
and y;;, respectively. Clearly, Equation (2) is tenable as

n
X; = 'gl x,‘]'
" )
Yi= L Yi
j=1

Under the conditions mentioned above, we suggest that the evaluation periods should
be divided as finely as possible. In most cases, the water shortage does not last throughout
the whole dry season but only appears in specific time periods, such as a few irrigation
months or weeks. Obviously, a fine evaluation period division can help managers accurately
identify the most critical water shortage period, rather than just evaluate the general entire
water scarcity condition of the whole dry season. In some developing countries, due
to a shortage of funds and technicians, the personnel and equipment to cope with local
water shortage situations are often temporarily dispatched from the central provincial or
state government. Therefore, accurately identifying the water shortage period is helpful
to reduce the invalid time for personnel and equipment, which further reduces disaster
relief costs.

As introduced in Section 2.1, the reservoir in Yongzhou City has a small storage
capacity. Based on the survey of Zhou [16], these reservoirs can only achieve monthly
regulation. Furthermore, the data on the natural hydrological processes and social water
use processes can only be surveyed monthly. As a result, this study divides the evaluation
period by month.

2.3.2. Temporal WRSI (T-WRSI)

T-WRSI represents the water shortage condition in each period, denoted as z;; of the
ith region in the jth period. The calculation method is

zZjj = — 3)

Evidently, Equation (3) is similar to Equation (1). The difference between them is the
evaluation time. z;; reflects the water shortage condition in the ith region of the jth period,
which still follows the 3-grade classification method in Table 1: low [0.0, 0.2], medium
(0.2, 0.4], and high (0.4, +c0).

2.3.3. EWM

EWM is an objective weighing method that is widely used in water resource manage-
ment evaluation. It utilizes entropy to quantify the amount of information. The smaller the
evaluation object’s information entropy is, the higher its information content is, the larger
the weight is assigned, and vice versa.

Compared to other models, EWM only relies on data and can eliminate human factors,
which is an extremely objective and highly flexible weighting method. In addition, the
period division method is rarely applied in the WRSI model. The subjective weighting
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methods like the analytic hierarchy process (AHP) and fuzzy comprehensive evaluation
method always rely on subjective experience, which makes it difficult to determine the
importance and weight of each evaluation period directly. Therefore, EWM has better
capacities for reflecting the evaluation content objectively.
The first step of EWM is standardization. Combined with Section 2.2, WRSI belongs
to the smaller-the-better type, and its standardization method is
Zimax — Zij

Zij = 4)

Zi max — Zi,min
where Z;; is the standardized value of the ith regional sample in the jth period. z; ,,, and
Z; min are the maximum and minimum values of all regional calculated values in the jth
period, respectively.

In denoting the entropy of the jth period as H;, its calculation method is

b= ®)
Y. Z;
i=1
m
' 1(Pij X lnP,‘]')
H =-=
J Inm (6)
According to L Hopital’s rule, when P;; = 0, there is lim P;; X In P;; = 0. The domain

Pij_>°°

of H; is [0, 1]. And the weight of the jth period is

e 7)

Entropy is used to weigh and quantify the importance and reflect information content
so that the WRSI situation is more accurately evaluated in the entire region. Combined
with the situation of division periods, the higher its information contents are, the smaller
the entropy is, the larger the weight of this period is assigned, and vice versa. As a result,
entropy can be utilized to reflect the amount of information in the time period and, thus,
be empowered.

Furthermore, there are other objective weighing methods in addition to EWM that
can be employed. Interested readers can try applying other methods to process data.
For example, the dynamic weighting model [29], the technique for order preference by
similarity to the ideal solution [30], and the regression technique decomposition method of
Adomian [31] can be utilized.

2.3.4. Comprehensive WRSI (C-WRSI)

C-WRSI represents the comprehensive water shortage condition of the study area. The
C-WRSI of the ith area is denoted as Z;. Its calculation method is

n

Zi = Z(ZUJ 'Zij) (8)

j=1

Z; reflects the comprehensive water scarcity status of the ith study area in the evalua-
tion year. The value is divided into three grades following the classification method: low
[0.0, 0.2], medium (0.2, 0.4], and high (0.4, +o0).
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2.3.5. Key Water Shortage Period

Water scarcity affects the stability and balance of ecosystems, as well as water supply
issues. It is necessary to identify the key water shortage periods during the evaluation
year, which can help water managers take effective measures for prevention and response.
Based on the values of T-WRSI and C-WRS], this study proposes the following methods for
identifying critical water shortage periods:

T-WRSI > 0.4 9)

{ C-WRSI <04 (10)

0.2 < T-WRSI < 0.4

As introduced in Section 2.3.2, when the T-WRSI value of the evaluation period is
larger than 0.4, the social water consumption has a significant impact on the natural
hydrological cycle and aquatic ecosystem. Therefore, as shown in Equation (9), the period
when the T-WRSI value is larger than 0.4 is regarded as the key water shortage period and
special attention should be paid to the drought resistance preparation of the government.

In addition, when the C-WRSI is less than 0.4 but the T-WRSI values of a few months
lie in the (0.2, 0.4], this indicates that these months have potential water scarcity. According
to Table 1, the study area cannot be considered as having no water shortage throughout
the year but the C-WRSI values lie in the “low” grade. Therefore, the key water shortage
period can also be defined as the months that satisfy Equation (10) in this study.

2.4. Comparison of Evaluation between the Two WRSI Models

As discussed in Sections 2.2 and 2.3, the calculation process of the conventional WRSI
model and improved WRSI model is shown in Figure 2.

Figure 2 shows three important distinctions between the conventional WRSI and
improved WRSI.

(i) The difference in their basic hypotheses

The basic hypothesis of the conventional WRSI is that the water shortage can be
evaluated via the comparison of total annual water consumption and total annual water
resource volume. On the contrary, the basic hypothesis of the improved WRSI is that the
water shortage should be evaluated via the comparison of the water use process and the
hydrological process within the year.

(i) The difference in their mathematical methods

The conventional WRSI only uses the ratio of annual water consumption to water
resources. However, the improved WRSI first divides the evaluation year into multiple
periods based on the natural hydrological processes, social water consumption processes,
and reservoir regulation capacity. Then, T-WRSI is calculated to reflect the water scarcity
condition in each period. Lastly, C-WRSI is generated to evaluate the comprehensive water
shortage in the study area.

(iii) The difference in their expression forms of results

The expression form of the conventional WRSI result is an isolated index, which
broadly reflects the water scarcity situation. The expression form of the improved WRSI
result is a collection of T-WRSI, C-WRS], and the key water shortage period. T-WRSI reflects
the water scarcity variation process within the year. C-WRSI reflects the comprehensive
water shortage condition in the study area. And, the key water shortage period facilitates
the drought resistance preparation of the government.

The improved WRSI model does not negate the conventional WRSI model. If the
length of the period is set to the whole year, the evaluation results of the improved model
are consistent with the traditional WRSI. As a consequence, the conventional model is
essentially a special case of the improved model without considering the uneven runoff
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distribution within the year. Correspondingly, the improved model is an expansion of the
conventional model in temporal analysis.

Conventional water resource stress index(WRSI) model:

Improved water resource stress index(WRSI) model:

X;i: The social water consumption of ith region in the jth period
Yij: The natural water resources of ith region in the jth period

z;i: T-WRSI of ith region in the jth period Hj: The entropy of the jth preiod
X wj: The weight of the jth preiod
z. =2 1-H,
i w,=—
Vi n-y H,
T

Z;: The comprehensive WRSI (C-WRSI) of ith region

yA =i(wj-zi.)

i=l

7,204
02<2z,<04

The key period satisfies : z, > 0.4 or {

Figure 2. Calculation process of conventional WRSI and improved WRSIL
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3. Results
3.1. Natural Water Resources

The natural water resources of Yongzhou City in 2019 are shown in Figure 3.
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Figure 3. (a) Natural water resources of Lingling-Lengshuitan District, Qiyang County, Dong’an
County, Shuangpai County and Dao County. (b) Natural water resources of Jiangyong County,
Ningyuan County, Lanshan County, Xintian County, and Jianghua County.

As shown in Figure 3, Yongzhou City has, in total, natural water resources equal to
28.485 billion m>. Its average runoff depth is 1280.2 mm, which is approximately 4.51 times
greater than the average value in China. However, the temporal distribution of the water
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resources in Yongzhou City is uneven. As shown in Figure 3, the domain of the uniformity
coefficient (Cv) values of the 10 counties in Yongzhou City is [0.78, 0.89], and their average
value is 0.83, which is much larger than the Cv of the Yangtze River basin (0.45) [32]. The
natural water resource of Yongzhou City during the rainy season is 19.820 billion m?,
accounting for 69.6% of the total, but it is only 8.664 billion m® during the dry season,
accounting for 30.4% of the total.

From the county level, Jianghua County has the largest total natural water resources
of 4926 million m3, followed by Lingling-Lengshuitan District (3536 million m?), and
Qiyang County (3217 million m?), whereas Xintian County has the smallest total natural
water resources of only 995 million m3. However, the Cv values of Dong’an County,
Lingling-Lengshuitan District, and Qiyang County are 0.89, 0.86, and 0.84, respectively,
all of which are larger than the average value of Yongzhou City. These phenomena are
mainly characterized by the insufficient water resources from September to December in
these regions. Based on their geographical location in Figure 1, it can be seen that they are
located in the north of Yongzhou City. Overall, compared with the south part, the water
resource in the north part of Yongzhou City is more uneven in temporal distribution.

3.2. Social Water Consumption

Figure 4 shows the social water consumption of Yongzhou City in 2019 according to
the statistics of the Hunan Provincial Hydrology Bureau.

As shown in Figure 4, in Yongzhou City, the total social water consumption is
2515.83 million m? and the per capita water use is 463.07 m3. According to the survey by
the National Bureau of Statistics, the per capita water consumption in China is 427.7 m? [10].
Therefore, the water usage of Yongzhou City is basically consistent with that of China.

From the county level, Lingling-Lengshuitan District has the highest social water
consumption at 611.46 million m3. By contrast, Shuangpai County has the lowest so-
cial water consumption at 59.54 million m3. Meanwhile, the water consumption of
Qiyang, Dao, Ningyuan, and Dong’an Counties are 403.38 million m?, 289.80 million m?,
277.55 million m3, and 272.90 million m3, respectively, all of which are higher than the
average value of Yongzhou City. The phenomenon is caused by agricultural distribution.
Yongzhou City is a crucial grain-producing area of the Hunan Province, and its water is
mainly consumed for agriculture. Lingling-Lengshuitan District has the largest plain area,
which is suitable for agricultural cultivation. However, the terrain in Shuangpai County
is mainly mountainous, with small arable farmland and, therefore, has less agricultural
water consumption.

From the perspective of temporal distribution, the social water consumption from
April to October is 2237.84 million m3, accounting for approximately 88.95% of the total. On
the contrary, the water consumption from November to March is 278 million m?, accounting
for only 11.05% of the annual total. In particular, the water consumption totals from April
to October of Lingling-Lengshuitan District and Qiyang County are 535.49 million m® and
362.65 million m?, respectively, followed by Dao County (268.56 million m®) Ningyuan
County (254.56 million m?), and Dong’an County (240.17 million m?), all of which are
larger than the average value of Yongzhou City.
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Figure 4. (a) Social water consumption of Lingling-Lengshuitan District, Qiyang County, Dong’an
County, Shuangpai County and Dao County. (b) Social water consumption of Jiangyong County,
Ningyuan County, Lanshan County, Xintian County, and Jianghua County.
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3.3. T-WRSI Evaluation Result

Based on the period division discussed in Section 2.3.1 and Equation (3) generated in
Section 2.3.2, the T-WRSI of each region in Yongzhou City is shown in Figure 5.
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Figure 5. (a) T-WRSIs of Lingling-Lengshuitan District, Qiyang County, Dong’an County, Shuangpai
County and Dao County. (b) T-WRSIs of Jiangyong County, Ningyuan County, Lanshan County,
Xintian County, and Jianghua County. (The red line refers to the lower threshold of WRSI “high”
grade with 0.4. The green line refers to the upper threshold of WRSI “low” grade with 0.2).
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According to Figure 5, the T-WRSI is extremely uneven in terms of temporal distribu-
tion. In particular, the T-WRSI values from August to November of Lingling-Lengshuitan
District (0.873, 0.971, 0.982, and 0.779) and Dong’an County (0.963, 0.971, 0.979, and 0.961)
correspond to the “high” grade, which indicates that these areas suffer from severe water
shortage problems. In addition, Qiyang, Dao, Ningyuan, and Xintian County T-WRSI
values from August to October are (0.401, 0.678, and 0.409), (0.404, 0.727, and 0.509), (0.509,
0.537, and 0.504), and (0.955, 0.990, and 0.478), respectively. Meanwhile, the T-WRSI values
from August to October in Jiangyong (0.229, 0.360, and 0.221) and Lanshan County (0.204,
0.240, and 0.237) correspond to the “medium” grade, which indicates that these areas have
a potential water scarcity. In general, the values of T-WRSI are more than 0.4 from August
to October in most areas of Yongzhou City, while the values of T-WRSI in the other periods
are less than 0.2, indicating no water shortage.

Combining Figures 3 and 4, the variations are caused by the temporal distribution of
natural water resources and social water consumption.

(i) From January to March, the social water consumption is much less than the natural
water resources. From April to July, the precipitation in Yongzhou City increases
due to the beginning of the rainy season. Although the water consumption in the
irrigation season has increased, the water resources remain sufficient. Therefore, the
water shortage from January to July is not significant.

(i) From August to October, the rainfall decreases relatively as the rainy season ends.
However, at the same time, the water consumption of agricultural irrigation con-
tinuously increases, which leads to the increase in T-WRSI in various regions of
Yongzhou City.

(iii) After November, the agricultural water consumption decreases. The main water
consumption then comes from domestic and industrial use with relatively stable
demand. Thus, the T-WRSI decreases.

3.4. Weighting Result of EWM
According to EWM, the weights are generated and listed in Table 3.

Table 3. The weighting process based on EWM.

Period Entropy (H;) 1-H; Weigh (w;) Period Entropy (H;) 1-H; Weight (w;)
January 0.951 0.049 0.042 July 091 0.09 0.077
February 0.921 0.079 0.067 August 0.864 0.136 0.116
March 0.936 0.064 0.055 September 0.827 0.173 0.147
April 0.923 0.077 0.066 October 0.891 0.109 0.093
May 0.899 0.101 0.086 November 0.921 0.079 0.067
June 0.907 0.093 0.079 December 0.877 0.123 0.105

As shown in Table 3, according to EWM, the entropy of September is 0.827, which
is the smallest of all. Consequently, it has the most information content and the highest
weight with 0.147. The entropy of August is 0.864, which is the second smallest. Therefore,
its weight is 0.116, which is the second highest. However, the entropy of January is 0.951,
which is larger than that of other periods. Thus, it has the least information content and the
lowest weight with 0.042.

The reason for this result is that the distinction of T-WRSI values in each period
is different. For example, combined with Section 3.3, the calculated data of T-WRSI in
September are distributed into three grades: “high”, “medium”, and “low”, the dispersion
degree of which is the largest. Therefore, it has the highest weight, too.

Nevertheless, the values of T-WRSI in January are concentrated in the “low” level,
the dispersion degree of which is the smallest. Consequently, its weight is the lowest. In
general, the results of the weights calculated with EWM can correctly reflect the discrete
degree of the T-WRSI values in each period.
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3.5. C-WRSI Evaluation Result

Based on the C-WRSI model constructed in Section 2.3.4, the C-WRSI value of each
region of Yongzhou City is calculated as shown in Figure 6.

The C-WRSI of Yongzhou City

0.5 -
0.464 0.458
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_. 03
[a®
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B. .
“ 02- 0.2
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District

Figure 6. The C-WRSI of Yongzhou City. (The red line refers to the lower threshold of WRSI “high”
grade with 0.4. The green line refers to the upper threshold of WRSI “low” grade with 0.2).

Figure 6 shows that the C-WRSI values in Lingling-Lengshuitan District and Dong’an
County are 0.464 and 0.458, respectively, both of which correspond to the “high” grade.
The results indicate that these areas suffer from severe water shortages. The reasons are
as follows. The social water consumption of Lingling-Lengshuitan District is the highest,
accounting for approximately 24.30% of the total in Yongzhou City. Moreover, the runoff
depth of Dong’an County is 1038 mm, which is the third lowest in Yongzhou City.

The values of C-WRSI in Qiyang, Dao, Ningyuan, and Xintian Counties are 0.245,
0.246, 0.237, and 0.375, respectively. These grades are all “medium” grades, which indicates
a potential water scarcity in these areas. However, combined with Figure 5, it should be
pointed out that the grades of T-WRSI in these regions are “high” from August to October.
As such, this situation requires sufficient attention from water resource management.

The C-WRSI grades in Shuangpai, Jiangyong, Lanshan, and Jianghua Counties are
“low”, indicating no water shortages in these regions. Nevertheless, the values of T-WRSI
in Jiangyong County and Lanshan County are more than 0.2 from August to October, both
of which correspond to the “medium” grade, which indicates potential water scarcity in
these periods.

3.6. The Key Water Shortage Periods and Treatment Measures

According to the satisfaction by Equations (9) and (10) in Section 2.3.5, the key water
shortage periods in each region of Yongzhou City are shown in Table 4.
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Table 4. The key water shortage periods in each county of Yongzhou City.
. Key Water Shortage . Key Water Shortage
Region Period Region Period
Lingling- From August to . From August to
Lengshuitan District November Jiangyong County October
. From August to . From August to
Qiyang County October Ningyuan County October
, From August to From August to
Dong’an County November Lanshan County October
. - From August to
Shaungpai County None Xintian County October
Dao County From August to Jianghua County None

October

As shown in Table 4, all the T-WRSI values of Shuangpai County and Jianghua
County throughout the year correspond to the “low” grade, indicating there was no water
shortage in these regions in 2019. However, considering that 2019 was a normal flow year,
the creation of contingency plans is suggested for future dry years through long-term
meteorological and hydrological forecasting.

The C-WRSI values of Qiyang County, Dao County, Ningyuan County, and Xintian
County correspond to the “medium” grade, and all of their key water shortage periods are
from August to October. Furthermore, although the C-WRSI values of Jiangyong County
and Lanshan County correspond to the “low” grade, their T-WRSI values are larger than
0.2 from August to October, too.

The C-WRSI values of Lingling-Lengshuitan District and Dong’an County correspond
to the “high” grade. In addition, all of their key water shortage periods are from August
to November, which is a little longer than that in the southern part of Yongzhou City.
As introduced in Section 3.1, Lingling-Lengshuitan District and Dong’an County are the
areas with the most uneven water resources in Yongzhou City. Furthermore, due to the
lack of reservoirs, Lingling-Lengshuitan District and Dong’an County have the weakest
regulations and storage capacity in Yongzhou City, too.

4. Discussion
4.1. Discussion on the Yongzhou City Water Shortage

According to Sections 2.2 and 2.3, the evaluation results of two WRSI models are
evaluated and shown in Table 5.

Table 5. Evaluation results of the water shortage evaluation in Yongzhou City.

Regi Conventional Model Improved Model
eglon WRSI Grade C-WRSI Grade Key Water Shortage Period
Lingling-Lengshuitan District 0.173 Low 0.464 High From August to November
Qiyang County 0.125 Low 0.245 Medium From August to October
Dong’an County 0.119 Low 0.458 High From August to November
Shaungpai County 0.026 Low 0.067 Low None
Dao County 0.091 Low 0.246 Medium From August to October
Jiangyong County 0.053 Low 0.129 Low From August to October
Ningyuan County 0.098 Low 0.237 Medium From August to October
Lanshan County 0.059 Low 0.126 Low From August to October
Xintian County 0.146 Low 0.375 Medium From August to October
Jianghua County 0.033 Low 0.065 Low None

According to the C-WRSI values obtained using the improved model, Lingling-
Lengshuitan District and Dong’an County (C-WRSI > 0.4) suffer from severe water shortage,
and Qiyang, Dao, Ningyuan, and Xintian Counties (0.2 < C-WRSI < 0.4) have a certain
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water shortage. In addition, August to October is a major key water shortage period in
Yongzhou City. And in Lingling-Lengshuitan District and Dong’an County, this water
shortage period has even been extended to November.

The reasons for the above phenomenon are as follows. The temporal distribution
of the water resources in Yongzhou City is uneven. The northern part of Yongzhou City
lies on the leeward slope of Nanling Mountain. Compared to the windward slope, the
leeward slope is more difficult to form precipitation [33]. Especially in the dry season,
the monsoon is relatively weak and the rainfall on the leeward slope is much less, which
exacerbates the uneven distribution of the runoff in the northern part of Yongzhou City.
Meanwhile, the agricultural water demand from August and October increased because
this period is the main irrigation season for late rice. The traditional planting mode in
most areas of the Yangtze River Basin in China is double-cropping rice [34]. The early rice
is sown at the end of March and harvested in mid-July. The late rice is sown at the end
of July and harvested in early November. Evidently, the main irrigation season for late
rice coincidentally accompanied the retreat of rainfall and the beginning of the dry season,
which induced a shortage of water resources from August to October.

To solve the water scarcity in Yongzhou City, a series of targeted measures must be
taken. According to the research of Hu [35], optimizing plant structures is an available way
to solve this problem, for example, by changing double-cropping rice to single-cropping
rice, which is sown in April, and harvested in early September. The main irrigation season
for single-cropping rice is from May to August, which roughly coincides with the flood
season [36]. In addition, single-cropping rice has demonstrated effectiveness in dealing
with water scarcity during the dry season in the adjacent Jiangxi Province, the climate and
hydrological conditions of which are similar to Yongzhou City. As a result, it is suggested
to adjust the crop structure to be more suitable for hydrological rhythms in these counties.

Furthermore, the relevant departments should strengthen water resource management,
ensure the rational utilization and allocation of water resources, and reduce waste and
abuse [37]. In addition, it is necessary to optimize the plant structure to reduce water
consumption during the production process [38]. Furthermore, consideration should be
given to building additional reservoirs to store water, in order to meet the water demand
during the dry season. The effective implementation of these measures requires the joint
efforts and cooperation of the government, enterprises, and society.

4.2. Discussion on the Effectiveness of Improved WRSI Model

Table 5 and Figure 7 show differences in the evaluation results of the conventional and
improved WRSI models.

Compared with conventional methods, the improved WRSI model has more rigorous
evaluation results. As discussed in Section 2.2, the conventional WRSI model evaluates
water shortage using the year as the unit. Based on the WRSI values obtained using the
conventional model, there was no water shortage (WRSI < 0.2) in Yongzhou City during
the study period. In contrast, the improved WRSI model introduces the annual variations
of social water consumption and natural water resources in the assessment. Its evaluation
results express that there are varying degrees of water resource shortage in different regions.
In addition, the C-WRSI values calculated using the improved model in other regions are
95-168% larger than those of conventional WRSI.

Meanwhile, in accordance with the discussion in Section 2.3 and Table 5, the improved
method further utilizes the T-WRSI model for assessment, which more accurately identifies
the key water shortage period caused by the unbalanced distribution of water resources
in humid areas from August to October. The evaluation result is more consistent with the
actual situation. However, the conventional method indicates that Yongzhou City basically
had no water scarcity during the evaluation year. As such, the traditional model cannot
effectively identify the critical period of water shortage, and the improved WRSI model is
more suitable for application in water resource management and policy decisions made by
government sectors.
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Figure 7. Spatial distribution of WRSI and C-WRSI in Yongzhou City.

Currently, there is no research evaluating the water shortage of Yongzhou City using
the WRSI. However, some researchers have evaluated water scarcity using other evaluation
methods. As illustrated in Table 6, according to the research of Yang et al. [39], Zhang
et al. [40], Yang et al. [41], Wu et al. [42], and Liu et al. [43], Yongzhou City experiences a
water shortage and drought. The results presented in this paper align with those presented
in the research carried out. Clearly, the improved model is more consistent with the
actual situation of the study area, whereas those of the conventional WRSI model are
overoptimistic.

Table 6. Environment investigation references of Yongzhou City.
Sources Evaluation Methods Evaluation Results
The evaluation results from Yongzhou City show that
there are water resource shortages in different regions,
This study Improved WRSI especially Lingling-Lengshuitan District and Dong’an
County. The key water shortage period is from August
to October.
S The risk of agricultural drought water resources in
Yang et al. [39] Drought risk index & R g p
Yongzhou City is “medium” grade.
Most parts of southern Hunan Province have severe
Zhang et al. [40] Daily MCI drought, especially in the middle and northern areas of

Yang et al. [41]

Wu et al. [42]

Liu et al., [43]

Yongzhou City.

The water resource carrying capacity in southern Hunan
Province (Hengyang City, Yongzhou City, and
Chenzhou City) corresponds to “medium” level
The results show that Yongzhou City, Chenzhou City,
and other regions are high-risk areas for agricultural
drought disasters
August to October is the most severe drought period in
Yongzhou City.

Water Resources Carrying Capacity

Agricultural drought disaster risk index

Soil moisture of monitor drought
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This study’s applied methodology may be relevant to areas with similar characteristics
in Yongzhou City and elsewhere. Prospectively, other numerous case studies in various
humid regions of the world are necessary to enhance the model’s credibility. For example,
the improved WRSI model can be extended for water shortage assessment in regions with
tropical monsoon climates, tropical savanna climates, and Mediterranean climate zones,
with abundant water resources and uneven distribution within the year. In addition, the
improved WRSI model considers the annual variations in water resources and consumption.
It is advisable to construct a model for considering the water shortage caused by other
influencing factors like human activities.

5. Conclusions

Considering the heterogeneous distribution of annual runoff in humid areas, the im-
proved WRSI further introduces the annual variations in water resources and consumption
into the evaluation. The assessment year is divided into multiple periods, and the T-WRSI is
built for the analysis of the water shortage process within the year. Subsequently, combined
with EWM, the C-WRSI is established to evaluate the comprehensive water shortage in the
study area. Lastly, the key water scarcity period is identified by combining the results of
T-WRSI and C-WRSL

Compared to the conventional WRSI, the improved method has a more rigorous
evaluation result, and more accurately identifies the critical water scarcity period. The
results revealed that the evaluation results via the conventional model indicate that the
WRSI values in Yongzhou City are less than 0.2. However, in the improved WRSI model,
Lingling-Lengshuitan District and Dong’an County have the most serious water shortage
in Yongzhou City. Their C-WRSI values are 0.464 and 0.458, respectively, both of which
belong to the “high” grade. The C-WRSIs of Xintian, Dao, Qiyang, and Ningyuan Counties
are 0.375, 0.246, 0.245, and 0.237, respectively, all of which are in the “medium” grade. In
addition, the major key water shortage period is from August to October in Yongzhou
City. These results indicated that relevant departments need to pay attention to the water
shortage situation in Yongzhou City. Thus, the improved WRSI method obtains a more
accurate and reasonable water shortage evaluation in humid areas.
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