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Abstract
With a service for the most developed economy and dense population in China, the water use of Guangdong
province shows distinct regional difference and is subject to multiple driving forces. The regional differences
of total water use (TWU) and water use efficiency (WUE) for Guangdong province and its four sub-regions
(i.e. Pearl River Dealt region (PRD), Eastern Wing (YD), Western Wing (YX), and Northern Mountain Region
(YB)) were quantified by Theil index, and the influence of various variables on WUE was evaluated through
multiple linear regression (MLR) models. Overall, Theil index of TWU showed a decreasing trend whereas
Theil index of WUE increased in recent decades, suggesting that Guangdong province has experienced an enlarging regional difference of WUE along with a gradually weakened regional difference of TWU. The PRD has the
most significant regional differences of WUE and TWU and accounts for a predominated proportion in the total
regional difference. Theil indexes of GDP of industry, per capita GDP and per capita value-added by agriculture
had positive regression coefficients and were found to have the most significant impact on the regional difference
of WUE. This study has the potential to promote a balanced and coordinated regional development in terms of
even regional WUE and TWU.
Keywords: Guangdong province; Multiple linear regression model; Regional difference; Theil index;
Water use
Highlights

• The detection of the regional water use difference is essential to remove the barriers to regional socioeconomic
development and to achieve a balanced and uniform development of an unbalanced developing country like
China by implementing a water resources management policy of balanced regional development in terms of
WUE and TWU.
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Introduction
Water provides the foundation for regional development, since water resources are crucial for
socioeconomic growth, food production and energy generation (Duncan et al., 2019; Wang, 2019).
In fact, regional water use is more complex and dynamic under climate change and rapid socioeconomic
development, and the complexity is even exacerbated by uncertainty in hydrological systems (Xu &
Singh, 2004; He et al., 2015; Her et al., 2019), population and economic growths, industrial structure,
policy change and unknown interaction effects (Khatri et al., 2018; Wang & Davies, 2018; Sun et al.,
2019). The different levels of regional socioeconomic development as well as the uneven distribution
of water resources has resulted in the inequality of water use that can reflect the degree of regional sustainable development some way (Tan & Liu, 2017; Cole et al., 2018; Guo et al., 2019). In the face of
increasing regional differentiation, a relatively coordinated development, including even regional water
resources exploitation in terms of spatial and temporal patterns, is an inevitable requirement for sustainability (He et al., 2019). For example, the 19th CPC (Communist Party of China) National Congress
(held in 2017) announced that the principal contradiction facing Chinese society has been transformed
into one between unbalanced development and the people’s ever-growing needs for a better life. Water
resources are the basis of Chinese territorial space planning and have a strategic position in the national
development. An even water resources exploitation is carried out according to the spatiotemporal evaluations of future water resources and water demands of the country, and determines regional water
resources carrying capacity (WRCC). WRCC is the rigid constraint to formulate the balanced development
strategy of China and the infrastructure allocation of the nation is improved on the premise of even water
resources exploitation. All these contribute to balanced population distribution and regional economy layout
over the country. With regard to more balanced water resources exploitation in China at the macro levels,
many literature studies have explored the distribution of water use and assessed the spatial inequalities and
spillover effects of real water use, virtual water and water footprint on multiple levels (Feng et al., 2014;
Zhao et al., 2014; Sun et al., 2017). The spatial patterns and regional differences of inequality in water
resources exploitation was also investigated on a national scale (He et al., 2019). Many of the above studies
have concluded that water use efficiency (WUE) is one of the main drivers of inequality in the agricultural
water footprint, which is the largest contributor of the equality of the total water footprint in China, and
water shortage or the inequality of water use in China will be alleviated by the transfer of virtual water
and the enhancement of WUE. However, the regional difference of water use, being the foundation of virtual water transfer among regions, is still unclear, particularly in a significantly unbalanced developing
region. So far, the key factors that drive regional difference of water use are unknown.
Regional water use could show different characteristics in certain developing phases, along with
regional population growth and economic development. This is more apparent in an unbalanced developing region. Water use difference between developed and less developed regions could be quantified in
terms of WUE and total water use (TWU). WUE and TWU are also the two important indicators of
regional water resources exploitation (He et al., 2019). Given that the even water resources exploitation
is the foundation of the balanced regional development, the even WUE and TWU are essential to promote balanced and coordinated development across the country. WUE could directly show the level of
regional water use. Improving WUE has been recognized as one of the two better ways to support sustainable development (Song et al., 2018). TWU is also influenced by WUE (Zhao et al., 2017). The
Chinese Central Government issued ‘The Most Stringent Water Management System’ (so-called
‘Three Red Line Policy’) as the annual ‘No. 1 Document’ in January 2011, to effectively solve the
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problems of low WUE and water waste (Deng et al., 2016; Hong et al., 2017; He et al., 2019). ‘Red line
of water use efficiency’ and ‘Red line of total water use’ are the two lines of ‘Three Red Line’ (the third
line is ‘Red line of the pollutants releasing into water functional areas’). For example, ‘Red line of total
water use’ has set the maximum amount of TWU for each province of the country in 2020 and 2030.
Given the unbalanced development of economy and society in a region, WUE and TWU within a
region may show spatiotemporal variation. Such a variation could be intensified by climate change,
regional development policy, land use change, etc. Regional difference of water use, on one hand, indicates regional socioeconomic development level, on the other hand, it has compound impacts on regional
water security. For example, the sub-region with high TWU and low WUE will consume larger amounts
of water resources and produce a great deal of waste water and domestic sewage, face water ecological
degradation, water pollution and water shortage exacerbated by fast economy growth and dense population, and therefore exert pressure on water security of the whole region.
Guangdong province is a coastal province with a localized high level of socioeconomic development in
China. The development of Guangdong province could be considered as a typical example of China. The
province has experienced rapid economic growth and GDP of the province has been ranked at first in
many provinces of China since 1988. However, distinct regional disparity and polarization exist in Guangdong province, largely due to the geographic location and regional development policy (Yuan & Wu,
2013). Guangdong remains one of the most economically uneven provinces in China in recent years
(Liao & Wei, 2015; Zhang et al., 2018). According to the socioeconomic development level and geographic location, Guangdong province was divided into four regions (Figure 1): the Pearl River Delta

Fig. 1. Location of Guangdong province and the four sub-regions.
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region (PRD), the Eastern Wing (YD), the Western Wing (YX), and the Northern Mountain Region (YB),
and there is a decreasing pattern of economic development from the PRD to the outer area of YD, YX and
YB (Qian & Chen, 2012). Per capita GDP, urbanization rate, and population density of the PRD is
remarkably higher than the other three regions. Such an unbalanced development within Guangdong province results in the differences of WUE and TWU among the four regions. Water use difference, in turn,
has great impacts on the regional water security of the whole province.
Given this, in the current study, understanding the WUE and TWU of the above four regions in
Guangdong province were taken as the research objectives, and the Theil index was used to analyze
the change of the differences of WUE and TWU among the whole province and its four regions
during 2000–2016. The four regions correspond to the four groups. The regional differences of
WUE and TWU of Guangdong province were decomposed into intra-group and inter-group gaps.
The purpose of this study is to quantify the regional difference of water use and develop the multiple
linear regression model with an application to water use data for Guangdong province, in order to identify important factors influencing such a regional difference of water use. Through identifying the
regional difference of water use and the possible drivers behind such difference, the current study contributes to an evaluation of the regional water use level and allocations of the regional water resources
and the policy decisions for sustainable water resources exploitation in China. Furthermore, the detection of the regional water use difference is essential to remove the barriers to regional socioeconomic
development and to achieve a balanced and uniform development of an unbalanced developing country
like China by implementing a water resources management policy of balanced regional development in
terms of WUE and TWU.
The paper is organized as follows. A data collection as well as detailed method is explained in the
following section. In the Results and discussion section, we mainly compare and discuss the results
of regional differences of TWU and WUE indicated by the Theil index and possible driving forces
behind such regional differences of water use. Finally, the conclusions are summarized.

Methodology
To reflect the regional differences of TWU and WUE, the Theil index was applied to measure such
differences in Guangdong province from 2000 to 2016 at the prefecture level, decomposing the intraregional and inter-regional differences, and the multiple regression model was used to explore the possible causes of the regional differences of TWU and WUE in Guangdong province.
Data collection
In the current study, a balanced socioeconomic development data and water use data were collected
for 21 prefecture levels in Guangdong province from 2000 to 2016. The socioeconomic development
data (e.g. gross domestic product (GDP), population, urbanization rate, and effective irrigation area)
for the individual prefecture level are available from the Guangdong statistical yearbook. The total
water resources (surface and groundwater counted separately), the gross water use data of each sector
(i.e. residential, agricultural, industrial and tertiary water use) at prefecture level were obtained from
the Guangdong Water Resources Bulletin. The above socioeconomic development data and gross
water use data were compiled annually at the prefecture level and issued by the Guangdong Bureau
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of Statistics (GBS) and the Guangdong Hydrology Bureau, respectively. All the data are publicly available online. For this study, WUE is defined as GDP divided by the total gross water use, according to
previous research on water use (Papadopoulou et al., 2016; Hsieh et al., 2019). In this study, WUE was
used as a dependent variable to understand the various influencing factors that have impacts on the
WUE of each sub-region (Table 1). As shown in Figure 2, the TWU (109 m3) of Guangdong province
and the four sub-basins had slight fluctuations before 2012 and decreased after then, while WUE ($/m3)
increased steadily throughout the study period from 2000 to 2016. This can be further demonstrated by
the standard deviations and variation coefficients of TWU and WUE (Figure 3). Of the ten influencing
factors (Table 1 and Figure 4), GDPI, PCVAA and PCGDP have a continuous increasing trend, whereas
WCIAV has a persistent decrease, and others exhibited yearly variations which differed from the strictly
upward or downward temporal trend of GDPI, PCVAA, PCGDP and WCIAV. Two key questions are: (i)
What are the differences of the four sub-regions in terms of TWU and WUE? and (ii) To what extent can
the differences of TWU and WUE be explained by the influencing factors? However, visual inspection

Table 1. Possible inﬂuencing factors of WUE.
Dependent variables in the models

Abbreviation

Per capita water resources

PWR

Precipitation
Runoff coefﬁcient

P
RC

Total population
Per capita GDP

TP
PCGDP

GDP of industry
Water consumption per 10,000 yuan of value-added
by industry
Per capita value-added by agriculture
Water consumption of real irrigation per mua

GDPI
WCIAV

Per capita domestic water consumption

PDC

Invest in education

IIE

PCVAA
WCRIM

Deﬁnitions
TWRb
TPc
–
TWRb
P
–
TGDPd
TPc
–
10000TWC e
IAV f
–
TWCRI g
IAh
DWU i
TPc
–

Units
3

Source

m

a: CWRB,CSY; b: CSY

1
1

CSY, CWRB
b: CWRB

1
$

CSY
d: CSY; c: CSY

$
m3

CSY
e: CWRB; f: CSY

$
m3
L/d

CSY
g: CWRB, CREDY; h: CSY,
CREDY
i: CWRB; c: CSY

$

CSY

Note: CWRB: the China Water Resources Bulletin; CSY: the China Statistical Yearbook; CESY: the China Environmental
Statistical Yearbook; CREDY: the China Regional Economic Development Yearbook.
The letter in the upper right of abbreviation represents the data source.
Each variable in the equation above is directly extracted from CWRB, CSY, CESY or CREDY at the provincial level.
a
mu is a unit of area (¼ 0.0667 hectares).
b
TWRWR is Total Water Resources, including annual surface and ground water.
c
TPP is Total Population.
d
TGDPGDP is Total Gross Domestic Product.
e
TWCWC is Total Water Consumption, including annual domestic, industrial, agricultural and off-stream water consumption.
f
IAVAV is Industrial Added Value.
g
TWCRIWCRI is Total Water Consumption of Real Irrigation.
h
IAA is Irrigation Areas.
i
DWUTEIA is Domestic Water Use.

Downloaded from http://iwaponline.com/wp/article-pdf/22/6/1182/799922/022061182.pdf
by guest

Y. He et al. / Water Policy 22 (2020) 1182–1199

Fig. 2. TWU and WUE for the four sub-regions in Guangdong province from 2000 to 2016. (a) TWU, (b)WUE.

Fig. 3. Variations of TWU and WUE for Guangdong province.
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Fig. 4. Values of explanatory variables in the MLR models.
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of the data set cannot provide a clear answer to these questions. Instead formal methods are needed to
identify and isolate the contributions of each influencing factor. The multiple linear regression (MLR)
models described in the following sections were designed to accomplish this objective.
The MLR models were fitted to historical WUE for Guangdong province and the four sub-regions.
The Theil indexes of several possible influencing factors (Table 1), including precipitation, per capital
water resources, per capital GDP, industrial value, industrial added value, population, per capital residential water consumption, and invest in education, are considered as independent variables, whereas
the Theil index of WUE is considered as a dependent variable in the analysis, covering natural and
socioeconomic aspects of influencing factors. The possible influencing factors in Table 1 were
chosen as candidates for inclusion in the various models based on previous studies on water use.
Theil index
The Theil index measures the inequality and difference according to the concepts of information quantity and entropy (Ausloos et al., 2019). It decomposes the overall difference into within sub-region
difference and between sub-region difference, and has wide applications in the decomposition and analysis
of difference and inequality. The Theil index has been applied to assess the inequality in water supply
(Malakar et al., 2018), the cross-scale water resource vulnerability (Chen et al., 2016) and so on, and
it is demonstrated as a useful quantitative evaluation method of water resources management.
Taking the regional difference of WUE for instance, the Theil index is calculated as follows (Malakar
et al., 2018):
 . 
Tb ¼
yk  ln yk nk
n
k¼1
0 1
yi
nk
K
X
X
B
yi B yk C
yk
ln@ C
Tw ¼
1A
y
k
i¼1
k¼1
nk
K
X

T ¼ Tb þ Tw

(1)

(2)

(3)

where K is the number of sub-regions, nk is the number of cities in a sub-region k, n is the total number
of cities, yi and yk are the WUE of city i and sub-region k, respectively, Tb is the within sub-region of
Theil index and Tw is the between sub-region of Theil index.
In the current study, Guangdong province is divided into four sub-regions, and Theil indexes of WUE
and TWU from 2000 to 2016 were calculated according to Equations (1)–(3).
Multiple linear regression
The multiple linear regression analysis, as a way of dealing with the statistical correlation relationships among various variables, is usually used to detect the correlation relationship between a
dependent variable and some independent variables (Adamowski et al., 2012). It has been widely
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used in water demand forecasting and water supply system planning (Haque et al., 2017; Cabral et al.,
2019). In the current study, the MLR models are used to quantify the impacts of the independent variables on WUE of Guangdong province and the four sub-regions. A linear equation involving
explanatory variables is fitted to the observed data presented in the MLR model. Multiple linear
regression coefficients are chosen for the independent variables to estimate the corresponding dependent
variable, according to the least square errors. In this study, five MLR models were developed to detect
the possible driving forces behind the WUE at sub-region and provincial levels.
The MLR equation is shown as (Marchionni et al., 2016):
Y ¼ b0 þ

n
X

bi Xi i ¼ 1, 2, . . . , n

(4)

i¼1

where Y is dependent variable, Xi is independent variable, bi is linear regression coefficient, and n is the
total number of independent variables.
In the current study, Y represents the Theil index (T) of WUE for the whole province and the four subregions, Xi (i ¼ 1, 2, . . . , 11), representing the T of each possible influencing factor shown in Table 1, is
the explanatory variable. The MLR models were fitted using all yearly data from 2000 to 2016 for WUE
and the possible influencing factors.
Results and discussion
Regional differences of TWU and WUE indicated by the Theil index
Theil indexes of TWU and WUE for Guangdong province and the four sub-regions were calculated
according to Equations (1)–(3). As shown in Figure 5(a), the Theil index of TWU for the whole province had a slight increase during 2000–2004 and decreased steadily after then, indicating that the
regional difference of TWU has had a predominantly decreasing trend over recent decades. The
WUE of the whole province exhibited both periods of increase and decrease, and followed a predominantly increasing trend over the period 2000–2016, suggesting that the regional difference of WUE has
been enlarged in Guangdong province in recent years, which is the opposite to that of TWU. Additionally, WUE has a higher value of Theil index than that of TWU for each year, indicating that more
regional difference occurs for WUE when compared to TWU in Guangdong province during this period.
Theil indexes of TWU and WUE for the whole province (Figure 5(a)) consist of two parts: Theil
index within sub-regions and Theil index between sub-regions. The two parts of Theil indexes are
shown in Figure 5(b)–5(f), respectively. Similar to the whole province, the Theil index value of
WUE was higher than that of TWU in all sub-regions except YB, in which the Theil index value of
WUE has almost the same curve as TWU (Figure 5(d)), and they both remain at the lowest level
with very little net change over the study period when compared to other sub-regions. It can be inferred
that both regional difference of TWU and WUE in YB are insignificant and they contributed little to the
regional difference of TWU and WUE for the whole province. Out of all the four sub-regions, the PRD
had the highest Theil index value of both WUE and TWU over the study period (Figure 5(e)), indicating
that the regional difference of WUE and TWU in the PRD was more significant than other sub-regions
in Guangdong province. The Theil index values of both WUE and TWU in YD (Figure 5(b)) and YX
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Fig. 5. Theil indexes of TWU and WUE for Guangdong province and the four sub-regions. (a) Whole province, (b) YD,
(c) YX, (d) YB, (e) PRD, (f) Between.
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(Figure 5(c)) are all below 0.2, while in the PRD, most of the Theil index values are above 0.2, particularly for WUE. In addition, the curves of WUE and TWU in the PRD are very similar to that of the
whole province, suggesting that regional differences of WUE and TWU in the PRD played a dominant
role in the whole province.
With regard to the Theil index between sub-regions (Figure 5(f)), it has a similar changing trend with
the Theil index of the whole province. TWU had little change while WUE had a slight increase over
recent years. Compared to the Theil index of TWU within the whole province, the Theil index of
TWU between sub-regions of the whole province only accounted for a small proportion (Figure 6(a))
and therefore played a weak role in the regional difference of TWU in Guangdong province. This is
different from the Theil index of WUE, in which the contribution rates of the Theil index within the
whole province are larger than those of the Theil index between sub-regions before 2004 and after
2012 (Figure 6(b)), indicating that both the differences within the whole province and between subregions contributed greatly to the difference of WUE in the whole province.
Possible driving forces behind such regional differences of water use
Given that total water use and water use structure (i.e. the proportion of domestic, productive and ecological water use) were stable during 2000–2016 (Figure 2(a)) and the influencing factor is simple, while
the change of WUE and its influencing factors are complex, a concise and qualitative analysis of possible
driving forces is given for TWU, and the MLR analysis of driving forces is given for WUE.
TWU in Guangdong province was initially driven by the socioeconomic development and was
strictly limited by the ‘Three Red Lines’ implemented by the Chinese central government since
2012. A total amount of water resources is given for the whole province and TWU should not
exceed such a given amount. Therefore, although the whole province has experienced a growing
population and rapidly developing economy in recent decades, the TWU of each year was stable
and has even decreased since 2012. The performances of the MLR models for WUE were evaluated
using Matlab 2012a. Five separate models corresponding to the whole province and the four subregions were developed considering the same time step and explanatory variables associated with

Fig. 6. Contributions of the within- and between-group differences to the total difference of TWU and WUE. (a) TWU, (b)
WUE.
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WUE. Analysis of the results demonstrate the variation of factors that influence WUE in the whole
province and its four sub-regions.
Performance evaluations of the five MLR models
The performances of the five MLR models were evaluated using the coefficient of determination (R2),
standard deviation (SD), and F value, since the three parameters are dimensionless and usually not
affected by scale of unit differences between the dependent variables. They could provide general indications of model performance. Figure 7 shows the SD, R2 and F value for the five models. Out of all the
five models, the MLR model for the YD had the highest R2 of 0.99 indicating that 99% of the variability
of the difference of WUE was explained by the linear relationship with the explanatory variables. The
MLR model for the YB, on the other hand, had the lowest R2 of 0.75 because only two explanatory
variables were significant in the model. For SD and F values, the MLR model for the YD has the highest
F value whereas the lowest SD compared to the other four models. All the models are significant in
terms of F value at 0.01 significance level. The SD of four models is less than 1, although the MLR
model for the whole province has a larger SD greater than 1. Overall, the three parameters demonstrate
that the five MLR models had good performance and could be used to reveal the relationship between
the differences of WUE and the possible influencing factors.
Significant variables identified in the model
Significant variables with p-values below 0.05 were kept in the MLR models. Equations (5)–(9) show
the MLR models with only significant variables ranked. The results of the MLR models show the

Fig. 7. Performance of the five MLR models.
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differences of main factors influencing WUE for the whole province and the four sub-regions (Figure 8).
TWUE ¼ 0:55 þ 0:85TPCGDP  0:09TIIE  0:73TP þ 0:59TWCRIM

(5)

As shown in Equation (5) and Figure 8(a), the difference of WUE for the whole province was highly
influenced by T of per capita GDP (aPCGDP), invest in education (IIE), precipitation (P) and water
consumption of real irrigation per mu (WCRIM). An increase of one unit of T of PCGDP in the

Fig. 8. Significant variables and their regression coefficients for each MLR model.
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model yields 0.85 units of T of WUE per year. An increase of one unit of T of IIE, however, leads to a
decrease of 0.09 units of T of WUE. An increase of one unit of T of P decreases 0.73 units of T of WUE
per year, and finally, an increase of one unit of T of WCRIM increases 0.59 units of T of WUE per year.
It is clear that PCGDP and WCRIM have positive correlations with WUE whereas IIE and P do not.
This is reasonable, as both PCGDP and WCRIM are the two important indicators of WUE, and the
higher differences of the two indicators, the more difference of WUE would be. However, IIE and P
are associated with comprehensive quality of human resources and water resources, respectively, and
the increases of T of IIE and P within the whole province contribute to the even distribution of economy
development and utilization of water resources and therefore decrease T of PCGDP. As for the whole
province, it suggests that emphasis should be placed on improving the economy level in less developed
areas and enhancing the balanced development of agriculture, including the adjustment of planting
structure and introduction of advanced irrigation technology.
TWUE ¼ 0:06 þ 0:16TPWR  0:50TRC þ 0:70TP þ 1:93TPCGDP þ 0:09TGDPI þ 0:04TPCVAA þ 2:1TTP
(6)
The MLR model for the PRD, Equation (6) as well as Figure 8(b), indicated that T of per capita water
resources (PWR), runoff coefficient (RC), P, PCGDP, GDP of industry (GDPI), per capita value-added
by agricultural (PCVAA) and total population (TP) were statistically significant. However, T of WCRIM
and IIE were not significant. The MLR model shows that an increase of one unit of T of RC yields a
decrease of 0.5 units of T of WUE per year. An increase of one unit of T of PWR leads to an increase of
0.16 units of T of WUE per year while an increase of one unit of T of P leads to an increase of 0.7 units
of T of WUE per year. Moreover, an increase of one unit of T of PCGDP, GDPI, PCVAA and TP leads
to an increase of 1.93, 0.09, 0.04 and 2.1 units of T of WUE per year, respectively. Among the seven
significant variables, besides some indicators of WUE (T of PCGDP, GDPI, PCVAA), T of PWR and T
of P, indicators of amount of water resources as well as T of TP, also have positive correlation with T of
WUE. This is different from that of the whole province. Because the PRD is economically developed
with a dense population, total water use is mainly made up of industrial, tertiary and domestic water
consumption. The higher variability of water resources could impact the water use of some industries
and the increases in T of PWR and T of P, then increase T of WUE to some extent. Additionally, T
of TP has a positive correlation coefficient whereas T of RC has a negative coefficient. Because TP
determines the domestic water consumption, and increase of T of TP, therefore the variability of domestic water consumption increases and finally increases T of WUE. As for RC, the increase of T of RC
represents the increase in the uneven distribution of water resources, contributes to the even utilization
of water resources and therefore decreases T of WUE. This indicates that it is necessary for the PRD to
adopt a spatial equilibrium layout of industry and population in urban planning and achieve a more
balanced socioeconomic development:
TWUE ¼ 0:07 þ 1:24TPCGDP þ 0:15TGDPI þ 0:41TPCVAA þ 1:74TTP

(7)

As shown in Equation (7) and Figure 8(c), the difference of WUE for the YD was more sensitive to T
of PCGDP, GDPI, PCVAA and TP. The explanatory variable T of PCGDP indicated that an increase of
one unit of T of PCGDP yields an increase of 1.24 units of T of WUE per year. As for GDPI, an
increase of one unit of T of GDPI contributes to an increase of 0.15 units of T of WUE per year.
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An increase of one unit of T of PCVAA leads to an increase of 0.41 units of T of GDPI per year, whereas
an increase of one unit of T of TP leads to an increase of 1.74 units of T of WUE per year. It is demonstrated that the indicators of WUE as well as TP have significant impacts on the WUE for the YD. This
is similar to that of the PRD, in which the increases in the regional differences of indicators of WUE and
TP increase the regional differences of GDP as well as industrial and domestic water consumptions and
consequently enlarge the regional difference of WUE. As for the YD, it has a dense population but a less
developed economy. Given this, improving the comprehensive quality of human resources, spatial equilibrium layout of population and balancing regional economy development would contribute to
weakening the regional WUE of the YD:
TWUE ¼ 0:11  0:22TPWR þ 0:12TGDPI þ 0:45TPCVAA

(8)

For the MLR model of the YX (Equation (8)), the significant explanatory variables were T of PWR,
GDPI and PCVAA. As shown in Equation (8) and Figure 8(d), an increase of one unit of T of PWR
yields a decrease of 0.22 units of T of WUE per year whereas an increase of one unit of T of GDPI
leads to an increase of 0.12 of T of WUE per year. As for PCVAA, an increase of one unit of T of
PCVAA leads to an increase of 0.45 of T of WUE per year. Different from the PRD, T of PWR has
a negative coefficient with T of WUE. Similarly, increase in the regional differences of GDPI and
PCVAA, the two indicators of WUE, enhances the regional difference of WUE. This indicates that,
as for the YX, more attention should be placed on balancing the regional economy development, particularly for the benefits of agricultural production:
TWUE ¼ 0:07TGDPI þ 0:03TWCIAV

(9)

T of GDPI and water consumption per 10,000 yuan of value-added by industry (WCIAV ) were the
significant explanatory variables of the MLR model for the YB, whereas the other explanatory variables
were not. As shown in Equation (9) and Figure 8(e), as the T of GDPI in the YB increases by an increment of one, T of WUE increases by 0.07 per year. For WCIAV, an increase of one unit of T of WCIAV
contributes to an increase of 0.03 units of T of WUE per year. It can be seen that, compared to the other
three sub-regions and the whole province, the significant explanatory variables are fewer and only represent the indicators of WUE. As for the YB, it suggests that balancing agriculture water use efficiency
is vital and should be improved.
Overall, the results of the MLR models indicate that the significant explanatory variables vary for
different sub-regions and the whole province, and have different impacts on the regional differences
of WUE. The PRD has the most significant explanatory variables whereas the YB has the least. The
PRD aggregates several metropolises with dense populations and the most developed economy of the
whole province, the developed economy involves many industries and the production process is
more complex. Therefore, its WUE is sensitive to more explanatory variables compared to other subregions. As for the YB, it has a less developed economy with sparse population and the industrial
water use is simpler, the regional difference of WUE is only dominated by the regional difference in
GDPI and WCIAV. Basically, per capita domestic water consumption (PDC), RC and WCRIM did
not influence WUE in most of the models, because these three factors in the province did not fluctuate
greatly over the years (Figure 4). However, TGDPI was the significant explanatory variable in most of
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the models, followed by TPCGDP and TPCVAA. This could be because the three factors had direct
impacts on the regional GDP and TWU, which determines the regional WUE. Additionally, TPWR
shows positive correlation with TWUE in the model for PRD, whereas it is not the case in the model
for YX. The results of the analysis can be used by decision makers as tools to work out balanced
regional WUE strategies for the whole province.

Conclusions
In the current study, both Theil indexes of TWU and WUE were calculated to explore the regional
difference of water use of Guangdong, a province with significantly unbalanced socioeconomic development in China. The MLR models were evaluated and used to fit historical water use data for the whole
province and the four sub-regions.
Results for regional differences of TWU and WUE demonstrated that, as for the whole province, both the
Theil indexes of TWU and WUE had fluctuations. The Theil index of TWU showed a decreasing trend
whereas the Theil index of WUE increased in recent decades, suggesting that Guangdong province has
experienced an enlarging regional difference of WUE, although the regional difference of TWU has
been gradually weakened. The higher values of Theil index for WUE than that of TWU indicates that
more regional difference occurs for WUE than that of TWU in the whole province. The regional differences
of WUE and TWU in the PRD were significant and played a predominant role in the regional difference of
water use in the whole province. Different from TWU, in which the Theil index between sub-regions of the
whole province only accounted for a small proportion, the differences of WUE within the whole province
and between sub-regions almost have an equal role in the whole province, suggesting that inter-sub-regional
exchange of water resources exploitation as well as industrial adjustment within sub-regions should be
encouraged to achieve a more balanced water use in the whole province for long-term development.
The MLR models for the whole province and its four sub-regions showed good performances to fit
the Theil index of TWU with Theil indexes of the possible influencing factors. The results of the MLR
models indicated that the significant explanatory variables impacting the regional difference of WUE
vary both at sub-regional and the whole provincial scales, which was closely related to the regional
economy development level and population. For instance, the PRD had the most significant explanatory
variables whereas the YB had the least. Taken together, TGDPI, TPCGDP and TPCVAA were the three
significant explanatory variables with positive regression coefficients in most of the models and the
increases in the regional difference of the three variables help to enlarge the regional differences of
WUE.
This study is novel in quantifying the regional differences of water use and identifying the possible
driving forces behind such differences, according to a large water use dataset of Guangdong province, a
typical province with distinctly unbalanced development of social economy in China. Future regional
differences of water use should aim to include better indicators of natural and human activities as possible influencing factors of WUE at varied time scales (monthly and seasonal, etc.), which were not
available for this study.
Understanding the regional differences of water use and the possible driving forces can help inform
planning for the layout of water supply system, such as that of Guangdong province in the future.
Further, development of the MLR models will enhance better forecasting of regional water use under
changing conditions of available water resources, population and economy.
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