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ABSTRACT

Over-exploitation of water resources leads to water scarcity and aggravation of hydrological drought. An
approach to addressing the problem is to invest in increasing irrigation efficiency (IE). However, higher IE may
lead to the paradox of IE, that is, after increasing IE, irrigation water consumption (IWC) could increase rather
than decrease. An important cause of the paradox of IE is that increasing IE may lead to an increase in irrigation
area (IA). Therefore, an improved understanding of the impacts of such practices on hydrological drought is
needed. This study used the PCR-GLOBWB 2.0 model to investigate the effects of increasing IE on hydrological
drought for the catchment above Bengbu in the Huaihe River Basin in central eastern China. The hydrological
drought was simulated under three scenarios, i.e., a baseline scenario in which IE remains unchanged, an IE
increases scenario, and an IE & IA increase scenario. The results show that increasing IE has two contrasting
effects: aggravation and alleviation of hydrological drought. For instance, the increase in IE (from 0.562 to 0.601
in Henan, 0.482 to 0.544 in Anhui, and 0.464 to 0.522 in Hubei province) from 2009 to 2019 reduced stan-
dardized drought streamflow deficit (SDSD) by about 5 ~ 60 % in the central parts of the study area, whereas in
the northern edge of the study area, it intensified SDSD even by more than 80 %. When water availability (WA) is
high and can meet most of the crop water demand, increasing IE will lead to a situation in which the increase of
IWC is less than the decrease of irrigation water withdrawal (IWW). In this situation, increasing IE alleviates the
hydrological drought as intended. However, when water resources are relatively scarce with limited WA and
cannot meet most of the crop water demand, increasing IE could lead to a paradoxical situation where the in-
crease of IWC is higher than the decrease of IWW and thereby aggravates the hydrological drought. Also,
increasing IE can aggravate the hydrological drought in water-receiving areas by reducing water supply from
outside water supply regions. Results show that the impact of increasing IE and IA on hydrological drought is also
two-sided, but the aggravating effect is dominant because the increase in IA leads to a significant increase in IWW
and IWC. However, when the irrigation system restricts the increase of IA (the IA cannot increase or only
slightly), the intensification effect of increasing IE and IA on hydrological drought will be weakened, and may
even alleviate the hydrological drought. These results underline the importance of considering consequences at
both local and basin scales, particularly for periods during and following drought, when policy makers consider
the promotion of water-saving measures at irrigation-system level.

1. Introduction

economic impacts (Zhang et al., 2022a). In contrast to other natural
disasters, severe droughts can last months to years and spread over large

Drought is one of the disasters that produce the most intense socio- regions (AghaKouchak et al., 2021). Droughts are commonly divided
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into meteorological, agricultural, hydrological, and socio-economic
droughts. Hydrological drought is usually characterized by negative
anomalies of streamflow, which can directly affect municipal, industrial,
and agricultural water supply, and hydropower and thermal power
generation, which will lead to more significant economic and environ-
mental impacts compared to other types of droughts (Van Loon et al.,
2016; Van Langen et al., 2021). In recent years, numerous studies have
revealed the significant impact of human water use on hydrological
droughts (e.g., He et al., 2017; Van Oel et al.,2018; Yang et al., 2020;
AghaKouchak et al.,2021; Cheng et al., 2021; Schilstra et al., 2024).
Wada et al. (2013) showed that the drought intensity globally has
increased by 10 ~ 500 % due to water use, of which irrigation water use
is the main factor. A recent study (Van Loon et al., 2022) conducted on
28 watersheds globally showed that human water withdrawal signifi-
cantly aggravated the drought characteristics, increased the cumulative
drought duration by 20 ~ 305 %, and increased the cumulative drought
deficit by nearly 3000 %. People have gradually realized that human
water use has exacerbated the water crisis and even worsened the hy-
drological drought (AghaKouchak et al., 2021; Cheng et al., 2021). In
addition, the economic development and the increase of population will
further increase the risk of hydrological drought as more water will be
consumed in the future (Wanders and Wada, 2015; Yang et al., 2020).

Reconciling limited water resources with higher water use demand is
a great policy dilemma for many governments (Grafton et al., 2018).
Given that irrigation accounts for 70 % of water withdrawals globally
and 40 % of the global surface area is affected by agricultural activities,
governments often promote increasing irrigation efficiency (IE). The
main measures to improve IE include pipeline technology, canal lining,
and the use of water-saving irrigation technologies such as advanced
surface irrigation, sprinkler micro-irrigation, and optimization of irri-
gation district management system. For example, advanced irrigation
technologies such as sprinkler or drip irrigation could “save” water, with
IE going to 0.9, compared to surface irrigation with an average IE of 0.6
(van der Kooij et al., 2013; Abd El-Wahed et al., 2016; Grafton et al.,
2018; Li et al., 2020). The concept of IE, defined as the ratio of irrigation
water consumption (IWC) to irrigation water withdrawal (IWW), stems
from irrigation engineering and is intended to inform the design of
irrigation infrastructure (Van Halsema and Vincent, 2012). However,
increasing IE does not necessarily increase the water availability (WA) at
a watershed and basin scale due to the paradox of IE (Contor and Taylor,
2013; FAO, 2017; Ilyas et al., 2021). The paradox of IE can be considered
as a special kind of Jevons Paradox (Alcott, 2005). The paradox of IE
refers to the phenomenon that after increasing IE, IWC does not decrease
as expected but increases. An important cause of the paradox of IE is that
increasing IE may encourage farmers to expand the irrigation area (IA)
or plant more water-intensive crops for economic benefits with the
remaining water, thus increasing total water consumption by irrigation
(Grafton et al., 2018). The phenomenon of the paradox of IE has been
recognized in many regions globally (Huang et al., 2017; Lankford et al.,
2020). For example, in Rajasthan, India, while using drip irrigation has
increased IE, it has also increased the IA and the amount of water used
for irrigation (Birkenholtz, 2017). Scott et al. (2014) also found that
increasing IE has led to an increase in IA and water use in central Chile,
southwestern United States, and south-central Spain. A recent study
Zhang et al. (2022b) on Chinese Mainland also found that IE and IWC
showed a strong positive correlation, and IWC increased significantly
with the increase of IE. Because of this growing insight from numerous
cases, it is also necessary to consider that increasing IE may lead to an
increase in IWC (The paradox of IE).

Although studies have revealed the significant impact of human
water use on hydrological drought, there is still much to understand
about how investment in technologies to improve IE impacts hydro-
logical drought in space and time. The catchment above Bengbu in the
Huaihe River Basin (HRB) is chosen as the study area because it was
frequently struck by drought disasters, and its hydrological process is
strongly affected by human interventions, especially irrigation water use
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(Cheng et al., 2021). The overarching scientific questions we aim to
address are the following: (1) How does irrigation water use change in
the basin under the increase of IE (and IA) in an irrigation system? (2)
What impact will the increase of IE (and IA) have on hydrological
drought? Due to the unclear understanding of the above problems, the
effectiveness of drought management measures is significantly
compromised. Therefore, the purpose of this study is to reveal the
impact of increasing IE on hydrological droughts so as to support
drought management and water management decision-making
regarding the implementation of irrigation policies. The structure of
this paper is organized as follows: Section 2 of the paper introduces the
study area. Section 3 describes the details of data and the methodology
used in this study. The results and discussions are presented in Section 4.
Lastly, conclusions are briefly drawn in Section 5.

2. Study area
2.1. The catchment above Bengbu in Huaihe River basin

The catchment above Bengbu in the Huaihe River Basin (CAB-HRB)
is located in central eastern China, with a drainage area of about
121,300 km?. The study area spans three provinces (Anhui, Henan, and
Hubei Province) and 21 cities, with the Yellow River flowing along the
northern border of the catchment (Fig. 1). The study area consists of
mountains in the west part and plains in the middle and east parts. The
area is dominated by the Asian monsoon climate, with annual average
precipitation varying from about 600 mm/y in its northwest to about
1400 mm/y in its southern mountains. The study area has high agri-
cultural water use, with arable land accounting for about 70 % of the
total area. The main crop types in the northern parts of the study area are
wheat and maize, while in the southern region rice is also planted, next
to wheat and maize. Northern parts of the basin (mostly Henan Province,
Fig. 1) are comparatively dry and have several large cities with large
irrigation regions. The main irrigation methods used in the study area
are surface irrigation, such as furrow irrigation and border irrigation,
and also more efficient irrigation methods, such as drip irrigation. In
addition, droughts occurred frequently in the HRB. The cumulative area
suffered by drought was about 1.7 x 10% hm?, and the grain loss was
about 13.96 x 10° kg from 1949 to 2010 (Chen et al., 2013). In the
summer of 2014, a severe drought occurred in the main tributary of
HRB, i.e., the Shaying River (Schilstra et al., 2024), which seriously
threatened the water supply of more than 1 million people. Another
major drought occurred in 2019, which caused mainstream to break
down, and 1110 ha of crops were affected, and 7 x 10* people had
difficulty drinking water.

2.2. The change of IE and IA in the study area

Large parts of China are facing severe water scarcity, so it has
implemented water-saving plans to conserve water resources at the
national and local levels, such as the national long-term water-saving
strategic plan (2001-2010), water-saving society plan (2011-2015,
2016-2020), and water-saving action plan (2019-2035) (Zhou et al.,
2020). Water-saving irrigation has developed rapidly since 2000 (Huang
et al., 2017). In 2009, the national water-saving irrigation plan, issued
by the General Office of the State Council of China, required that the
area with water-saving irrigation should make up to 80 % of the coun-
try’s effective IA by 2020. In addition, China’s Ministry of Water Re-
sources has begun to calculate and report IE for each province annually
since 2009. In 2011, the Chinese government set the goal of increasing
IE to 0.55 by 2020, aiming to reduce water use for irrigation.

The IE improvement policy and its measures in China are imple-
mented and supervised at the administrative district level. Therefore, for
illustrative purposes, Henan Province, which occupies the largest area in
our study area (Fig. 1), was chosen as an example. From 2000 to 2019,
Henan Province implemented the water-saving society construction
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Fig. 1. Geographical location of the catchment above Bengbu in the HRB (CAB-HRB) and spatial distribution of provinces, cities, and hydrological stations.

plans of the “10™ Five-Year Plan”, “1 1% Five-Year Plan”, «12™ Five-Year
Plan”, and “13" Five-Year Plan”. With the implementation of these
plans, by 2010, the IE reached 0.570, and the IA under water-saving
irrigation (e.g., sprinkler, micro, and pipe irrigation) reached 1537 x
102 ha. By 2015, the IA of the water-saving irrigation expanded to 1672
x 10% ha, and the IE increased to 0.601. By 2019, the IA of the water-
saving irrigation increased to 2190 x 10° ha, with the IE reaching
0.615. In addition, measures such as water supply and use management,
optimized water distribution technology, and canal system trans-
formation have also been adopted in irrigated areas to increase IE.
Due to the data availability of IE, the illustration of the change of
historical IE and IA in the study area was conducted at the provincial
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Fig. 2. (a) Variations of IE and IA in Henan, Anhui, and Hubei provinces within
the study area along with their linear trends (* denotes P < 0.05) from 2009
to 2019.

level from 2009 to 2019. Fig. 2(a) shows the variation of year IE and its
trend estimated using the linear regression. The result shows that IE
presented statistically significant increasing trends from 2009 to 2019,
with about 0.005, 0.006, and 0.005 year’1 (P < 0.05) in Henan, Anhui,
and Hubei, respectively. In terms of the growth rate of IE, Henan
increased from 0.562 in 2009 to 0.601 in 2019, with an increase of 9 %;
Anhui increased from 0.482 in 2009 to 0.544 in 2019, with an increase
of 13 %; Hubei increased from 0.464 in 2009 to 0.522 in 2019, with an
increase of 13 %. Fig. 2(b) displays the variation of year IA and its trend.
It is worth noting that the IA of each province in the study area refers to
the total effective IA of each city in the province involved in the basin
(refer to Fig. 1). As such, IA in Henan is the largest, while Hubei IA is the
smallest. The results also demonstrate a statistically significant
increasing pattern for IA, with yearly increments of 36, 110, and 12 x
10° ha (P < 0.05) in Henan, Anhui, and Hubei, respectively.

3. Data and methods
3.1. PCR-GLOBWB 2.0 model

The global-scale hydrological model PCR-GLOBWB 2.0 model
(Sutanudjaja et al., 2018) is adopted in the present study to simulate
hydrological fluxes and storages in soil and groundwater, and to assess
the effects of different irrigation practices on hydrological drought. The
model is a physically based hydrologic and water resources model
running at a spatial resolution of 5 arcmin (approximately 10 km). The
model dynamically calculates the water storage and fluxes in two
vertically stacked soil layers and an underlying groundwater layer for
each grid cell at a daily time step. The model also simulates interactions
between the topsoil layer and the atmosphere (snowmelt, evapotrans-
piration, and precipitation). Overland flow, subsurface flow, and
groundwater baseflow are routed along the drainage network using a
kinematic wave approach (de Graaf et al., 2014). The model integrates
different human water uses (e.g., irrigation, domestic, and industry) and
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solves the process of water withdrawal, consumption, and return flow of
human water management (de Graaf et al., 2014). In this study, we
considered industry, domestic, and irrigation water use. The gross and
net industrial and domestic water demand are prescribed to the model
(Sutanudjaja et al., 2018). The net irrigation water demand is calculated
based on the crop composition and the IA per grid cell according to the
FAO guidelines. After that, the gross irrigation water demand is esti-
mated based on net irrigation water demand divided by IE (Doll and
Siebert, 2002). In the PCR-GLOBWB 2.0 model, water withdrawal is set
equal to gross water demand (summed over all the sectors) unless suf-
ficient water is not available (Sutanudjaja et al., 2018). In case of
insufficient WA, water withdrawal (surface water and groundwater) is
scaled down to the WA, and then allocated proportionally to gross water
demand per sector (irrigation, industry, and domestic) (Wada et al.,
2014). Sector specific return flows of unconsumed abstracted water are
included as well (de Graaf et al., 2014). In this study, IWC equals IWW
multiplied by IE, while INW multiplied by (1 — IE) equals the irrigation
return flow (IRF). In the case of domestic and industry, their water
consumption depends on the consumption coefficient (the ratio of net
demand to gross demand) and equals water withdrawal multiplied by
the consumption coefficient, while water withdrawal minus water
consumption constitutes return flow.

The input parameters of the PCR-GLOBWB 2.0 model mainly include
ten categories: meteorological forcing, land cover fraction, groundwater
parameters, parameters related to phenology, ratio of cell maximum and
minimum soil water storage to total soil water storage capacities, Arno
scheme exponents defining distribution of soil water capacity, root
fractions per soil layer, topographical parameters, upper and lower soil
store parameters, and others including non-irrigation water demand,
lakes and reservoirs, and desalinated water (Sutanudjaja et al., 2018).
The output of the PCR-GLOBWB 2.0 model can be defined in the model
according to the user’s needs, mainly including the following categories
(non-exhaustive): hydrological fluxes, such as discharge, baseflow, and
interflow; human water management fluxes, such as water withdrawal
(e.g., surface, groundwater, irrigation), water consumption (e.g., irri-
gation), and return flow (e.g., irrigation), and other fluxes, such as
groundwater storage, interception storage, and soil water storage. More
details about the model setup, structure, input parameters, output
fluxes, and parameterization are given in previous publications (van
Beek et al., 2011; Wada et al., 2014; de Graaf et al., 2014, 2019; Suta-
nudjaja et al., 2018).

We run the model at a 5 arcmin spatial resolution over the domain of
CAB-HRB (Fig. 1, 121,300 km?; 1836 grid cells in total) for the period
1979-2019. The model is forced by daily temperature and precipitation
during 1979-2018 retrieved from the China meteorological forcing
dataset (CMFD) (He et al., 2020, https://data.tpdc.ac.cn/zh-hans/) and
in 2019 retrieved from the China meteorological dataset (CMA,
http://data.cma.cn/). These meteorological data were interpolated to 5
arcmin using the bilinear interpolation method. To obtain gridded in-
dustry water demand, the census-based industry water usage data and
gridded night-time light data were used. The census-based industry
water usage data from 1979 to 2019 in 21 cities (Fig. 1) were obtained
from the National Long-term Water Use Dataset of China (NLWUD, Zhou
etal., 2020) and Water Resources Bulletins of China (WRB, https://www
.mwr.gov.cn/). The relative light intensity map data with 5 arcmin
resolution was retrieved from the Prolonged Artificial Nighttime-light
Dataset of China (Zhang et al., 2021). Regional census-based industry
gross water demands of all cities were downscaled to per grid cell based
on the distribution of relative light intensity map (Droppers et al., 2020).
Industrial water demands were kept constant in each month (Wada
et al., 2014; Huang et al., 2018). For gridded gross domestic water de-
mand, the census-based data retrieved from NLWUD and WRB of all
cities were downscaled to per grid cell based on the distribution of
population, which was retrieved from WorldPop gridded population
dataset (WorldPop, https://www.worldpop.org/). Gross domestic water
demands were disaggregated to monthly scale according to monthly
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temperature using the method of Wada et al. (2014) and Huang et al.
(2018). The monthly temperature was obtained from CMFD and CMA.
The net industry and domestic water demand were estimated by
multiplying the gross demand with corresponding consumption coeffi-
cient, which was obtained from WRB.

Annual statistics of the IA in 21 cities (Fig. 1) and three provinces
(Fig. 1, Henan, Anhui, and Hubei province) were retrieved from NLWUD
and statistical yearbooks of three provinces. The statistical yearbooks of
three provinces, which include the effective IA of each city of the study
area (Fig. 1), were downloaded from the website of the China Statistical
Information Network (http://www.tjcn.org/). The census-based IA were
downscaled to the 5 arcmin grid scale following the method proposed by
Wada et al. (2014) using the distribution of the gridded global map of IA,
which was obtained from AQUASTAT dataset (https://www.fao.org
/aquastat/zh/geospatial-information/global-maps-irrigated-areas).
Data about IE in each province from 2009 to 2019 in the study area were
collected from the Irrigation and Drainage Development Center of China
(http://www.jsgg.com.cn/Index/Index.asp) and then were interpolated
to the 5 arcmin gridded data uniformly. As no data is available for the
period 1979-2008, values in 2009 are used for that period. Other data
needed to parameterize the model, including soil parameters, ground-
water parameters, and topographical parameters, were taken from the
original global-scale model parameterization of the PCR-GLOBWB 2.0
model.

3.2. Model calibration and validation

We used the method proposed by Sutanudjaja et al. (2014), Lopez
Lopez et al. (2017), and Ruijsch et al. (2021) to calibrate the PCR-
GLOBWB model. As shown in Table 1, model parameters, including
baseflow recession coefficient, soil saturated hydraulic conductivities,
minimum soil water capacity, reference potential evapotranspiration,
Manning’s n, and crop KC, were calibrated using spatially uniform pre-
factors (Table 1) based on stepwise calibrated method, instead of
adjusting actual parameter values. The remaining parameters were kept
unchanged.

The performance of discharge simulation was evaluated using the
observed monthly discharge of 7 hydrological stations (Fig. 1) during
the period 1981-2019, which was collected from the Bureau of Hy-
drology and Water Resources of Henan Province, China. The perfor-
mance of water use simulation was evaluated using the reported yearly
water withdrawal data from 1999 to 2019, which was collected from
WRB of Huaihe River Basin (https://www.hrc.gov.cn/main/zf
xxgkml/index.jhtml?channel id=48). The simulation series of
1979-2019 was divided into three periods. The 1979-1980 was the spin-
up period, the 1981-1999 was the calibration period, and the remaining
of 2000-2019 was the validation period. Notably, as there was no re-
ported water use data for the period of 1981-1998, the simulation of
human water use was not calibrated.

Table 1
Six parameters, pre-factors, and adjustment functions used for calibrating the
PCR-GLOBWB 2.0 model.

Parameters Symbol  Pre-factors Adjustment functions

Minimum soil water Winin fwe[0.5,15] Whnin = fw X Wnin.ori
capacity

soil saturated hydraulic Kiqr fkel —05, log(Ksat) =
conductivities 0.5] fi + log(Ksatori)

Baseflow recession J fie[ -05, log (J) =
coefficient 0.5] fr + log (Jori)

Reference potential Epo fe€[05,15] Epo = fe X Eppori
evapotranspiration

Crop KC KC fre €0.5, KC = fie X KCor;

1.5]
Manning’s n n fan€[05,15] n = fo X Nori

Note: The subscript “ori” denotes the parameters are original parameters.
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The Nash-Sutcliffe coefficient of efficiency (NSE), correlation coef-
ficient (r), and bias error (Bias, %) were used as the metrics to evaluate
the performance of discharge simulation. The root mean square error
(RMSE) besides r and Bias was used as the metric to evaluate the per-
formance of water withdrawal simulation. The r, NSE, Bias, and RMSE
are calculated as follows:

r= (x(®) = X) (1) - )/ Z (x(t) — %)? Z () ) §
NSE=1- Z x(©) ~y(O/ Z x(t) ~ ¥ @
Bias = (Z (x(t) —y<t)/§;y<t>> x 100% 3)
RMSE = “4)

Here, x(t) and y(t) denote observed discharge (reported water
withdrawal) and simulated discharge (water withdrawal), respectively; t
is the time step; T is the total time steps.

3.3. Scenario design

Increasing IE has long been hailed as an effective strategy to reduce
water shortage. Paradoxically, despite the widespread application and
gradual improvement of water-saving technologies, crop water con-
sumption has increased in many countries (Perry et al., 2017). The
paradox of IE refers to the phenomenon that the application of water-
saving technologies does not reduce water consumption for irrigation
but instead causes an increase in water consumption (Grafton et al.,
2018). In general, the paradox of IE is the result of the interaction of
hydrological, economic, social, institutional, and management factors.
In our study area, the IE presented a steady increase from 2009 to 2019
(Fig. 2(a)). Therefore, we set up an IE increase alone scenario S1, in
which IE increased as observed during the period 2009-2019. Notably,
S1 is used to reveal the impact of increasing IE alone on hydrological
drought, so in this scenario IA remains unchanged.

In addition to the fact that increasing IE (without changing the IA)
may lead to the paradox of IE, another cause of the paradox of IE is that
increasing IE may encourage farmers to plant more crops or more water-
intensive crops, and consequently lead to an increase in water con-
sumption by irrigation (Grafton et al., 2018; Xiong et al., 2021). As
shown in Fig. 2(b), the IA in our study basin also increased significantly
from 2009 to 2019. We further analyzed the relationship between IE and
IA by extracting data from Fig. 2, as illustrated in Fig. 3. The results show
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many factors, such as the growing demand for food, the development of
irrigation facilities, and the increase of IE (Sese-Minguez et al., 2017;
Perry et al., 2017). Meanwhile, a recent study by Zhang et al. (2022a) in
mainland China showed that the increase of IE contributes to about 22.2
% expansion of IA, particularly in water-scarce regions (31.5 %)
compared to water-abundant regions (19.7 %). Therefore, to account for
the potential impact of increasing IE leading to an increase in growing
more water-intensive crops or more crops, we introduced a scenario S2,
which assumes that both IE and IA increase, with IE increasing based on
observed values. Considering the operability of scenario parameteriza-
tion in the PCR-GLOBWB 2.0 model, we used the increase in IA in the
model to consider the increase of more crops or more water-intensive
crops in S2. It’s challenging to determine the extent to which the in-
crease in IA is solely due to the increase in IE, so we assumed that IA
increases proportionally with the increase in IE from 2009 to 2019. The
three scenarios are listed in Table 2.

The effect of IE increases alone (S1) and IE & IA increase simulta-
neously (S2) on the characteristics of hydrological drought in compar-
ison with SO were calculated as follows:

_ HDSi - HDSO

I
l HDsgo

x 100%,i=1,2 )

Here, [; is the percentage impacts of increasing IE alone (I;) or
increasing IE and IA (I3) on hydrological drought characteristics; HD
with different subscripts denotes drought characteristics in different

scenarios.
3.4. Hydrological drought characteristics

A discharge threshold with a probability of exceedance between 70
~ 90 % is commonly used in previous studies to identify the drought
state (e.g., Wada et al., 2013; Cheng et al., 2021). In this study, the
monthly streamflow with the exceedance probability of 80 % (Qgp) was
selected as the threshold level, which was retrieved from the simulated
discharge in SO. The drought state in a given month t at a grid cell (n) can
be identified by:

Table 2
Scenario design and description in this study.
Scenario 1IE 1A Description
SO The IE is fixed as The IA is fixed as the Baseline scenario
the value in 2009 value in 2009
S1 The IE increases as The IAis fixed asthe  The situation of IE
the actual values value in 2009 increases alone
during 2009-2019.
S2 The IE increases as The IA increases in Assumes that the

the actual values
during 2009-2019.

proportion to the
increase of IE in

increase of IE leads to an
increase in more water-

2009-2019 intensive crops or more
a linear correlation between the increase of IA and IE. However, this crops
relationship is not very strong. In fact, the increase of Al is influenced by
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Fig. 3. Relationship between IE and IA of Henan, Anhui, and Hubei in the study area from 2009 to 2019.
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1, Q(t,n) < Qso(t,n)

0, Q(t.n)>Quo(t,1) ©

S(t,n) = {
where, Q(t, n) is the monthly discharge of month t at grid cell (n); Qgo(t,
n) is the Qgp of month t at grid cell (n) during the period 1981-2019. S(t,
n) is a binary variable of month t at grid cell (n), with the value 1 and
0 represent drought state and no drought state, respectively.

The standardized drought streamflow deficit for month t at grid cell
(n) (SDSD(t, n)) is calculated by:

_ max(Qso(t,n) — Q(t,n), 0)
Qso(t,n)
The drought duration for each drought event i at grid cell (n) (DD(,
n)) is calculated by:

SDSD(t, n) @)

E;
DD;, =Y _S(t,n)

t=S;

®

where, S; (E;) is the start (end) time for the drought event i.
In addition, the percentage of drought area over study area at a
month t (PDA(t)) is defined by:

N
PDA(t) = W ©

where, N is total number of grid cells of study area. PDA ranges from 0 to
1, with 0 and 1 represent that no grid cell is in drought and all grid cells
are in drought, respectively.
4. Result and discussions

4.1. Model evaluation

Fig. 4 presents the performance of monthly streamflow simulation at

Journal of Hydrology 645 (2024) 132261

seven hydrological stations (Fig. 1) in the calibrated period 1981-1999
and validated period 2000-2019. The results show that the simulated
streamflow generally fits well with the observed streamflow process. In
addition, as shown in Fig. 4, the value of r in the calibration and vali-
dation period ranged between 0.87 to 0.94 and 0.84 to 0.92, the value of
NSE ranged between 0.72 to 0.89 and 0.68 to 0.85, and the value of Bias
ranged between —10 % to 6 % and —5% to 6 %, respectively. Overall,
the NSE varies from 0.68 to 0.89, and the Bias ranges between —10 % to
6 %, which indicates that the calibrated PCR-GLOBWB 2.0 model can
simulate the hydrological process in the study area well.

Fig. 5 shows the performance of different types of water withdrawal
(industry, domestic, and irrigation) simulation from 1999 to 2019. The
results show that the model simulation of different types of water
withdrawals generally matches the actual process of different water
withdrawals. For IWW simulation, the r was 0.62, RMSE was 13.0 mm/
y, and Bias was —5%. For industry water withdrawal simulation, the r
was 0.91, RMSE was 4.0 mm/y, and Bias was 8 %. For domestic water
withdrawal simulation, the r was 0.85, RMSE was 2.7 mm/y, and Bias
was 4 %. It can be found that the simulation accuracy of industrial and
domestic water withdrawal is better than that of IWW. This is due to that
domestic and industry water withdrawal are simulated based on their
water demand which is prescribed to the model (Sutanudjaja et al.,
2018), while irrigation water demand is simulated by the model, which
is affected by precipitation, soil, IA, and other data, so the simulated
accuracy of IWW is lower than that of domestic and industry water
withdrawal. In general, the value of r is greater than 0.6, and the ab-
solute value of Bias is less than 10 % for the three types of water with-
drawal simulation, which indicates that the PCR-GLOBWB 2.0 model
can capture the actual process of industry, domestic, and irrigation
water withdrawal of the study area well, and can be used in the simu-
lation analysis.
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Fig. 4. Comparison of observed and simulated monthly streamflow at seven gauging stations ((a)~(g)) during the calibration period (1981-1999) and validation

period (2000-2019).
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Fig. 5. Comparison of simulated and reported value of different types of year water withdrawal during the period of 1999-2019.

4.2. Impact of increasing IE on water use and water abstraction

Fig. 6 compares the yearly average INW, IWC, and IRF over the study
area from 2010 to 2019 under different simulated scenarios (SO, S1, and
S2). The results clearly show that the impacts of increasing IE alone (S1)
and increasing IE & IA simultaneously (S2) on irrigation water use are
different. Compared with SO, the IWW in S1 decreases, while the IWW in
S2 increases (Fig. 6(a)). In addition, the IWC in S1 is slightly higher than
that in SO, while the IWC in S2 is the highest (Fig. 6(b)). The change of
IRF and IWC caused by increasing IE exhibits different patterns. The IRF
in S1 decreases compared with SO, while the IRF in S2 increases (Fig. 6
(c)). Those results indicate that increasing IE alone (S1) causes a
decrease in IWW in the study area. However, IWC has increased, and
accordingly, IRF has decreased. This is likely due to the relatively low
WA in our study basin. When WA is low, increasing IE leads to an in-
crease in water consumption. An expanded analysis of how increasing IE

changes IWW, IWC, and IRF is discussed further in Section 4.4. In
addition, when IE and IA both increased (S2), IWW, IWC, and IRF all
increased. Meanwhile, it can be found that the increase in IWW and IWC
of S2 is significantly higher than that of S1, which is due to the increase
in IA leading to an increase in irrigation water demand.

Fig. 7 compares the simulated yearly surface water abstraction
(SWA) and groundwater abstraction (GWA) of the study area from 2010
to 2019 under different scenarios (SO, S1, and S2). It is worth noting that
the sum of SWA and GWA (Fig. 7) is significantly higher than IWW
(Fig. 6(a)) because surface water and groundwater abstractions are not
only used for irrigation water use but also for domestic and industry
water use. The results clearly show that increasing IE alone and simul-
taneously increasing IE and IA have markedly different impacts on SWA
and GWA. Compared with SO, the SWA in S1 decreases, while the SWA
in S2 increases. In addition, the GWA in S1 is slightly lower than that in
S0, while the GWA in S2 is significantly higher than that in SO. The
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Fig. 6. Variation of (a) annual IWW, (b) IWC, and (c) IRF of the study area from 2010 to 2019 under different simulated scenarios.
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Fig. 7. Variation of (a) annual SWA (surface water abstraction) and (b) GWA (groundwater abstraction) of the study area from 2010 to 2019 under different

simulated scenarios.

results demonstrate that the increasing IE from 2009 to 2019 resulted in
a decrease in both SWA and GWA. However, when IE and IA increase
simultaneously (S2), both SWA and GWA increase, and the increase of
GWA is even higher than the increase of SWA. This change in GWA due
to the simultaneous increases of IE and IA (in S2) is consistent with the
results of Molle and Tanouti’s (2017), which also showed that the use of
advanced drip irrigation techniques has increased groundwater extrac-
tion in Morocco. Also, McVeigh and Wyllie (2018) found that in Snake
River, Idaho, after farmers have increased IE, groundwater recharge
reduced, and the Eastern Snake Plain Aquifer declined by about 30 %
since the mid-1970 s, albeit precipitation increased.

4.3. Impact of increasing IE on hydrological drought characteristics

Fig. 8 presents the comparison of monthly standardized drought
streamflow deficit (SDSD) volume and percentage of drought area (PDA)
of the entire basin in different scenarios (SO, S1, and S2) from 2010 to
2019. SDSD volume and PDA in different scenarios (SO, S1, and S2)
exhibit similar patterns of variation generally, especially in SO and S1.
Comparing the PDA and SDSD volume in S1 with those in SO0, it can be
seen that the drought characteristics in SO and S1 do not differ much
generally. There are cases where the SDSD volume in SO is slightly larger
than that in S1, such as in April 2014 when the SDSD volume in SO is
about 20.4 while in S1 is about 17.8. Meanwhile, there are also cases
where the SDSD volume in S1 is larger than that in SO, for example, in
July 2014 when the SDSD volume in SO is about 886.7 while in S1 is
about 899.4. However, the SDSD volume and PDA under the S2 are
larger than those in S1 and SO, and the increase after 2015 is signifi-
cantly higher than that before 2015, which indicates that increasing IE
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Fig. 8. Comparison of the monthly PDA and SDSD volume over the entire basin
for different scenarios from 2010 to 2019.

and IA simultaneously (S2) significantly increases the hydrological
drought, and the higher the increase in IE (resulting in the higher the
increase in IA), the greater the aggravated impact on hydrological
drought. In addition, it can be detected that the gap between drought
characteristics (e.g., PDA) in S2 and SO in drought months (high PDA) is
significantly higher than that in non-drought months (very low PDA).
This indicates that the impact of increasing IE and IA on hydrological
drought is more significant during drought, mainly due to low WA
combined with high irrigation demand when drought happens. How-
ever, for extreme drought, such as July 2014 and June 2019 (two
months with the highest SDSD and PDA), the gap between drought
characteristics (e.g., PDA) in S2 and SO is relatively small. This is
because human activities have limited influence on extreme droughts,
where natural variability becomes the predominant factor (Stott, 2016).
These finding indicates that the paradox of IE is more pronounced
during droughts, but its impact diminishes during extreme droughts.
Fig. 9 illustrates the impacts of increasing IE alone (S1) and
increasing both IE & IA (S2) on monthly PDA and SDSD over the entire
study area from 2010 to 2019. It can be found that whether it is
increasing IE alone (S1, Fig. 9(a)) or increasing IE & IA simultaneously
(S2, Fig. 9(b)), there are situations where the impacts are greater than
0 and the impacts are less than 0, which indicates that the increase of IE
and both increases of IE & IA have the dual roles of aggravating and
alleviating hydrological drought. In addition, the mean and median
values of the impact of increasing IE on PDA were 2.5 % (the green dot in
Fig. 8) and 1.1 % (the black line in the box in Fig. 8), while the mean and
median values of the impact of increasing IE & IA on PDA were 79.4 %
and 21.0 %. Meanwhile, the mean and median of the impact of
increasing IE on SDSD were 4.8 % and 1.3 %, while in the case where IE
and IA both increase, the mean and median of the impact on SDSD were
188.8 % and 29.9 %. These results show that although increasing IE can
both aggravate and alleviate the hydrological drought, the aggravating
effect is dominant, especially in the case of IE and IA increasing simul-
taneously (S2); increasing IE & IA significantly aggravates hydrological
drought in the basin as the increase in IA leads to the increase in IWC.
Fig. 10 shows the spatial impacts of increasing IE and increasing IE &
IA on average DD and SDSD on the grid cell basis during the period of
2010-2019. In general, the spatial impact of increasing IE (and IA) on
DD and SDSD also presents dual characteristics, i.e., alleviating hydro-
logical drought in some grid cells while exacerbating it in others. Taking
the impact of increasing IE on SDSD as an example (Fig. 10(c)),
increasing IE alleviated SDSD in the central parts of the study area, and
the corresponding contributions vary mainly in the range of —60 % ~
—5 %. However, in the northern edge of the study area, the SDSD was
intensified, where the SDSD of some grid cells even increased by more
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Fig. 9. Box plots of impacts of increasing IE and increasing IE & IA on monthly PDA and SDSD of total study area during the period of 2010-2019.
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Fig. 10. The spatial pattern of the relative impacts of increasing IE and increasing IE & IA on the annual mean DD (drought duration) and SDSD during the period

of 2010-2019.

than 80 %. As for the impact on SDSD under increasing both IE and IA
(Fig. 10(d)), although it generally presents positive impacts (aggra-
vating the hydrological drought), there are also places, such as the
central region of the study area, where drought severity (SDSD) was
reduced, mostly in the range of —40 % ~ —5 %. The above results
indicate that the impact of increasing IE on hydrological drought is
complicated, that is, it exacerbates and alleviates hydrological drought
simultaneously in time and space. In the Discussion Section (Sections
4.4.1 and 4.4.2), we will deeply discuss why increasing IE (and IA) have
opposing roles in hydrological drought. In addition, the alleviation de-
gree of increasing IE alone (S1) on DD and SDSD is higher than that of

increasing both IE and IA (S2), while the intensified degree of increasing
IE and IA on DD and SDSD is significantly higher than that of increasing
IE alone, which is basically consistent with the results of the whole study
area in Fig. 9, namely, increasing both IE and IA (S2) significantly in-
tensifies hydrological drought.

4.4. Discussions

4.4.1. Why does increasing IE alone have two-sided effects on hydrological
drought?

The purpose of increasing IE can be to reduce IWW, free up water for
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other allocations, or reduce the use of surface water and groundwater
(Lankford et al., 2020). For example, a study in Spain by Espinosa-Tason
et al. (2020) concluded that IWW decreased after implementing the
intense efficiency improvement policy. In this way, increasing IE could
supplement the river discharge to a certain extent, consequently alle-
viating the aggravating impact of irrigation on hydrological drought.
However, our results show that increasing IE alone (S1) can both
aggravate and alleviate hydrological drought in time and space. In this
section, we discuss why does increasing IE have the opposing roles in
hydrological drought by investigating whether increasing IE leads to the
paradox of IE.

In this study, we used the water accounting method based on water
balance to reveal the mechanism of increasing IE affecting hydrological
drought. Here, we use an assumptive case to show how the increase of IE
changes the irrigation water use (Fig. 11). In this case, assuming that the
crop net water demand (NWD) of an irrigation system in an irrigation
period is 100 mm, the IE is 0.5 (Scenario 1), and Scenario 2 uses
advanced irrigation technology to increase IE, which is assumed to in-
crease to 0.8. From Scenario 1 to 2, only IE increases, IA does not in-
crease, and there is no switch to more water-intensive crops. Therefore,
the NWD is still 100 mm after increasing IE to 0.8 in Scenario 2. How-
ever, from Scenario 1 to 2, the crop gross water demand (GWD) de-
creases from 200 mm to 125 mm. As shown in Fig. 11, increasing IE may
lead to three consequences under the influence of WA: @ reduces IWW
and IWC keeps unchanged; @ IWW keeps unchanged but increases IWC;
® reduces IWW but increases IWC. For Consequence @, it occurs when
water resources are relatively abundant and can meet crop water re-
quirements, corresponding to Situation I in Fig. 11. For Situation I,
increasing IE leads to “Reducing the total amount of water used for
irrigation”; For Consequence @, it happens when water resources are
comparatively dry with limited WA and cannot meet most of the crop
water requirement, corresponding to Situation V in Fig. 11. At Situation
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V, after increasing IE, IWW does not decrease, but IWC increases.
Therefore, increasing IE consumes more water instead, which indicates
that increasing IE leads to the paradox of IE; For Consequence ®), ac-
cording to the relative changes of IWW and IWC, it can be further
divided into three situations, corresponding to Situation II, III, and IV in
Fig. 11. For Situation II, the decrease of IWW is higher than the increase
of IWC, which can “Reduce the total amount of water used in irrigation”
after increasing IE. For Situation III, the decrease of IWW is equal to the
increase of IWC, which keeps balance after increasing IE. For Situation
1V, the decrease of IWW is less than the increase of IWC, which means
that increasing IE leads to the paradox of IE.

The above five situations indicate that increasing IE may or may not
lead to the paradox of IE depending on different WA (Fig. 11). We
further compared these five situations with a comprehensive study by
Lankford (2023), which identified and analyzed 20 scenarios (cases) of
water conservation or paradox outcomes using the irrigated systems
accounting model. Both studies indicate that in some situations,
increasing IE can reduce water withdrawal. Interestingly, Lankford
(2023) does not indicate a case where IWW remains unchanged after
increasing IE in a situation of water scarcity (like Situation V in our
study). This raises the question of whether this scenario can be found in
actual irrigated areas. Berbel et al. (2015) do indicate such a case, where
there is sufficient water, and IE increases and hence no paradox occurs
(without IA expansion). Conversely, in a situation of water scarcity, the
increase in IE leads to higher water consumption. In general, we
enriched the insights into the paradox of IE by working out five situa-
tions. However, we realize that, in reality, a plurality of possible out-
comes emerges as efficiency improvements go along with other
developments in the locality. Lankford (2023) worked out more sce-
narios by analyzing 20 cases of water conservation. Nevertheless, the
main (methodological) challenge remains in understanding and map-
ping actual field cases to complement our identified scenarios.

Initial crop net water demand
NWD = 100

Increase IE from 0.5 to 0.8
Scenario 1: IE = 0.5; Scenario 2: IE = 0.8
IA remains unchanged

Scenario 1: NWD=100; GWD=100/0.5 =200
Scenario 2: NWD=100; GWD=100/0.8 =125

| |

| |

Fig. 11. A case of five possible situations leading to three consequences after increasing IE. Note: IE has no dimension, and the unit of other variables in the figure

is mm.
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Our results show that the increase of IE (SO to S1) resulted in an
average decrease of about 1 mm in IWW and an average increase of
about 2 mm in IWC over the whole study area during 2010-2019
(Fig. 6), which belongs to paradoxical Situation IV in Fig. 11. The in-
crease in IE led to a reduction in the amount of water withdrawn for
irrigation (1 mm). However, it also resulted in more water being
consumed by evapotranspiration (2 mm), ultimately reducing the water
flow in the streams. As a result, the increase in IE caused higher values of
SDSD and PDA. Therefore, the increase of IE slightly aggravated the
hydrological drought in the study area. In addition, increasing IE can
aggravate or alleviate drought at different times from the perspective of
the whole study area, which is due to whether the irrigation water de-
mand is met due to different WA at different times. When water re-
sources are relatively abundant, increasing IE will lead to a situation (e.
g., L or IT in Fig. 11) in which the decrease of IWW is higher than the
increase of IWC (or IWC does not increase). In this situation, increasing
IE alleviates the hydrological drought as intended. However, when
water resources are scarce with limited WA and cannot meet most of the
crop water requirement, increasing IE will lead to a paradoxical situa-
tion (e.g., IV in Fig. 11) in which the increase of IWC is higher than the
decrease of IWW (or IWW does not decrease). In this paradoxical situ-
ation, after increasing IE, the relative increase of water consumption and
the relative decrease of return flow in the basin makes the hydrological
drought intensify. The three possible consequences of increasing IE in
this study also support why many studies revealed that most of the cases
where increasing IE does not result in “water savings” are in relatively
arid regions, such as Xinjiang (Liu and Tian, 2016) and Northeast China
(Zhou et al., 2020), and Africa (Molle and Tanouti’s, 2017). In these
areas, the climate is dry, water resources are scarce, and irrigation
usually cannot meet most of the crop water demand; increasing IE will
make irrigation more “adequate”, which thus increases IWC.

Although Fig. 11 can also explain the dual roles of increasing IE
affecting hydrological drought in space, it cannot be used for some grid
cells. For example, in the northern edge of the study area, increasing IE
aggravated hydrological drought in some grid cells (Fig. 10(a) and (c)).
In these grid cells, the water is imbalanced, and therefore, cannot use the
water balance approach to water accounting. For these grid cells, we
selected two example grid cells, as shown in Fig. 10(a) and (c). In Fig. 10
(a) and (c), the triangular and circular black dots are examples of grid
cells 1 and 2, respectively. These two example grid cells had a 194 %
(grid cell 1) and 71 % (grid cell 2) increase in SDSD after increasing IE
(S1 VS S0). As shown in Fig. 12, the simulated discharge in S1 for these
two grid cells shows an overall trend of less than SO, especially in
drought periods. Table 3 exhibits the average total water withdrawal
(TWW), non-irrigation water withdrawal (NWW), IWW, IWC, and IRF of
two example grid cells for S1 and SO during the period of 2010-2019.
The results show that increasing IE led to a decrease in IWW and an
increase in IWC in both grid cells, but the increase in IWC is smaller than
the decrease in IWW (Table 3). Therefore, using Fig. 11 cannot explain
why increasing IE exacerbated the hydrological drought in these two

(a) Example grid 1
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Fig. 12. Monthly discharge in SO and S1, and the threshold level Qgo (derived
from SO) on two example grid cells.
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Table 3
Average TWW, NWW, IWW, IWC, and IRF of two example grid cells from 2010
to 2019 under S1 and SO.

Grid cells Scenario TWW NWW ww IWC IRF
(mm) (mm) (mm) (mm) (mm)
Example SO 205.4 93.3 139.9 78.6 61.3
gridcell1  S1 205.5 93.3 134.7 80.3 54.4
Difference 0.1 0.0 —5.2 1.6 —6.9
Example SO 56.0 56.9 243.5 136.9 106.7
grid cell 2 S1 53.7 56.9 233.6 139.4 94.2
Difference -3.3 0.0 —-10.0 2.5 -12.5

Note: The difference is equal to the value in S1 minus the value in SO. TWW and
NWW denote the total water withdrawal and non-irrigation water withdrawal,
respectively.

grid cells. However, in both two scenarios (SO and S1), the sum of NWW
and IWW is greater than the TWW of these two grid cells (Table 3),
which indicates these two grid cells are comparatively water-scarce with
limited WA locally and large requirements for human water use. To meet
water demand, the model not only abstracted water from their own grid
cells, but also took water from other adjacent grid cells. Therefore, the
increase in IE led to a reduction in IWW, which means that the amount of
water withdrawn from other adjacent grid cells (not local grid cells) is
reduced. Thus, the increase in IE aggravated hydrological drought in
those grid cells due to the decrease in the volume of “water transfer”
from their adjacent grid cells.

In summary, increasing IE has different impacts (aggravation or
alleviation) on hydrological drought under different WA. When water
resources are relatively abundant, increasing IE will lead to a situation in
which the decrease of IWW is higher than the increase of IWC. In this
situation, increasing IE alleviates the hydrological drought as intended.
However, when water resources are scarce with limited WA and cannot
meet most of the crop water requirement, increasing IE will lead to the
paradox of IE and consequently aggravate the hydrological drought.
Also, increasing IE could aggravate the hydrological drought in water-
receiving areas as it reduces water supply from outside regions.

4.4.2. Why does increasing both IE and IA have two-sided effects on
hydrological drought?

The current understanding of an important cause of the paradox of [E
is that increasing IE may encourage farmers to grow more crops or more
water-intensive crops under government subsidies, thus increasing IWC
and making it fall into a “water saving” dilemma (Xiong et al., 2021;
Grafton et al., 2018). In this study, the behavior of farmers planting
more crops or more water-intensive crops was considered by the in-
crease of IA in the PCR-GLOBWB 2.0 model. Our results show that
increasing IE and IA on hydrological drought also has two-sided effects
in time and space, i.e., aggravating and alleviating hydrological drought,
with the aggravating effect clearly dominant. In this section, we discuss
why does increasing IE and IA have two-sided effects on hydrological
drought by investigating whether increasing IE and IA leads to the
paradox of IE.

Similar to Fig. 11, the water accounting method based on water
balance is used to investigate the possible change of irrigation water use
after increasing IE and IA, as shown in Fig. 13. In Fig. 13, there are two
IE scenarios: Scenario 1 has an IE of 0.5, and Scenario 2 has an IE of 0.8.
Notably, the NWD and GWD both increase due to the increase in IA from
Scenario 1 to 2. When the increasing IE leads to the increase of IA, there
are three possible consequences:® IA increases in a proportion smaller
than the increase of IE; @ IA increases in proportion to the increase of IE;
® IA increases in a proportion higher than the increase of IE. For both
consequences @ and ®, once occurring, both result in the IWW of
Scenario 2 is always greater than or equal to that of Scenario 1, and the
IWC of Scenario 2 is always higher than that of Scenario 1. Therefore,
consequences @ and ® always lead to the paradox of IE. For
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IRF =150-120=30

Situation II:
WA =180

Scenario 1:

IWW =180
IWC = 180%0.5=90
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If: WA =160

Scenario 1:

IWW = 160

IWC = 160*0.5=80
IRF = 160-80=80

Scenario 2:

IWW =150

IWC =150*0.8=120
IRF=150-120=30

Situation IV:
WA <= 150,
If: WA=120

Scenario 1:

IWW = 120

IWC = 120*0.5=60
IRF = 120-60=60

Scenario 2:
IWW=120

IWC =120*0.8=96
IRF=120-96=24

IWW of Scenario 2 is always
greater than or equal to that of
Scenario 1;

IWC of Scenario 2 is always
greater than that of Scenario 1

!
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Reducing the total
amount of water

Keeping balance

The paradox of IE

The paradox of IE

The paradox of IE

used in irrigation

Fig. 13. A case of the possible consequences after increasing IA and IE. Note: IE has no dimension, and the unit of other variables in the figure is mm.

consequence M, whether it leads to the paradox of IE is affected by WA.
As shown in Fig. 13, increasing IE and IA may have four situations under
the influence of WA. For Situation I, it occurs when water resources are
relatively rich (high WA), and the GWD of two scenarios can be met. In
Situation I, after increasing IE and IA, the IWW reduces while IWC in-
creases, but the reduced amount of IWW (50 mm) is greater than the
increased amount of IWC (20 mm). Therefore, in Situation I, increasing
IE and IA reduces the total amount of water used in irrigation, indicating
that increasing IE and IA does not lead to the paradox of IE; For Situation
II, it happens when the water resources are relatively average. From
Scenario 1 to 2, IWW decreases by 30 mm while IWC increases by 30
mm, i.e., the decrease in IWW and the increase in IWC are maintained in
balance, meaning neither reducing water used in irrigation nor more
water is consumed. For Situation III, it happens when the water re-
sources are more average. In this situation, INW decreases by 10 mm
after increasing IE and IA. However, IWC increases by 40 mm, which
indicates that increasing IE and IA leads to the paradox of IE, namely,
increasing IE and IA consumes more water (30 mm). For Situation IV, it
occurs when water resources are poor, and the WA is so small that the
NWD and GWD cannot be met. In Situation IV, the IWW remains un-
changed from Scenario 1 to 2. However, the IWC of Scenario 2 (96 mm)
is significantly higher than that of Scenario 1(60 mm), which indicates
that increasing IE and IA results in the paradox of IE.
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The above situations indicate that increasing IE and IA results in an
increase in IWC, regardless of whether the IWW decreases, increases, or
remains unchanged (Fig. 13). Lankford (2023) demonstrated a case of
IE-induced depletion and area rebound (Case 4). In this case, IE
increased from 0.45 to 0.85, and the zone area expanded by 356 ha from
the baseline of 400 ha. As a result, irrigation withdrawal overplus
increased 197 hm3, and total zone depletion increased 0.25 hrn3,
aligning with consequences @ of this study (see Fig. 13). The reason for
this lies in the similarity in the increase of IE and zone area in Case 4 of
Lankford’s study, both around 89 %. Compared to Lankford (2023), this
study considered more cases of the increase in IA, that is, IA increases in
a proportion smaller than, in proportion to, and a proportion higher than
the increase of IE. More importantly, we analyzed and proposed more
situation results of increasing IE and IA under different water shortage-
related WA.

Our results show that increasing IE and IA significantly increased
IWW by 8 mm and IWC by 7 mm (S2 VS SO) on average over the whole
study basin during 2010-2019, see Fig. 6. Therefore, this result does not
belong to consequence @, which is due to the fact that IA increases in
proportion to the increase of IE when designing the scenario (Table 2),
and thus belongs to consequence @. consequence @ always results in
the paradox of IE, and therefore, it should always have positive impacts
on hydrological drought. However, although the IA is set to increase in
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proportion to the increase of IE, the increase of IA is also constrained by
the irrigation system, for example, the size of the land area that can be
cultivated in an irrigation system limits the expansion of IA. For the PCR-
GLOBWB 2.0 model with a grid cell as the irrigation system, the IA
cannot exceed the area of grid cell (Wada et al., 2014; Sutanudjaja et al.,
2018). When the size of IA reaches the area of grid cell, it is not possible
to expand the arable land. Fig. 14 exhibits the IA in SO and S2 and its
comparison in 2019. It can be found that the IA of some regions (e.g., the
central part of the study area) is limited by the size of grid cell, and its
growth rate does not increase according to the increase of IE, for
example, the increase of IA in the central part of the study area mostly
ranged between 2 ~ 4 % (S2 vs S0), less than the increase of IE (Fig. 3
(a)). At this time, the change of irrigation water use caused by increasing
IE and IA belongs to the consequence M (Fig. 13). For consequence @,
increasing IE and IA may result in “Reducing the total amount of water
used in irrigation”, “Keeping balance” or “The paradox of IE” under
different WA situations. Therefore, under the combined effect of the
changes of IA in consequences @ and @, the increase of IE and IA has
the dual effects of alleviating and aggravating hydrological drought,
with the aggravating effect dominant. It is dominant for aggravating the
hydrological drought because the increase in IA leads to an increase in
irrigation water demand (NWD and GWD), thus leading to a significant
increase in IWC and IWW. However, when the increase of IA is restricted
by the irrigation system, the intensification effect of increasing IE and IA
on hydrological drought will be weakened. Notably, when the IA cannot
increase or only slightly, increasing IE and IA can result in a situation in
which the decrease of IWW is greater than the increase of IWC (Situation
I in Fig. 13). In this situation, increasing IE and IA alleviates the hy-
drological drought as intended.

In summary, despite increasing IE and IA having two-sided effects on
hydrological drought, the aggravating effect is dominant due to the in-
crease in IA leading to a significant increase in IWC and IWW. However,
when the irrigation system restricts the increase of IA, the intensification
effect of increasing IE and IA on hydrological drought will be weakened.
Notably, when the IA cannot increase or only slightly, increasing IE and
IA can result in the decrease of INW being more significant than the
increase of IWC and consequently alleviates hydrological drought (as
intended).

4.4.3. Limitations of the hydrological modeling in the study
There are some limitations in our hydrological modeling for assess-
ing the effects of increasing IE on the hydrological drought, which
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should be addressed in the future. Firstly, water withdrawal from
groundwater and surface water in the PCR-GLOBWB 2.0 model is sector
independent, which means that the available water resources are allo-
cated proportionally to the amount of domestic, industry, and irrigation
water demands, without considering possible local preferences (de Graaf
et al., 2014). However, different sectors have their different water use
priorities. Usually, domestic water demand has the highest priority,
followed by industry, and finally irrigation. In addition, the competition
of water uses in different sectors often happens in water-scarce places,
particularly for surface water (Wada et al., 2014).

Secondly, the IWC is calculated based on transpiration, evaporation,
and IWW in the PCR-GLOBWB 2.0 model, which enables the model
dynamically to link the feedback between the irrigation water, the
changes in surface and soil water, and evapotranspiration (Sutanudjaja
et al., 2018). However, this calculation method may lead to a water
imbalance in which IWW is not equal to IWC plus IRF. Therefore, we
adjusted the calculation method in the model, that is, IWC equals IWW
multiplied by IE, and IRF equals IWW multiplied by (1-IE). Our calcu-
lation method is consistent with another hydrological model CWatM
v1.04 model (Burek et al., 2020). In addition, IE is a static value in the
model, which cannot consider changes in IE caused by the development
of irrigation technology (de Graaf et al., 2014; Sutanudjaja et al., 2018).
In this study, we improved the model to consider dynamic IE using the
time series of reported IE. However, due to data availability, IE is set as a
uniform value for each province (see Fig. 2(a)), which ignores the spatial
variability of IE due to different irrigation measures (Irmak et al., 2011).
Meanwhile, the interannual variation of IE is ignored as only yearly
value of IE is available.

Thirdly, in the PCR-GLOBWB 2.0 model, the irrigated water is lost
through percolation and recharged to groundwater as IRF (Sutanudjaja
et al., 2018). However, in the real world irrigation water losses not only
infiltrate into groundwater but also occur in the process of water
conveyance in the form of evaporation from canals, leaks in pipelines,
and canal seepage (Van Halsema and Vincent, 2012; Irmak et al., 2011).
Therefore, the amount of groundwater recharged by IRF is likely over-
estimated by the model. In general, the modeling could be improved by
optimizing water allocation schemes that consider possible local pref-
erences, collecting more detailed data about IE, and including water
conveyance losses in the calculation for irrigation losses and IRF in the
PCR-GLOBWB 2.0 model.

Finally, we used the increase in IA in the PCR-GLOBWB 2.0 model to
represent the scenario (S2) where farmers grow more crops and more
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Fig. 14. The IA in SO and S2 for 2019 and its comparison. The relative change in the figure is the percentage change (%) of the IA in S2 compared to the IA in SO.
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water-intensive crops, as the PCR-GLOBWB 2.0 model cannot account
for a shift to crops with higher water consumption, which is a limitation
of the model that may cause the scenarios to deviate from reality. A
promising way to determine the allocation of water-intensive crops or
the expansion of IA is using the economic decision model (Dury et al.,
2012; Lankford, 2023). Therefore, future work could combine hydro-
logical models (e.g., PCR-GLOBWB 2.0 model) with economic decision
models or incorporate the method of economic crop decision into the
scheme of irrigation water use simulation of hydrological models to
better consider changes in crop planting structure or the expansions of
IA.

5. Conclusion

To save water for irrigation, it is a common practice to implement a
water-saving policy for increasing IE involving measures such as canal
lining and drip irrigation. This study used PCR-GLOBWB 2.0 model to
simulate different water-saving scenarios (e.g., increase IE or IA) to
evaluate the effects of processes related to the paradox of IE, and to
identify the potential effects of irrigation water-saving interventions on
the occurrence of hydrological drought in the Huaihe River Basin. The
results show that the impact of increasing IE alone on hydrological
drought has two-sided effects: aggravation and alleviation. When water
availability (WA) is high and can meet most of the crop net water de-
mand (NWD) and the crop gross water demand (GWD), there is a situ-
ation in which the decrease of irrigation water withdrawal (IWW) is
higher than the increase of irrigation water consumption (IWC) after
increasing IE. In this situation, increasing IE alleviates the hydrological
drought as intended. However, when water resources are relatively
scarce with limited WA and cannot meet most of the NWD and GWD,
there is a situation in which the increase of IWC is higher than the
decrease of IWW after increasing IE. In this situation, increasing IE leads
to the paradox of IE and consequently aggravates the hydrological
drought. Also, increasing IE could aggravate the hydrological drought in
water-receiving areas as it reduces the water supply from outside re-
gions. The results show that the impacts of increasing IE and IA simul-
taneously on hydrological drought are also two-sided. However, the
aggravating effect is dominant due to the increase in IA leading to a
significant increase of IWC and IWW. Notably, when the increase of IA is
restricted by the irrigation system, the intensification effect of increasing
IE and IA on hydrological drought will be weakened. Meanwhile, when
the IA cannot increase or only slightly, increasing IE and IA can result in
the decrease of IWW being more significant than the increase of IWC and
consequently alleviates hydrological drought. Those findings have
important implications for irrigation water regulation in areas with a
high intensity of water resource development.
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