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Abstract. Water supply sources for irrigation (e.g. rivers
and reservoirs) are critically important for agricultural productivity. The current rapid increase in irrigation water use
is considered unsustainable and threatens food production.
In this study, we estimated the time-varying dependence of
irrigation water requirements from water supply sources,
with a particular focus on variations in irrigation area during past (1960–2001) and future (2002–2050) periods using
the global water resources model, H08. The H08 model can
simulate water requirements on a daily basis at a resolution
of 1.0◦ × 1.0◦ latitude and longitude. The sources of irrigation water requirements in the past simulations were specified using four categories: rivers (RIV), large reservoirs (LR)
with a storage capacity greater than 1.0 × 109 m3 , mediumsize reservoirs (MSR) with storage capacities ranging from
1.0 × 109 m3 to 3.0 × 106 m3 , and non-local non-renewable
blue water (NNBW). The simulated results from 1960 to
2001 showed that RIV, MSR and NNBW increased significantly from the 1960s to the early 1990s globally, but LR
increased at a relatively low rate. After the early 1990s, the
increase in RIV declined as it approached a critical limit,
due to the continued expansion of irrigation area. MSR and
NNBW increased significantly, during the same time period,
following the expansion of the irrigation area and the increased storage capacity of the medium-size reservoirs. We
also estimated future irrigation water requirements from the
above four water supply sources and an additional water supply source (ADD) in three future simulation designs; irrigation area change, climate change, and changes in both irrigation area and climate. ADD was defined as a future increase

in NNBW. After the 2020s, MSR was predicted to approach
the critical limit, and ADD would account for 11–23 % of the
total requirements in the 2040s.

1

Introduction

Irrigation is crucial to satisfying increasing food demands
(Bruinsma, 2003; De Fraiture et al., 2007). In many countries, food production requires intensive levels of water withdrawal for irrigation, which can deplete water supply sources
or even cause them to run dry. When these sources are
depleted, a decline in future food production is expected
(Hanjra and Qureshi, 2010). It is highly unlikely that we
will be able to depend on existing irrigation water sources
(e.g. rivers, reservoirs and aquifers) in the future, for two
main reasons.
First, many major rivers, including the Yellow River, the
Colorado River, the Rio Grande, the Syr Darya and the Amu
Darya, are now diminished in their lower reaches due to diversions and impoundments for irrigation. For example, the
Yellow River experienced a persistent decline in observed
annual runoff from 1960 to 2000 (Piao et al., 2010), which
was largely attributed to water use for irrigation (Tang et al.,
2008). Diversion of water to support cotton plantations via
an inefficient irrigation system has led to the retreat of the
Aral Sea (Peachey, 2004).
Second, many countries are excessively using groundwater (Gleeson et al., 2012) as they struggle to satisfy their
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growing water demands. Critical groundwater depletion has
been detected by the NASA Gravity Recovery and Climate Experiment satellites (GRACE) in northwestern India
(Rodell et al., 2009) and many other basins where intensive
irrigation is prevalent (Famiglietti et al., 2011; Döll et al.,
2012).
A number of global-scale water resource models have
been used to estimate spatial and temporal variations in water
resources in the 20th century due to changes in irrigated areas
as well as atmospheric forcing conditions (e.g. Haddeland
et al., 2006; Hanasaki et al., 2006, 2008a, b, 2010; Rost et
al., 2008; Döll et al., 2009; Liu et al., 2009; Wisser et al.,
2010; Biemans et al., 2011; Wada et al., 2011; Pokhrel et
al., 2012b). The results of these model simulations have indicated that an expansion of irrigation and/or the construction/operation of reservoirs in a typical catchment would
have a gradual and significant influence on the hydrological cycle. Those studies showed that water use and the construction/operation of reservoirs caused a significant change
in the seasonal pattern of water flow at continental and global
scales. Thus, the change affected the amount of water available from various water supply sources for irrigation.
Global-scale water resource models have also simulated
irrigation water requirements from various water supply
sources. Döll et al. (2012) quantified the effects of irrigation water requirements from surface water and groundwater on variations in water storage for the period from 1901
to 2002 using the global water resources model Water GAP.
Wada et al. (2012b) calculated the contribution of different water sources (i.e. blue water (renewable surface water and groundwater), non-renewable groundwater and nonlocal water resources) to irrigated crops, over the period from
1960 to 2000, using the global water resources model PCRGLOBWB. Biemans et al. (2011) estimated the irrigation
water supply from surface water, reservoirs and other sources
using the dynamic global vegetation and hydrology model
LPJmL, with a particular focus on the reservoir module
based on Haddeland et al. (2006) and Hanasaki et al. (2006).
Hanasaki et al. (2010) estimated the irrigation water requirements from different sources for major crops and livestock
products and the level of global virtual water exports using the global water resources model H08 (Hanasaki et al.,
2008a, b; hereafter, “H08 model”). In Hanasaki et al. (2010),
the virtual water supply source was specified using two categories, green water and blue water, which were involved in
the global hydrological cycle. Blue water was further divided
into three subcategories: rivers, medium-size reservoirs, and
non-renewable non-local blue water (NNBW).
Concerning future water use simulations, the change in
total irrigation water requirements under climate change
and the irrigation water use scenario for the 21st century
have been discussed previously (e.g. Haddeland et al., 2014;
Hagemann et al., 2013; Hanasaki et al., 2013a, b; Liu et al.,
2013a; Schewe et al., 2014; Wada et al., 2014). Hanasaki et
al. (2013b) projected global total water requirements under
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014

the water use scenarios and the latest climate change scenarios for the 21st century using the H08 model. Hanasaki
et al. (2013a) developed water use scenarios depicting five
global situations under the latest socio-economic scenarios.
Wada et al. (2014) quantified the impact of projected global
climate change on total irrigation water requirements among
the multi-water resource models described above and among
several global climate models (GCMs) under the highest
greenhouse gas emission scenario (Van Vuuren et al., 2011).
However, to our knowledge, no study has estimated irrigation water requirements from various water supply sources,
in terms of spatial and temporal analyses for past and future
conditions.
In this study, we estimated the time-varying dependence
of irrigation water requirements from various water supply
sources on a global scale, accounting for variations in the irrigation area and meteorological forcing conditions from 1960
to 2050, using the H08 model. For the past period of 1960–
2001, the sources of irrigation water were classified into the
following four categories: rivers, large reservoirs, mediumsize reservoirs, and NNBW. For the future period from 2002
to 2050, an estimate was made of irrigation water requirements from the four water supply sources and a newly defined water supply source, termed “additional water supply
source” (ADD), which is defined as an increase in NNBW
from the past to the future.
The structure of this study is as follows. Section 2 presents
a brief description of the model and the data collected. Sections 3 and 4 describe settings of model simulations and the
validation of our model outputs. Sections 5 and 6 present the
results of our analysis (global and country-based dependence
of net irrigation water requirements on water supply sources),
including sensitivity analyses. Section 7 comprises the discussion and concluding remarks.

2

Methods and data

In this section, we gave descriptions of the model and required data (Fig. 1 and Table 1), which include two types of
input, meteorological forcing and geographical data, to drive
the H08 model.
2.1

Model description

We used the H08 model to estimate net irrigation water requirements (Hanasaki et al., 2008a, b). This model can simulate both natural hydrological water flows and anthropogenic
water withdrawals globally on a daily basis at a resolution of
1.0◦ × 1.0◦ latitude and longitude using meteorological and
geographical input data (Fig. 1). The meteorological variables used in the H08 model are air temperature (K), specific
humidity (kg kg−1 ), wind speed (m s−1 ), surface pressure
(Pa), downward shortwave and longwave radiation (W m−2 )
and precipitation (kg m−2 s−1 ). The model consists of five
www.hydrol-earth-syst-sci.net/18/4289/2014/
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Figure 1. Schematic diagram of irrigation water requirements from various water supply sources in the H08 model.

sub-models for land surface hydrology (Robock et al., 1995),
crop growth (Krysanova et al., 2000), river routing (Oki
and Sud, 1998), reservoir operation (Hanasaki et al., 2006)
and anthropogenic water withdrawal (Hanasaki et al., 2010).
The crop growth sub-model estimates planting and harvesting dates, and the land surface hydrology sub-model calculates daily evapotranspiration from irrigated cropland. The
consumption-based irrigation water demand is determined as
the irrigation water requirement for maintaining soil moisture at 60 % in the top 1 m of irrigated cropland during the
cropping period. In the case of paddy fields, soil moisture is
maintained at 100 % of the field capacity to meet the condition of paddy inundation. Here, we set the soil moisture to
be maintained at 60 % of the field capacity for crops other
than rice, because wheat, a major global crop, is grown with
soil moisture at 50–60 % of field capacity in many irrigated
areas (Allen et al., 1998). The irrigation water requirement is
set to begin 30 days before the planting date, increasing the
soil moisture content linearly from 0 to 60 % or 100 %. The
total irrigation water requirement defined in the above way is
known as the “net irrigation water requirement” (IR) (Smith,
1992). It should be noted that return flow and delivery loss
are not included in this model.
In the anthropogenic water withdrawal sub-model (Fig. 1),
irrigation water requirements from various water supply
sources were abstracted in the following order of priority to
meet the IR:
a. the river flow (RIV), which is a naturalised flow regime;
b. large reservoirs (LR), which are determined by subtracting the river flow including large reservoirs with a storage capacity greater than 1.0 × 109 m3 , from those without large reservoirs;
c. medium-size reservoirs (MSR) with storage capacities
ranging from 1.0 × 109 m3 to 3.0 × 106 m3 ; and
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014

d. non-renewable non-local blue water (NNBW), which
comprises the remaining demand and can be determined by assuming an unlimited water supply source.
Hanasaki et al. (2010) originally added this term as a
conceptual water supply source; it was termed NNBW
by Rost et al. (2008) and Hanasaki et al. (2010). In this
study we defined NNBW as an unlimited supply source,
which is available everywhere without limit.
IR can be supplied from the four possible sources above as
follows:
IR = RIV + LR + MSR + NNBW.

(1)

First, RIV and LR are supplied to fulfil IR. When RIV becomes unavailable as a water supply source, IR is, in turn,
derived from MSR. When the MSR are depleted, water is
withdrawn from NNBW to fulfil IR.
We should note that reservoir treatments differed from
reservoir to reservoir depending on the storage size. Large
reservoirs control river discharge in the model and set operating rules for individual reservoirs along each river. For
large reservoirs where the primary purpose was not irrigation water supply, the reservoir operating rule was set to
minimise inter-annual and sub-annual river discharge variation. For large reservoirs in which irrigation water supply
was the primary purpose, daily release from the reservoirs
was proportional to the irrigation water requirement in the
lower reaches. Medium-size reservoirs were not treated individually. Instead, their storage capacities were aggregated
for each calculated grid cell. Runoff produced by the land
surface hydrology module initially runs into the mediumsize reservoirs in the same grid. Then excess water beyond
the storage capacity of the medium-size reservoir flows into
the river channel after runoff, as determined by the land surface hydrology module. Here, we assumed that medium-size
www.hydrol-earth-syst-sci.net/18/4289/2014/
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reservoirs used 100 % of their storage capacity. Finally, the
river discharge was calculated from the gridded runoff and
the remaining river discharge, which was routed through the
TRIP (Oki and Sud, 1998) river routing map.
2.2

Meteorological forcing data

To prepare the meteorological forcing data for the past period (1960–2001), we used two data sets. One was WATCH
(WATer and global CHange project) forcing data (Weedon
et al., 2011, hereafter, “WFD data set”) based on the 40year European Centre for Medium-Range Weather Forecasts
Re-Analysis (ERA-40), which consists of 6 hourly nearsurface meteorological forcing data for 1958–2001, with a
spatial resolution of 0.5◦ × 0.5◦ . For validation and sensitivity analysis, we used the WFD data set. The other data set
used was the WATCH driving data (hereafter, “WDD data
set”) of three GCMs, namely CNRM, ECHAM5 and IPSL
(Hagemann et al., 2011). The period covered by these data is
1960–2001, and the same forcing variables are available as
for the WFD data set. For the past period, the WDD data
set was based on the 20C3M experiment, which was performed in the third phase of the Coupled Model Intercomparison Project (CMIP3). We used the WDD data set to calculate future increase in NNBW from simulation results of
the past with those of future.
For the future period from 2002 to 2050, we also used
the WDD data set based on the IPCC AR4 high-emission
A2 scenario of CMIP3 (Nakicenvoic et al., 2000), which contains daily near-surface meteorological forcing data with a
spatial resolution of 0.5◦ × 0.5◦ . Daily precipitation and air
temperature data in the WDD data set were bias-corrected to
make them consistent with those of the WFD data set using the method described by Piani et al. (2010). All variables (precipitation, air temperature, downward shortwave
and longwave radiation, specific humidity, and wind speed)
in the WDD data set were interpolated from the spatial resolution of the climate model using a combination of bilinear
and inverse distance interpolation. Both the WFD and WDD
data sets represent a spatially aggregated median value with
a 1.0◦ × 1.0◦ grid resolution.
2.3
2.3.1

Geographical data
Irrigation areas

We prepared annual irrigation area distribution maps (spatial
resolution: 1.0◦ × 1.0◦ ) for the period of 1960–2001 to estimate irrigation water requirements. Data of “areas equipped
for irrigation” are available from the University of Frankfurt’s Food and Agriculture Organisation (FAO) Global Map
of Irrigation Areas (GMIA) for 1998–2002 at a spatial resolution of 5 arcmin (Siebert et al., 2007). Time series data of
areas equipped for irrigation per country are available from
www.hydrol-earth-syst-sci.net/18/4289/2014/
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national statistics from 1900 to 2003 (Freydank and Siebert,
2008).
First, to prepare the data set of changes in the annual irrigation area, we used the GMIA as a base map. Second, we
obtained the annual rate of change from 1960–2001 using
data from Freydank and Siebert (2008). Finally, we rescaled
each grid in the aggregated map on a country-by-country
basis using the annual rate of change, denoted as historical irrigation map (HIM) data. This method is similar to
that used by Wisser et al. (2010) and Pokhrel et al. (2012b).
We confirmed whether the irrigation areas were constrained
within croplands using a historical evolution of cropland areas (Ramankutty and Foley, 1999), which was calibrated using a remotely sensed global land-cover classification data
set (Loveland et al., 2000).
We prepared an irrigation area scenario for the future period (2002–2050). In this scenario, we assumed that to meet
food requirements, the future irrigation area will increase in
proportion to population growth on a global scale (Oki and
Kanae, 2006; Shen et al., 2008). This irrigation area scenario is based on the “medium scenario” from among the
three population growth scenarios of the United Nations Population Division (UN, 2011). We used a future population
growth rate of 0.9 % per year on a global scale according to
the method of Shen et al. (2008).
Figure 2a shows the change in total irrigation area from
1960 to 2050. The HIM reflects the large-scale dynamics of
development of the irrigated area over the 20th century, revealing an expansion in area from 1.6 × 106 km2 in 1960 to
2.7 × 106 km2 in 2000. Furthermore, our irrigation scenario
was 3.9 × 106 km2 in the year 2050. Figure 2b shows the
difference in irrigation area between 1960 and 2000. Irrigation areas have been increasing in India, China, Pakistan and
the United States. Subdivision of the HIM into single- and
double-cropping irrigated areas was achieved by multiplying
HIM data by the irrigation intensity data published by Döll
and Siebert (2002).
2.3.2

Reservoir data

We estimated the storage capacity of large- and medium-size
reservoirs in each grid to determine the impact of a change
in water supply in each year. The International Commission
on Large Dams (ICOLD, 1998) defines a large reservoir as
one having a storage capacity greater than 1.0 × 109 m3 and
provides information on geophysical location, construction
year, maximum storage capacity and function. In this study,
we used 548 large reservoirs based on ICOLD (2003) data
(Hanasaki et al., 2006; Pokhrel et al., 2012b).
We prepared the historical development and spatial distributions of storage capacity data for medium-size reservoirs from 1960 to 2001. We determined the geophysical
location, dam construction year, and storage capacity of
6862 reservoirs from the Global Reservoir and Dam database
(GRanD; Lehner et al., 2011). We spatially aggregated the
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014
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(a)

(b)

Figure 2. Global total area equipped for irrigation under historical irrigation map (HIM) data (103 km2 ) during the period of 1960–2000
and irrigation scenarios due to population growth during the period of 2000–2050 and global total population (a), and the difference in area
equipped for irrigation (km2 ) for the years 2000–1960 (b).

storage capacity of medium-size reservoirs from the GRanD
database in each year at a 1.0◦ × 1.0◦ grid resolution and
country scale. ICOLD (1998) defines medium-size reservoirs
as those with a storage capacity ranging from 1.0 × 109 m3
to 3.0 × 106 m3 and provides the only total national capacity of global medium-size reservoirs. If the total capacity in
ICOLD (2003) was greater than the aggregated storage capacity of medium-size reservoirs from the GRanD database
at the national scale, the geographical distribution of the
remaining storage within each country was then weighted
in proportion to population (Klein Goldewijk et al., 2011).
This procedure is supported by Hanasaki et al. (2010), who
demonstrated a positive correlation between the total population of a country and the storage capacity of its reservoirs. Finally, we obtained the time-dependent storage capacity of medium-size reservoirs by incorporating the distribution map of the aggregated storage capacity from the
GRanD database and the remaining storage. In contrast, if the

Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014

aggregated storage capacity of medium-size reservoirs from
the GRanD database at the national scale was greater than
the total capacity in ICOLD (2003), we used the distribution
map of the aggregated storage capacity at the grid scale.
Figure 3a presents the change in global total cumulative
storage capacity of large and medium-size reservoirs, from
1240 and 1385 km3 in 1960 to 4427 and 3084 km3 in 2000,
respectively. The cumulative storage capacity of large reservoirs for irrigation increased little after the 1970s, and was
less than the increase for hydropower capacity in Fig. 3a.
Figure 3b shows the difference in the storage capacity of
medium-size reservoirs for the years 2000–1960. In China,
storage capacities have increased substantially.
2.3.3

Industrial and domestic water withdrawal

Although we focused on global changes in the IR, we also
estimated industrial and domestic water withdrawals because
www.hydrol-earth-syst-sci.net/18/4289/2014/
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Figure 3. Total cumulative storage capacity of large and medium-size reservoirs (km3 ) and the cumulative storage capacity of large reservoirs
for hydropower, irrigation and other uses during the period 1960–2000 (a), and a distribution map showing the difference in storage capacity
(106 m3 ) of medium-size reservoirs for the years 2000–1960 (b). In (a), the magenta short-dashed line shows the storage capacity of large
reservoirs for irrigation. If a reservoir has multiple functions, the most important function was counted.

they commonly share the same water supply sources as irrigation withdrawals.
The total water withdrawals for industrial and domestic
use were estimated on a grid scale, primarily based on statistical data for the period 1960–2001. First, at the country
scale, the water withdrawals for each sector (i.e. irrigation,
industrial, and domestic use) from FAO (2012) were used
as base data. Some countries provide time series data, some
provide discontinuous data, and others provide only singleyear data. For countries in which time series data were available, we conducted a linear interpolation to fill the gaps between data. Elsewhere, discontinuous data or data for a single year were calculated by multiplying the regionally scaled
evolving ratio of withdrawal from Shiklomanov (1999). In
this manner, we prepared water withdrawal data for various
countries for 1960–2001.
The water withdrawal data (1960–2001) were then downscaled to a resolution of 1.0◦ × 1.0◦ . Infrastructure areas for

www.hydrol-earth-syst-sci.net/18/4289/2014/

the year 2000, from the global land use data published by Erb
et al. (2007), were used as a proxy for the gridded distribution
of industrial water withdrawal because Otaki et al. (2008)
found that industrial water consumption correlated well with
the extent of urban areas in an analysis in Japan and China.
The adjusted total population (Klein Goldewijk et al., 2011)
was used as a proxy for the gridded distribution of domestic
water withdrawal, as in previous studies (Vörösmarty et al.,
2000; Oki et al., 2001; Shen et al., 2008).
3

Model simulations

Table 1 summarises the input data of five simulation settings;
further input data details are given in Sect. 2. Past simulations for the period of 1960–2001 were executed using two
different sets of meteorological forcing data (the WFD and
WDD data sets). Future simulations for the period of 2002–
2050 were also performed for three different future scenario
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014
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settings, using the outputs of three different GCMs, based on
the WDD data set. These settings are discussed in the following two sections.
3.1
3.1.1

Past simulations for the period of 1960–2001
Simulations using WATCH forcing data

We computed the irrigation water requirements from various water supply sources using the WFD data set and geographical data such as the irrigation area data, reservoir
data, and the industrial and domestic water withdrawal (as
described in Sect. 2) during the past period from 1960 to
2001. The total irrigation water requirement of this simulation (IRWFD,y , where y means year) were defined as value of
IR, and the irrigation water requirements from various water supply sources of this simulation (RIVWFD,y , LRWFD,y ,
MSRWFD,y and NNBWWFD,y ) were defined as value of RIV,
LR, MSR and NNBW in each year. Throughout the entire period, the crop types and crop intensity were unchanged from
those used by Leff et al. (2004) and Döll and Siebert (2002)
for the year 1990. For results of annual irrigation water requirement from various water supply sources during the past
period (1960–2001) in Sect. 5, the simulations relied mainly
on the WFD data set. For validation in Sect. 4 and sensitivity
analysis in Sect. 6, we also used the WFD data set.
3.1.2

Simulations using WATCH driving data

To determine the change from the past to future conditions, a
continuous simulation using consistent meteorological forcing data is required. As discussed in Sect. 2.2, the WFD data
set is inconsistent with the WDD data set, with the exception of air temperature and precipitation values. Therefore,
we simulated irrigation water requirements from various water supply sources using the WDD data set (RIVWDD,y ,
LRWDD,y , MSRWDD,y and NNBWWDD,y ) for the past period (1960–2001). Geographical data were identical to the
WFD simulation in Sect. 3.1.1. These simulation results were
used to calculate the difference between the future and past
periods.
3.2
3.2.1

the future period (2002–2050) and the storage capacity of
reservoirs in 2000. We assumed that the storage capacities of
large and medium-size reservoirs, as well as those of industrial and domestic water withdrawals, remained unchanged
between 2000 and 2050.
For both future and past simulation periods, IRIC,y
were met by four water supply sources: RIVIC,y , LRIC,y ,
MSRIC,y , and NNBWIC,y , listed in order of priority (described in Sect. 2.1). Because we fixed the storage capacities of large and medium-size reservoirs at those of the
year 2000, the growth in water requirement was mainly
sustained by NNBWIC,y in our future simulation. In other
words, the growth in NNBWIC,y can be partly attributed
to the fixed capacities of large and medium-size reservoirs.
Hence, we defined an additional water supply source, termed
“ADDIC,y ” (determined from Eq. 2 below), as NNBWIC,y –
NNBWWDD,1990s and separated the NNBWIC,y into two
components. In this study, ADDIC,y is considered as the additional NNBW in the future compared with the 1990s, and
possibly and partly allocable into LRIC,y and MSRIC,y if
reservoir capacity increases. Although we could set construction of new reservoirs in the future, subdivision of ADDIC,y
into LRIC,y , MSRIC,y and NNBWIC,y requires development
of scenarios based on the future construction of spatially explicit reservoirs, which is beyond the scope of this study.
3.2.2

Simulations with a sole climate change scenario

Second, we estimated RIV, LR, MSR, NNBW and ADD using a sole climate change scenario for the future period 2002–
2050. In these experimental simulations (hereafter, “CC”
simulations), we used the WDD data set projected by three
GCMs for the future period of 2002–2050 as the metrological forcing data. The total irrigation water requirements of
the CC simulations (IRCC,y ) were defined as the ensemble
medians of IR values on the basis of three GCMs. In the
CC simulations, the irrigation areas remained unchanged between 2000 and 2050. All other settings were identical to
those in Sect. 3.2.1.
3.2.3

Simulations with both irrigation area and climate
change scenarios

Future simulations for the period of 2002–2050
Simulations with a sole scenario of irrigation area
change

First, we estimated whether RIV, LR, MSR and NNBW
would increase with future changes in the irrigation area for
the future period of 2002–2050. In these simulations of irrigation area change only (hereafter, “IC” simulations), we
used the WDD data set for the period of 1990–2000 as the
meteorological forcing data. The total irrigation water requirement of the IC simulations (IRIC,y ) was defined as the
ensemble median value of IR on the basis of three GCMs,
estimated from the irrigation area scenario in each year of
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014

Third, we also estimated RIV, LR, MSR, NNBW and ADD
the future water supply source components using both the
irrigation area and climate change scenarios for the period
2002–2050. In the simulation with the scenarios of irrigation
area and climate change (hereafter, “IC + CC” simulations),
for metrological forcing data we used the WDD data set from
three GCMs with future changes in irrigation areas for the
period 2002–2050. The total irrigation water requirements of
the IC + CC simulations (IRIC+CC,y ) were also defined as the
ensemble median IR of the three GCMs. All other settings
were identical to those described in Sects. 3.2.1 and 3.2.2.
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The new water supply source in each year of the future period (2002–2050) for three future simulations, termed
ADDSIM,y , was defined as
IRSIM,y = RIVSIM,y + LRSIM,y + MSRSIM,y
+ NNBWWDD,1990s + ADDSIM,y


ADDSIM,y =NNBWSIM,y −NNBWWDD,1990s
ADDSIM,y =0

if NNBWSIM,y >NNBWWDD,1990s
,
if NNBWSIM,y ≤NNBWWDD,1990s

(2)

and NNBWSIM,y =NNBWWDD,1990s
and NNBWSIM,y =NNBWSIM,y

where the subscript SIM denotes the simulation, namely, IC,
CC or IC + CC, as discussed above.
4

Validation

Figure 4 compares the IRWFD,2000 results from our H08 simulation with irrigation water requirements from three previous studies. The previous studies (Siebert and Döll, 2008;
Liu and Yang, 2010; FAO, 2012) assumed that the total irrigation water requirements could be estimated based
on the dependence on blue water use, which is defined
as extraction from surface and/or subsurface water bodies
(e.g. rivers, reservoirs, and aquifers). Even though there
were different degrees of uncertainty between the previous models and the H08 model (e.g. inconsistencies among
input data or parameterisations), the correlations between
our IRWFD,2000 and the results of these previous studies
were high: 0.99 for FAO (2012) (N = 90), 0.89 for Liu and
Yang (2010) (N = 172) and 0.98 for Siebert and Döll (2008)
(N = 39). In particular, we found that our IRWFD,2000 values
in both the United States and China agreed well with those
of the previous studies. The IRWFD,2000 values for India and
Pakistan (which typically have high water use) were overestimated compared with previous results. On the other hand,
most countries with an IRWFD,2000 < 100k̇m3 yr−1 had lower
correlation coefficients. The distributions of over- and underestimates did not depend on the experimental period.
On a global scale, IRWFD,2000 (1302 km3 yr−1 ) was overestimated when compared to the range of results reported
previously, namely 824 to 1181 km3 yr−1 (Siebert and Döll,
2008; Liu and Yang, 2010; FAO, 2012; Wada et al., 2012b).
IRWFD,2000 was ∼ 30 % larger than the average of previous
results. This inconsistency may be due to differences in the
physical processes and boundary conditions used in the models. Given that lower correlations were most apparent for
Asian countries, which are dominated by paddy cultivation
(e.g. Thailand, Bangladesh, Indonesia, Japan), it is recommended that the water body of paddy fields be considered
when using the model to predict agricultural water use.
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Figure 4. Comparison of IRWFD,2000 (km3 yr−1 ) with previous
studies (crosses: Siebert and Döll, 2008; circles: Liu and Yang,
2010; triangles: FAO, 2012).

5
5.1

Results
Global-based dependence of net irrigation water
requirements on water supply sources

Figure 5a and b show annual changes and ratios in the global
net irrigation water requirements from four water supply
sources for 1960–2001 and from five water supply sources
for 2002–2050. The estimated and projected net irrigation
water requirements from various water supply sources using
the WFD and WDD data sets in the 1960s, 1990s and 2040s
are presented in Table 2. There were only small differences
(−1.9 to 9 %) between the 10-year average requirements using the WDD and WFD data sets in the 1960s and 1990s. We
only described the results using the WFD data set in the past
period.
Concerning simulations of the past period of 1960–
2001 using the WFD data set, estimated water requirements increased as follows: from 340 km to 480 km3 yr−1 for
RIVWFD , from 16 to 29 km3 yr−1 for LRWFD , from 218 to
423 km3 yr−1 for MSRWFD and from 163 to 259 km3 yr−1
for NNBWWFD . The IRWFD showed a continuously increasing trend. The RIVWFD displayed a continuously increasing
trend to the early 1990s, but LRWFD increased very little due
to the limited capacity of large reservoirs for irrigation (see
Fig. 3a). The increasing trend for RIVWFD stabilised after the
early 1990s. Compared with the other water supply sources,
the dependence on RIVWFD was at its highest level from the
1960s to the 1990s. MSRWFD also displayed a continuous increasing trend. Construction of medium-size reservoirs may
have increased to meet the growing IRWFD caused by the expansion of irrigated areas. There was not much difference in
the total values of MSRWFD and RIVWFD at the end of the
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014
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Figure 5. Annual changes in global net irrigation water requirements (km3 yr−1 ) from four water supply sources (RIV, LR, MSR and NNBW)
using the WFD and WDD data sets for 1960–2001, and global net irrigation water requirements (km3 yr−1 ) from five water supply sources
according to the IC simulation (RIVIC , LRIC , MSRIC , NNBWIC and ADDIC ), the CC simulation (RIVCC , LRCC , MSRCC , NNBWCC and
ADDCC ) and the IC + CC simulation (RIVIC+CC , LRIC+CC , MSRIC+CC , NNBWIC+CC and ADDIC+CC ) for the period 2002–2050 (a); the
percentage contributions (%) of different water supply sources to the total IR (b). In the past and future periods, results of the ensemble
median for the WDD data set of three GCMs are provided. Outer shades show the maximum and minimum for the all meteorological forcing
data.

past period. NNBWWFD increased gradually from the 1960s
on a global scale. The growth rate of NNBWWFD as an irrigation water supply source increased noticeably after the
1970s. Due to atmospheric forcing conditions and an expansion of the global irrigation area from the 1960s to the 1990s,
NNBWWFD increased by 1.6 times. The reason for this is that
RIVWFD , LRWFD and MSRWFD were depleted previously,
due to the order of priority of water supply sources. The
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014

NNBWWFD increased substantially from 1997 to 2000 (see
more details in Sect. 6.2 and Table 5). The NNBWWFD,2000 ,
which approached RIVWFD,2000 and MSRWFD,2000 , met the
larger demand for global water supply in terms of irrigation
water use.
Figure 6a shows the spatial distribution of the difference
in MSRWFD between 1960 and 2000. The largest increases
are due to the doubling in size of the storage capacities of
www.hydrol-earth-syst-sci.net/18/4289/2014/
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Figure 6. Distributions of the differences in MSRWFD (106 m3 ) between 1960 and 2000 (a) and the differences in NNBWWFD (106 m3 )
between 1960 and 2000 (b).

medium-size reservoirs and irrigation areas from 1960 to
2000 in northern India and the Yellow River basin in China
(Figs. 2b and 3b). Figure 6b shows the spatial distribution of
the difference in NNBWWFD between 1960 and 2000. The
largest increase occurred because the irrigation areas doubled from 1960 to 2000 in the High Plains aquifer region of
the United States, northwestern India, Pakistan, and northeastern China (Fig. 2b); however, the storage capacities of
medium-size reservoirs did not increase (Fig. 3b).
Concerning future simulations for the period of 2002–
2050 using the WDD data set, estimated water requirements increased as follows: 629, 449 and 576 km3 yr−1
for RIVIC,2040s , RIVCC,2040s and RIVIC+CC,2040s , respectively; 50, 31 and 44 km3 yr−1 for LRIC,2040s , LRCC,2040s ,
and LRIC+CC,2040s , respectively; 635, 448 and 638 km3 yr−1
for MSRIC,2040s , MSRCC,2040s , and MSRIC+CC,2040s , respectively; and 275, 153 and 443 km3 yr−1 for ADDIC,2040s ,
ADDIC,2040s , and ADDIC+CC,2040s , respectively (Table 2).
IRIC+CC and IRIC also rose substantially, by ∼ 63 and
∼ 54 %, in future simulations. However, IRCC projected
an increasing trend of ∼ 11 %, and the differences among
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the three GCMs were relatively large. These results imply
that future water increases will be relatively large due to
the increasing irrigation area rather than the effect of climate change. RIVIC,2040s , RIVCC,2040s and RIVIC+CC,2040s
increased only marginally compared to RIVWFD,1990s . This
result indicates that current RIV and LR have already nearly
reached their critical limits for irrigation water use. MSRIC ,
MSRCC and MSRIC+CC as well as RIVIC , RIVCC and
RIVIC+CC did not increase significantly. MSRIC , MSRCC and
MSRIC+CC exceeded RIVIC , RIVCC and RIVIC+CC (Fig. 5a)
after the 2020s. Therefore, compared with other water supply sources, the dependence on MSRIC+CC,2040s was highest,
accounting for almost 33 % of the IRIC+CC,2040s in Fig. 5b
and Table 2. MSRIC,2040s and MSRIC+CC,2040s were both
1.5 times greater than MSRWDD,1990s .
ADDIC and ADDIC+CC , which were highlighted
future increases in NNBWIC and NNBWIC+CC from
NNBWWDD,1990s , were predicted to increase significantly
along with an increase in IRIC and IRIC+CC . In contrast,
ADDCC was relatively small along with the approximately
constant IRCC . In addition, the annual variations in ADDCC
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Table 2. Contributions of global average net irrigation water requirements from various water supply sources to the total net irrigation water
requirement (km3 yr−1 and %) using the WFD and WDD data sets, and irrigation areas (106 km2 yr−1 ) in the 1960s, 1990s and 2040s. IC,
CC, and IC + CC denote simulations with a sole scenario of irrigation area change, a sole scenario of climate change and a scenario with
both irrigation area and climate change, respectively.
Simulations

Meteorological
forcing
data

Irrigation
areas
(106 km2 yr−1 )

IR

RIV

LR MSR NNBW
(km3 yr−1 , %)

737
(100)

340
(46)

16
(2)

218
(30)

163
(22)

WDD

669
(100)

327
(49)

12
(2)

197
(29)

133
(20)

WFD

1191
(100)

480
(40)

29
(2)

423
(36)

259
(22)

1200
(100)

473
(39)

33
(3)

434
(36)

260
(22)

WFD
1960s

1990s

Past

1.5

Past

2040s

Future

–

IC

WDD

3.9

1849
(100)

629
(34)

50
(3)

635
(34)

260
(14)

275
(15)

CC

WDD

2.6

1341
(100)

449
(34)

31
(2)

448
(33)

260
(20)

153
(11)

IC + CC

WDD

3.9

1961
(100)

576
(29)

44
(2)

638
(33)

260
(13)

443
(23)

and ADDIC+CC were significant. With an increase in temperature and precipitation variability due to the anticipated
climate change scenario of CMIP3, additional water supply
sources could be needed during specific seasons when water
shortages become more prominent.
5.2

–

2.6
WDD

ADD

Country-based dependence of net irrigation water
requirements on water supply sources

Figure 7a and b present annual changes and ratios in the net
irrigation water requirements from four water supply sources
(RIV, LR, MSR and NNBW) for 1960–2050, and an additional water supply source (ADD) for 2002–2050 in China,
India, Pakistan, the United States, Mexico and Iran (the countries with the highest levels of irrigation water use worldwide). These changes had large variations. The results of sensitivity tests (shown in Sect. 6.2) indicated that this is primarily due to climate variation.
The IRWFD for all countries increased from the 1960s to
1990s. The RIVWFD supply for IRWFD in all countries increased very little after the early 1990s. Pakistan and China
had the highest dependence on RIVWFD . MSRWFD showed
an increasing trend. India, Mexico and Iran had the highest
dependence on MSRWFD . NNBWWFD also displayed an increasing trend, particularly after the early 1980s in China
and India, the early 1990s in Mexico and the late 1990s
in Iran. These temporal changes in NNBW are associated
with the expansion of irrigated areas in these countries.
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014

Compared with other water supply sources, NNBWWFD increased the most in the United States. The RIVWFD , LRWFD
and MSRWFD values in the United States were generally
small, and they stagnated after the 1960s. Thus, the increased
IR generated by the expansion of the irrigation area was replenished with NNBWWFD .
Concerning future simulations for the period of 2002–
2050, IRIC and IRIC+CC increased according to the expansion
of the irrigation area, whereas IRCC decreased, compared to
IRWDD,2000 due to climate change in India, Pakistan and Iran.
Conversely, IRIC increased, whereas IRCC and IRIC+CC decreased, compared to IRWDD,2000 due to climate change in
the United States, China and Mexico. ADDIC+CC,2040s in India and Pakistan accounted for 28 and 45 % of IRIC+CC,2040s ,
respectively. ADDIC,2040s in India, Pakistan and the United
States, accounted for 14, 26 and 16 % of IRIC,2040s , respectively. ADDCC,2040s in India and Pakistan accounted for
14 and 25 % of IRCC,2040s , respectively. These results imply that additional water would be needed in any cases of
irrigation area change and/or anticipated climate change in
India and Pakistan. Compared with India, Pakistan, Mexico
and Iran, additional water would not be needed as much in
the United States when the impacts of climate change are affected. However, in China, there was little need for additional
water in any of the cases, because the simulation results indicated that China could still use the enormous storage capacity
of its medium-size reservoirs.
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Figure 7. Annual changes in net irrigation water requirements from four water supply sources (RIV, LR, MSR and NNBW) using the WFD
and WDD data sets during 1960–2001, and global net irrigation water requirements from five water supply sources according to the IC
simulation (RIVIC , LRIC , MSRIC , NNBWIC and ADDIC ), the CC simulation (RIVCC , LRCC , MSRCC , NNBWCC and ADDCC ) and the
IC + CC simulation (RIVIC+CC , LRIC+CC , MSRIC+CC , NNBWIC+CC and ADDIC+CC ) for 2002–2050 in India, Pakistan, China, the United
States, Mexico and Iran (a). The percentage contribution of the different water supply sources to IR for the six countries (b). In the past and
future periods, results of the ensemble median for the WDD data set from the three GCMs are provided. Outer shades show the maximum
and minimum for all the meteorological forcing data.
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Table 3. Sensitivity study of the total global net irrigation water requirements in the year 2000 with regard to target soil moisture levels,
surface albedo and double-cropping.
Experimental designs

Conditions

IRWFD,2000
(km3 yr−1 )

Change rate
(%)

This study
1. Target soil moisture level
of irrigation (except paddy)
2. Land surface albedo
3. Cropping option

60 %
1302

–

75 %

1585

+21.7

Fixed at 0.23
Single

1211
1081

−7.0
−7.1

Seasonal change
Double
Sensitivity tests

1. Target soil moisture levels
of irrigation (except paddy)
2. Land surface albedo
3. Cropping option

6

Sensitivity tests

6.1

6.1.1

Uncertainties in net irrigation water requirements
from various water supply sources
Target soil moisture levels, land surface albedo
and option for double-cropping

Evaluations of model performance based on sensitivity tests
can be helpful in determining the uncertainty of estimated results. Target soil moisture levels, land surface albedo, and option for double-cropping are the most critical parameters with
regard to model performance for estimating the total water
requirements (Döll and Siebert, 2002). Thus, we investigated
the sensitivity of these three parameters to IRWFD,2000 .
In the H08 model, the target soil moisture level strongly influences irrigation water use because it determines the level
of soil moisture for consumption-based irrigation water demands. With the exception of rice, all crops in the original
H08 model set the target soil moisture level to 75 % during
the growing season. However, in this study we used a target
soil moisture level of 60 %.
Surface albedo is a critical parameter related to evaporation, due to alterations in surface-available energy. Previous
studies using water resource models (Siebert and Döll, 2008;
Liu and Yang, 2010; Wada et al., 2012b) have adopted an
albedo value of 0.23 for all seasons because they selected the
FAO Penman–Monteith method (Allen et al., 1998). In this
study, we followed Hanasaki et al. (2008a, b) and used albedo
data from the second Global Soil Wetness Project, in which
albedo values vary from 0.1 to 0.3, according to the stage of
the cropping season (Hanasaki et al., 2008a, b, 2010).
The double-cropping schedule is important for water resource management. The H08 model has a double cropping
option based on crop intensity data published by Döll and
Siebert (2002). We took this into account, but some other
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014

studies did not include this factor (Siebert and Döll, 2008;
Liu and Yang, 2010; Wada et al., 2012b).
Table 3 lists the results from our H08 model with regard to
the target soil moisture level, land surface albedo and the option for double-cropping. In the year 2000, an increase in the
target soil moisture level from 60 to 75 % resulted in a 21.7 %
increase in IRWFD,2000 . When the albedo value was fixed
at 0.23, the IRWFD,2000 was reduced by 7.0 %. Furthermore,
when the model considered only single-cropping, IRWFD,2000
decreased by 17.0 %. Thus, changes in these three parameters could increase or decrease the total water requirement
by ∼ 20 %.
6.1.2 Storage capacity of medium-size reservoirs
Although we assumed that the entire capacity of mediumsize reservoirs is useable for storing water, this is unrealistic: a considerable fraction of the capacity should be spared
for dead and surcharge storage. Table 4 lists the results of
our H08 model reducing the storage capacity of mediumsize reservoirs by 90, 70, 50, 30 and 10 %. When storage
capacity use declined from 90 to 10 %, MSRWFD,2000 was
decreased from −2.8 to −47.7 %, while RIVWFD,2000 and
NNBWWFD,2000 increased from 10.4 and 4.8 % to 16.2 and
55.4 %, respectively. Our findings indicate that storage capacity strongly influences the calculation not only of MSR
but also of RIV and NNBW.
6.2

Contributions of changes in irrigation areas and the
WFD data set to the NNBW increase from 1997 to
2000

In our past simulations using the WFD data set, we found an
increase in NNBWWFD in the period from 1997 to 2000, as
shown in Fig. 5a. The difference between NNBWWFD,2000
(332 km3 yr−1 ) and NNBWWFD,1997 (268 km3 yr−1 ) from
our past simulations was 64 km3 yr−1 . This could be
www.hydrol-earth-syst-sci.net/18/4289/2014/
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Table 4. Sensitivity study of MSRWFD,2000 with regard to 90, 70, 50, 30 and 10 % storage capacity in medium-size reservoirs.
Storage
capacity of
medium-size
reservoirs

MSRWFD,2000
(km3 yr−1 )

Change
rate (%)

RIVWFD,2000
(km3 yr−1 )

Change
rate (%)

NNBWWFD,2000
(km3 yr−1 )

Change
rate (%)

This study

100 %

436

–

481

–

332

–

Sensitivity
tests

90 %
70 %
50 %
30 %
10 %

424
404
373
322
228

−2.8
−7.4
−14.4
−26.1
−47.7

531
534
538
544
559

+10.4
+11.0
+11.9
+13.1
+16.2

348
366
392
437
516

+4.8
+10.2
+18.1
+31.6
+55.4

Table 5. Sensitivity analysis for the contribution of NNBWWFD using combinations of irrigation areas and meteorological forcing conditions
in the years 1997 and 2000 for the globe, India and Pakistan.
Year

Globe

NNBWWFD (km3 ) in simulation setting of
meteorological forcing conditions

1997
2000

Difference 2000–1997 (km3 )

NNBWWFD (km3 ) in
simulation setting of
irrigation areas
1997

2000

268
330

275
332

7
–

–

64

62

Contribution of meteorological forcing conditions (%)

India

NNBWWFD (km3 ) in simulation setting of
meteorological forcing conditions

1997
2000

35
74
39

Contribution of meteorological forcing conditions (%)

Pakistan

1997
2000

Contribution of meteorological forcing conditions (%)
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11 % (7/64)

44
83

9
–

–

48

19 % (9/48)

81% (39/48)

Difference 2000–1997 (km3 )

attributable to changes in irrigation area and climatic variability. In order to quantitatively investigate the contribution of these factors we performed sensitivity experiments
to evaluate the contribution ratios of the changes in irrigation area and the variations in the WFD data set. We undertook two simulations: in the first, only irrigation areas
were changed, whereas in the second, only meteorological
forcing data between 1997 and 2000 were changed. We estimated the NNBWWFD according to these experiments, as
shown in Table 5. The contribution of meteorological forcing was 62 km3 yr−1 globally. The contribution of changes
in irrigation area was 7 km3 yr−1 when the global irrigation
area was fixed to the 1997 value. The difference in the meteorological forcing data contributed 97 % of the increased
NNBWWFD in both the meteorological forcing data and irrigation area. In India, expansion of the irrigation area contributed 19 % of the increased NNBWWFD between 1997 and

Contribution of
irrigation area
changes (%)

97 % (62/64)

Difference 2000–1997 (km3 )
NNBWWFD (km3 ) in simulation setting of
meteorological forcing conditions

Difference
2000–1997

23
43

23
43

0
–

20

–

20

0 % (0/20)

100 % (20/20)

2000. The difference in the WFD data set contributed 81 %
of the increased NNBWWFD . In Pakistan, the difference in
meteorological forcing data contributed all of the increased
NNBWWFD between 1997 and 2000. In both two countries,
variations in the WFD meteorological forcing data set contributed to increases in NNBWWFD from 1997 to 2000.
7
7.1

Discussion and concluding remarks
General findings

In this study, by using the H08 model and taking into account
variations in the irrigation area for the period of 1960–2001,
we estimated the time-varying dependence of net irrigation
water requirements from various water supply sources. Estimation of RIV, LR, MSR and NNBW on a global scale
(Fig. 5a and b) revealed that RIV, MSR and NNBW increased
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014
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continuously from the 1960s to the early 1990s, but LR increased only marginally. After the early 1990s, RIV was almost constant, whereas MSR and NNBW continued to increase significantly. This finding suggests that RIV has almost reached its critical limit as the irrigation area has continually expanded. This indicates that there would not be
enough river water to meet irrigation water requirements during irrigation periods. MSR increased according to the increasing storage capacity of medium-size reservoirs. NNBW
increased under the conditions of increased irrigation area
because RIV and MSR could not fulfil the required supply
of water needed for the increased IR. In addition, we projected the future dependence on RIV, LR, MSR, NNBW and
ADD for the period of 2002–2050 according to three future
simulations (IC, CC and IC + CC simulations). In this study,
ADD was defined as an increase in NNBW from the 1990s.
In any of the simulations, there were no further increases in
RIV, LR and MSR after the 2020s.
Our results, which showed that IRCC increased by ∼ 10 %
from the 1990s to 2040s under the IPCC AR4 high emission scenario of CMIP3, are consistent with those of Wada
et al. (2014), who predicted the increase of irrigation water withdrawal under the IPCC AR5 highest greenhouse gas
emission scenario of CMIP5. It should be noted that Wada
et al. (2014) used multi-water resource models, whereas our
study used a sole water resource model (the H08 model).
A continuous increase in irrigated areas would result
in more ADDIC and ADDIC+CC on a global scale, particularly in India, Pakistan and the United States. Associated with the increases in IRCC , a significant increase in
ADDCC would occur in India and Pakistan due to the insufficient water resources from RIVCC,2040s , LRCC,2040s and
MSRCC,2040s . These requirements varied significantly under
climate change, with an accompanying increase in the frequency and magnitude of the risk of floods and droughts
(Kundzewicz et al., 2007; Hirabayashi et al., 2008, 2013).
Climate change causes substantial increases in ADDCC and
ADDIC+CC during specific seasons. This casts doubt on the
steadiness and sustainability of regional future food production (Foley et al., 2011) and the likelihood of maintaining
safe operating spaces for freshwater use by humanity (Rockström et al., 2009).

al. (2011) estimated 40 % global annual average irrigation
extraction from reservoirs over the same period. Not only
our numbers, but also the spatial distributions in India and
China, agreed well with the results of Biemans et al. (2011).
Although these values were very similar, computational processes between our results and Biemans et al. (2011) were
different, and differences resulted from the following three
factors.
First, this study presented results for IR, whereas Biemans
et al. (2011) has presented results for water withdrawals,
which include return flows and conveyance losses. Second, the difference in total storage capacity using large and
medium-size reservoirs as input data may lead to different results. In this study, the time-varying distribution of the storage capacity of large and medium-size reservoirs was determined from the geographical location and year of dam
construction based on data from Lehner et al. (2011) and
ICOLD (2003). These methods were described by Hanasaki
et al. (2010) and Pokhrel et al. (2012b). In 2000, the total
storage capacity of these reservoirs had reached 7511 km3
(Fig. 3a). However, Biemans et al. (2011) used 6300 km3 for
the total storage capacity, which was derived from Lehner et
al. (2011). Finally, there are differences in the way reservoirs
are described. In the H08 model, large reservoirs are treated
individually and geo-referenced to the river network. Then,
the river discharge from downstream to a large reservoir is
regulated by large reservoirs for the purpose of irrigation and
non-irrigation. LR contributed only to irrigation areas within
the grid cells located downstream of the reservoirs. Mediumsize reservoirs were accumulated in each calculated grid cell
for use as direct water supply sources. The discharge in each
grid cell is not regulated by medium-size reservoir operations. Consequently, medium-size reservoirs strongly influence the calculation of other water supply sources (described
in Sect. 6.1.2) in the H08 model, whereas large reservoirs
strongly influence the calculation of river discharge. In contrast, Biemans et al. (2011) considered all of the reservoirs
individually, and found that most rivers, including tributaries,
were regulated by reservoir operations. This means that irrigation water from reservoirs in Biemans et al. (2011) could
be supplied to a much larger area than LR in this study.
7.3

7.2

Comparison of LR and MSR in the past simulations
with a previous work by Biemans et al. (2011)

To our knowledge, no reliable global report on irrigation water use has separated surface water into natural (RIV) and
regulated flows (LR and MSR). Here, we discuss our results in comparison with the work of Biemans et al. (2011),
as their work is largely comparable with ours. In our estimation, the ratio of the global annual average net irrigation
water requirement from reservoirs to IR was 37.5 %, including a 2.7 % contribution from LR and a 34.8 % contribution
from MSR, during the period from 1981 to 2000. Biemans et
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014

NNBW in the past simulations

The simulated global total NNBWWFD,2000 in this study
(332 km3 yr−1 ) was underestimated compared with values reported in previous studies (ranging from 494 to
940 km3 yr−1 ; see Rost et al., 2008; Biemans et al., 2011;
Wada et al., 2012b). Potentially, this underestimation could
have resulted from the different kinds of meteorological forcing data used. The previous studies performed NNBW using the Climatic Research Unit Global Monthly Time Series,
Version 2.1 (CRU TS 2.1) meteorological forcing data set
(New et al., 2000). Here, we used the WFD meteorological forcing data set, which is based on the ERA-40 product.
www.hydrol-earth-syst-sci.net/18/4289/2014/
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The key differences from the CRU TS 2.1 data set are that
the WFD data set used ERA-40 and applied the gaugingundercatch correction of Adam and Lettenmaier (2003) to its
precipitation products. Therefore, RIVWFD,2000 , LRWFD,2000
and MSRWFD,2000 may be overestimated compared with the
actual values, and hence NNBWWFD,2000 could have been
underestimated.
The spatial distribution of the difference in
NNBWWFD,2000 (Fig. 6b) is similar to groundwater depletion predicted by Wada et al. (2010, 2012b). The Wada
et al. (2010) estimated groundwater depletion values
were obtained by assessing groundwater recharge using a
global-scale hydrological model and subtracting estimates
of groundwater abstraction based on statistical data. Another
attempt was made to include groundwater in global-scale
hydrological models (Döll and Fiedler, 2008; Döll et al.,
2014). Even though NNBW is not an explicit representation
of the fossil groundwater in the H08 model, the difference
between the total of RIV, LR and MSR, and an unlimited
total IR, could partly be attributable to groundwater abstraction. Therefore, we need further verification of the outputs
and the hypothesis of the water resource model. Separate
estimation of NNBW into non-renewable and non-local
water use is required to improve the information available
for water management.
Our results demonstrated that temporal trends in the irrigation water requirements of the six countries (China, India, Iran, Mexico, the United States and Pakistan) shown in
Fig. 7a and b were associated with expansion of irrigation
areas. However, the seasonal fluctuations in water requirements were strongly dependent on variations in meteorological forcing conditions because the importance of each water supply source was altered by changes in meteorological forcing-induced surface hydrology (e.g. runoff and discharge). For example, after 1997, NNBWWFD increased substantially in India and Pakistan (Table 5). We determined that
almost all of the increase in NNBWWFD from 1997 to 2000
was due to variations in the meteorological forcing data. In
these countries with the highest numbers of irrigation water users, different events occurred around the same time. In
the year 1997, a heavy monsoon caused devastating floods in
the Punjab region of Pakistan, near Northwest India (Abbas
et al., 2014). The NNBWWFD,1997 was relatively small because the H08 model stores heavy rainfall as soil moisture
on land. Conversely, during the monsoon season of the year
2000, severe meteorological and vegetative drought occurred
across Northwest India (Bhuiyan et al., 2006) due to a shortage of rainfall (Mall et al., 2006). In the worst case, only
∼ 40 % of the food production for a normal year was secured.
NNBWWFD,2000 was relatively large due to water shortages.
Therefore, in India and Pakistan these events contributed to
a sudden increase in NNBW from 1997 to 2000.
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Figure 8. Global differences (%) in precipitation (P ), temperature (T ), downward longwave and shortwave radiation (R), humidity (H ), and wind speed (W ) as simulation inputs for the three
GCMs of the WDD data set compared to the WFD data set (a),
and global differences (%) in evapotranspiration (ET), runoff (Qt ),
and total irrigation requirement (IR) as simulation outputs for three
GCMs of the WDD data set compared to those results using the
WFD data set (b). Blue bars and ranges show the average and the
maximum and minimum for all the data.

7.4

Other uncertainties and limitations in the past
simulations

The differences/inconsistencies in meteorological forcing
data between the WDD data set taken from the three GCMs
and the WFD data set based on observation should be noted.
Precipitation and temperature data in the WDD data set were
bias-corrected against the WFD data set (Piani et al., 2010).
However, other forcing variables (e.g. radiation, humidity
and wind speed) still have significant biases. We tested the
error by comparing differences in the results simulated by
the WDD and the WFD data sets. Figure 8 shows that there
are small spreads (−1.6 to 5.5 %) among the three GCMs in
global precipitation of the WDD data set compared to the
WFD data set for the period of 1971–2000. On the other
hand, the simulated evapotranspiration, runoff and IR using
the three GCMs of the WDD data set had relatively large
differences (−21.7 to −5.0 %, −1.3 to 33.0 % and −21.8 to
−5.0 %, respectively) compared to those results of the WFD
data set, respectively. These results are consistent with those
of Haddeland et al. (2012) who tested the effects of radiation,
humidity and wind variables on four large-scale hydrological
models that used both bias-corrected forcing and non-biascorrected forcing. They mentioned that the absolute values of
simulated evapotranspiration and runoff had large differences
before and after bias correction of the forcing variables.
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According to Sect. 6.1, target soil moisture level, land surface albedo and the option for double-cropping were important to the accurate estimation of IR. Setting the storage capacity of medium-size reservoirs also appears to be important
in the estimation of RIV, LR, MSR and NNBW. According to
Sect. 6.2, storage capacities influenced the estimation of not
only MSR but also RIV and NNBW. The reservoirs cannot
be adequately represented given the available information regarding their size, purpose and characteristics. Therefore, the
results of this study should be considered alongside the influence of limited geographical information on reservoirs.
7.5

Other uncertainties and limitations in the future
simulations

In our future simulations, there could also be potential uncertainties in the parameterisations from the meteorological
forcing data set. In the CC simulations and the IC + CC simulations, we used three GCMs of CMIP3 under only one scenario, although more than 40 GCMs of CMIP5 are readily
available (Taylor et al., 2012). As suggested in other studies (e.g. Gosling et al., 2011; Haddeland et al., 2011, 2014;
Hagemann et al., 2013; Hanasaki et al., 2013a, b; Schewe
et al., 2014; Wada et al., 2014; Zhao et al., 2014), multimeteorological forcing data and multi-scenario approaches
may be preferable.
In the CC simulations and the IC + CC simulations, we designed the irrigation scenario according to the future global
population growth rate. However, this study did not include
changes in irrigation efficiency, crop intensity, or crop type
over the entire period. All of the future simulations assumed that the storage capacity of large- and medium-size
reservoirs, as well as industrial and domestic water withdrawals, are unchanged between 2000 and 2050. Hanasaki et
al. (2013a) developed future scenarios of irrigation water use
that incorporate five factors: irrigation area, crop intensity,
irrigation efficiency and domestic and industrial water use.
However, in Hanasaki et al. (2013a), there are no future scenarios of potential reservoir construction on a global scale.
If large or medium-size reservoirs were to be constructed in
the future, LR and MSR would increase, and ADD would
decrease. For these reasons, there might still be large uncertainties associated with ADD.
The limitations of these simulations with regard to future
conditions must also be quantified. We should note that the
response of stomata to greenhouse gases and the related effects on evapotranspiration (Gerten et al., 2007) are not accounted for in this study. Additionally, environmental flow
requirements were not accounted for in all of our simulations, although these requirements can influence all elements
of water supply. In the H08 model, such values have been estimated, but without considering explicit linkages to freshwater ecosystem structure and function. Yoshikawa et al. (2014)
suggested that there is a strong need to find ways to incorporate this linkage to more adequately determine environmental
Hydrol. Earth Syst. Sci., 18, 4289–4310, 2014

flows for each region at a global scale. Incorporating these
factors into future simulations in the H08 model, while challenging, is critically important. Additionally, our approach
does not fully reflect regional irrigation practices by which
farmers may adapt several technical and political management approaches (e.g. Lazarova and Bahri, 2005; Gupta et
al., 2011; Liu et al., 2013b) to increasing irrigation water use
from various water supply sources.
7.6

Concluding remarks

In total, RIV, LR and MSR might not be able to provide sufficient irrigation water without the construction of new reservoirs in the future. If irrigation areas and climate change have
impacts on future water requirements, more irrigation water will be required from additional water supply sources.
Increasing ADD may contribute to groundwater depletion
(Konikow and Kendy, 2005; Wada et al., 2010; Gleeson et
al., 2012) and may result in sea level rise (Pohkrel et al.,
2012a; Wada et al., 2012a). Otherwise, we may require the
further development of water supply sources in order to sustain future irrigation.
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