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Abstract To satisfy the increasing global demand for agricultural products, the expansion of irrigation

is an important intensification measure. At the same time, unsustainable water abstractions and cropland
expansion pose a threat to biodiversity and ecosystem functioning. Irrigation potentials are influenced by local
biophysical irrigation water availability and competition of different water users. Using a novel hydro-economic
data processing routine that considers economic criteria of water allocation via a productivity ranking of grid
cells and both land and water sustainability criteria, we estimate global irrigation potentials at a 0.5° spatial
resolution. We show that there is considerable technical potential to expand irrigation within local water

and land boundaries. In terms of potentially irrigated areas on all global land suitable for crop production,
2,144 Mha could be irrigated within land and water environmental boundaries when only considering
biophysical criteria. However, not all of these areas would actually be irrigated under consideration of irrigation
costs. Of these, only 698 Mha (330 Mha) have a yield gain of more than 300 (600) USD ha~! under the current
crop mix valued at their current commodity price (economic irrigation potential).

Plain Language Summary Irrigation plays an important role in food production. Global crop
demand is expected to increase due to the growing world population and increasing role of bioenergy to
mitigate climate change. Irrigation can contribute to meeting this increasing demand by facilitating higher crop
yields per hectare of agricultural land, but also has environmental consequences. In this study, we quantify the
areas across the globe that can be irrigated given economic and environmental constraints. We determine how
much area and which areas can be irrigated globally given local water availability; how much of these can be
irrigated while protecting water flows and land for biodiversity conservation; as well as the economic benefit
of irrigation in different locations. We find that 2,144 Mha could be irrigated globally while respecting land
and water environmental boundaries when only considering biophysical constraints. In reality, many of these
areas might not be irrigated for economic reasons. Where the gain through irrigation is small, farmers might not
install irrigation equipment. According to our estimation, only 698 Mha (362 Mha) have yield gains of at least
300 (600) USD ha~'.

1. Introduction

Irrigation plays an important role in global food production (Foley et al., 2011; Ringler & Zhu, 2015), and the
expansion of irrigation is an important intensification measure to satisfy the increasing global demand for agri-
cultural outputs (Keating et al., 2014). Further global population growth (United Nations, 2019) drives increases
in absolute food demand (Bodirsky et al., 2020). At the same time, food demand in developing and emerging
economies is expected to grow and shift to an increasingly land- and water-intensive diet (Bodirsky et al., 2020;
Ringler & Zhu, 2015; Tilman & Clark, 2014). Additionally, with the increasing role of bioenergy crop production
for climate change mitigation, competition for land and water resources between the food and bioenergy sector
is rising (Bonsch et al., 2016; Klein et al., 2014; Stenzel et al., 2021). Irrigation can contribute to closing the
yield gap by generating higher agricultural outputs per hectare (Foley et al., 2011; Mueller et al., 2012; Rosa
et al., 2018). However, already today, irrigation relies in many parts of the world on unsustainable withdrawals
(Wada & Bierkens, 2014) and taps environmental flows necessary to maintain functioning aquatic and riverine
ecosystems (Jagermeyr et al., 2017).
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A defining question of our time is how human demands may evolve in the future and how they can be satisfied
within environmental and economic limits (Rockstrom et al., 2009; Rosa et al., 2018; Soergel et al., 2021). To
this end, a global quantification of economic irrigation potentials considering local land and water constraints
in terms of potential irrigation water use (explicitly distinguishing withdrawals and consumption) as well as
potentially irrigated areas (PIA) is necessary. Previous approaches quantifying irrigation potentials and sustain-
able irrigation water use considering upstream-downstream effects focused solely on current cropland and irri-
gation expansion into currently rainfed areas (Jenkins et al., 2021; Rosa, Chiarelli, Rulli, et al., 2020; Rosa
et al., 2018). Furthermore, they allocate water to upstream users first (D’Odorico et al., 2020; Rosa et al., 2018;
Rosa, Chiarelli, Sangiorgio, et al., 2020), and thereby disregard that the economic irrigation potential may be
higher if water was spared for downstream users with higher water productivity. With respect to environmen-
tal conservation, previous approaches focused on environmental flow protection only (Jigermeyr et al., 2017,
Mekonnen & Hoekstra, 2020; Rosa, Chiarelli, Sangiorgio, et al., 2020), not considering land conservation.

We add to the literature by providing global spatially explicit irrigation potentials in terms of potential irrigation
water as well as PIA under economic decision making criteria. That is, the irrigation water withdrawal location
is determined by the relative water productivity. Our contribution is threefold: First, rather than allocating water
based on an upstream-first rule, it is allocated based on its most productive usage that may also be further down-
stream. Second, we determine the potential of irrigation expansion, not only into rainfed cultivated land, but
also into uncultivated land that is suitable for crop production. Third, because of the threats that cropland expan-
sion and intensification pose on biodiversity and species loss through habitat loss and landscape simplification
(IPBES, 2019; Matson et al., 1997; Zabel et al., 2019), we take two sustainability dimensions (land protection
and water flow protection) into account. Providing estimates of irrigation area expansion potential on all suitable
land under consideration of environmental and economic constraints is crucial for global Land System Models
(LSMs). Only by including potential cropland in the determination of irrigation potentials, these models have
the full option space for cropland and irrigation expansion and can assess how much area to put into production
effectively, while taking further criteria such as food demand, greenhouse gas policies and sustainability trade-
offs into account. With the estimation of Potential Irrigation Water Consumption (PIWC), our research also adds
to the literature on a potential “planetary water opportunities” boundary (Gerten et al., 2013; Jenkins et al., 2021;
Rockstrom et al., 2009). To estimate this boundary, assessing societal water demands and areas where the water
would actually be used is important (Gerten et al., 2013). Our assessment of irrigation potentials excludes areas
that are not suitable for cropping activities and considers potential human water demands.

Our global open-source spatially explicit (0.5° resolution) hydro-economic data processing routine allocates irri-
gation water abstractions based on a productivity ranking. Moreover, it considers competition by upstream water
consumption and downstream water withdrawals when determining local water availability, considering also
other (human and environmental) water usage. It takes both biophysical conditions as well as economic criteria
into account to derive irrigation potentials (i.e., PIWC; potential irrigation water withdrawal (PIWW); PIA) at
grid cell level. The latter can be used to derive marginal PIA curves showing the PIA ranked by their monetarized
yield gain. These marginal irrigation yield gain curves depict the maximum area that can potentially be irrigated
at different yield gains for aggregated units (e.g., river basins or national territories). We limit our analysis to
irrigation potentials for a single cropping season using only surface water and renewable groundwater resources
without considering deficit irrigation. Our approach relies on water balance calculations over long time scales
aiming to represent the global spatial long-term irrigation potential.

With this model, we address the following research questions: How much area can be irrigated on current crop-
land and on potential cropland? How would the technical and economic irrigation potentials be reduced under
water and land conservation? And finally, where do high yield gains from irrigation coincide with high water
scarcity, elevating the risk of unsustainable withdrawals?

2. Methodology

Our method aims at providing long-term technical and economic irrigation potentials on current and poten-
tial cropland. The objective is to provide a global spatial water balance taking different users and their
upstream-downstream effects as well as relative water productivity into account. The approach relies on an
unequivocal relationship between water use in one cell and reduced water availability in downstream cells. To
achieve this within a model of limited complexity, the approach is based on long-term water budgets. These are
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Figure 1. Sequence of flow accumulation steps of the hydro-economic routine determining potential irrigation water
withdrawal (PIWW) and consumption (PIWC) and potentially irrigated area (PIA). avl’ refers to the available water after
the respective flow determination step; res’ refers to the water volume reserved in the respective step. Scenario-dependent
optional flow determination steps (Environmental Flow Accounting and Current Agricultural Usage Accounting) are
indicated as lightly dotted boxes.

obtained by smoothing all biophysical input data from 1965 to 2017 via a cubic spline with 4° of freedom per
100 years (Chambers & Hastie, 1992; Ripley & Maechler, 2021). To obtain a robust long-term value, data before
and after the year of interest is required. For that reason, we have chosen 2010 as year to be represented.

To account for the upstream-downstream effects of water abstractions along the river, we developed a
hydro-economic data processing routine for water flows and water abstractions consisting of a sequence of flow
accumulation algorithms. This routine determines in an iterative process the discharge (and thus available water
for irrigation) for each grid cell based on accumulated upstream water availability, allocated environmental flows,
and human water usage (spatial water balance). This spatial water balance approach is similar to the method
employed for the estimation of global irrigated biomass production potentials by Jans et al. (2018).

All hydrological inputs (runoff, discharge, evaporation from water bodies) as well as yields and crop water
requirements are provided by the Lund—Potsdam—Jena dynamic global vegetation model with managed Land
(LPImL) (Schaphoff, von Bloh et al., 2018; von Bloh et al., 2018). For a detailed LPJmL model description
including specific modeling assumptions, see Supporting Information S1.

Figure 1 provides a graphical representation of the consecutive flow determination steps and outputs of the
hydro-economic data processing routine. The first flow determination step initializes river discharge (see (I) in
Figure 1) based on “potential natural vegetation (PNV) discharge” (¢™"V, see Equation 1).

gtNV =in.+r. —e.

ine =Y qbNv M
up

in, is the inflow into cell ¢ from its direct upstream neighbor cells up; r, is runoff on cell ¢; and e, lake evapo-
ration in cell ¢. PNV discharge refers to discharge under potential natural vegatation ignoring the influence of
anthropogenic effects on discharge. To this end, we use runoff and lake evaporation provided by a simulation of
runoff with LPTmL4 (Schaphoff, von Bloh et al., 2018) for a hypothetical 100% PNV only setup with current
climate forcing data from the Global Soil Wetness Project Phase 3 (GSWP3-W5ES) data set (Cucchi et al., 2020;
Kim, 2017; Lange et al., 2021, 2022).

2.1. River Flow Constraints

In the cell water balance of the subsequent flow determination steps (see (II) and (III) in Figure 1), previously
“reserved flows” (res,) are accounted for and affect water availability for usage in the next flow determination
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avle = (ine + e — €¢) — rww,
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ww, < avl,
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Ge = (ine +71c — €c) — rwe,

ine = Z Qup —
up

Figure 2. Illustration of water use constraints emerging from upstream-downstream relationships within the river network at
the example of the iteration step of cell ¢ = 5. According to the local withdrawal constraint (A), water withdrawals in cell ¢
(ww,) must not violate local availability (avl ). According to the downstream consumption constraint (B), water consumption
in cell ¢ (wc,) must not violate downstream availability (avl,) where ds = {6,9, 12, 11, 10} are the respective downstream
cells of ¢ = 5. Availability is determined by inflows from upstream cells (in), runoff (r), lake and river evaporation (e) and
reserved withdrawals (rww). The latter capture environmental flows; non-agricultural withdrawals; and/or current agricultural
withdrawals, depending on the stage of the allocation process. Available water that is not consumed in cell ¢ flows as
discharge (g,) into the adjacent downstream cell and by that updating av/_ for all downstream cells before the next cell is being
calculated.

step. We distinguish reserved consumption (rwc) and reserved withdrawals (rww). Locally available renewable
water (avl) is calculated from local runoff (r,), local lake and river evaporation (e,) and upstream inflows into
cell ¢ (in,). Inflows in turn are determined by the discharge from their direct upstream cells (up). Additionally, in
calculation steps with previously considered other uses (environment; non-agriculture; current agriculture), the
respectively reserved withdrawals (rww,) in each cell ¢ are subtracted from the available water in that cell (see
Equation 2).

avl. = (in. + r. — e;) — rww, 2)
Discharge from cell c to the adjacent grid cell (g,) accounts for reserved water consumption (rwc,) (see Equation 3).

qc = (inc +r. —e.) — rwee

. 3
n. = unp )
up

In every iteration step, two constraints of local grid cell specific and downstream discharge must be fulfilled (see
Figure 2): the “withdrawal constraint” (A) and the “consumption constraint” (B). As soon as water is reserved,
discharge is updated according to Equation 3 for its downstream cells. Note that this implies that return flows
(rww — rwc) cannot be re-used locally in the same grid cell, but are available downstream (see Equation 3).

(A) Withdrawal constraint: Local withdrawals (ww,) in each grid cell are constrained by local availability,
avl, (Equation 4).

ww. < avl., “4)

(B)  Consumption constraint: Local consumption (wc,) is additionally constrained by providing sufficient
water to previously reserved downstream withdrawals (Equation 5). More concretely, water that is
reserved to be withdrawn in a downstream cell (ds) of cell ¢ for a priority use, that cannot be fulfilled
by local runoff in that particular downstream cell, needs to come from inflows into this cell. Therefore,
it cannot be consumed in the respective upstream cell(s) in the current flow routing.
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wee < n}jisn {avlys} ®)

ds represents the set of downstream cells to cell c.

2.2. Reserved Water Use Accounting

To account for water uses that have priority over irrigation in our model, the (partly optional) flow determina-
tion algorithms are executed sequentially as part of the Reserved Water Use Accounting (see (II) in Figure 1).
Through the order of execution of flow determination algorithms, environmental flows (for protection scenarios
only) are prioritized over human uses; and non-agricultural human uses over agricultural water use.

Environmental flow requirements (EFR)—that is, the minimum flow to maintain the aquatic and riverine ecosys-
tem in a “fair condition” (Smakhtin et al., 2004)—are (optionally) reserved to prevent unsustainable human water
abstractions (only in the respective protection scenarios (see Section 2.5)). EFR are calculated using the variable
monthly flow (VMF) method (Pastor et al., 2014). Because our algorithm operates with long-term annual aver-
ages, but the calculation of EFR requires information on timing and variability of discharge, we need monthly
discharge to derive the flow that needs to be withhold for the environment. We use monthly PNV discharge
calculated by the temporally highly resolved river routing routine of LPJmL4 (Schaphoff, von Bloh et al., 2018).
For the full EFR methodology applied in this study, see Supporting Information S1.

In terms of human water use, we differentiate water withdrawal and water consumption (see Section 2.1 for a
detailed description of the withdrawal and consumption constraints). Water consumption refers to the total water
volume taken up by the production process through evaporation, transpiration or incorporation into the prod-
uct or plant. Withdrawal refers to the water volume diverted from water bodies (Florke et al., 2013; Jagermeyr
et al., 2015). Withdrawals that are not consumed are returned to the river (return flow) (Jigermeyr et al., 2015).

Non-agricultural water use is prioritized over agricultural use (see Figure 1) because domestic and industrial
water uses usually have a higher marginal return compared to agricultural water use (D’Odorico et al., 2020;
United Nations, 2021). Similar assumptions are also made in several global economic optimization models
(Baldos et al., 2020; Bonsch et al., 2016; Pastor et al., 2019; Robinson et al., 2015). Non-agricultural annual
water withdrawals and consumption for domestic and industrial uses are a multi-model average provided by the
Water Futures and Solutions project (Wada et al., 2016) as part of the Inter-Sectoral Impact Model Intercompari-
son Project (version ISIMIP3b (2020)). Because of a lack of spatially explicit data, we do not include direct water
consumption by livestock. With around 1%-2% of total global water use, it is negligible (United Nations, 2021).

For the optional scenario setting of reserved current agricultural water usage, current grid cell specific irrigation
water withdrawals and consumption are calculated based on blue water consumption requirements of crops as
provided by LPJmLS (Lutz et al., 2019; von Bloh et al., 2018) and the current grid cell specific crop mix as well
as currently irrigated areas. Grid cell and crop-specific irrigated areas are derived from national crop harvesting
data from FAOSTAT (FAO, 2021) and grid cell specific irrigated and rainfed cropland area shares from the
LUH2 land use data set that provides the spatial distribution of five crop types (Hurtt et al., 2020) using the crop
mapping provided in Supporting Information S2. Water withdrawals further depend on the system specific irri-
gation efficiency. We take country-specific irrigation system shares for surface, sprinkler and drip irrigation and
the respective crop suitability per irrigation system provided by Jagermeyr et al. (2015) to determine crop- and
location-specific irrigation efficiencies. Conveyance efficiency (i.e., the percentage of irrigation water diverted
from water bodies that reaches the field, Jigermeyr et al., 2015) is assumed to be 70% for open canals (surface),
and 95% for pipes (sprinkler and drip) following Schaphoff, von Bloh et al. (2018) and Jdgermeyr et al. (2015).
Field efficiencies (i.e., the percentage of irrigation water applied to the field i.e., consumed (Jdgermeyr et al., 2015)
of 52% (surface), 78% (sprinkler) and 88% (drip) are taken from Jiagermeyr et al. (2015). For further details see
Supporting Information S1.

2.3. Surplus Water Allocation Algorithm

After having accounted for the prioritized water uses following an upstream-to-downstream cell ordering, the
remaining water (“surplus water” (see avl,,, in Figure 1)) can potentially be used for additional irrigation in the
respective grid cells that have sufficient available water.
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2.3.1. Economic Criteria for Discharge Allocation

The irrigation withdrawal location is determined based on a ranked cell ordering. Grid cells are ordered according
to their water productivity gain (Ay,, in USD m~?) determined as displayed in Equation 6.

Az,

Ay = o2
Zk Sck * Wek

(6

Az, is the potential aggregate yield gain through irrigation (in USD ha™') in cell ¢; s, is the share of the area of
crop k in the total cropland area of cell c; and w,, are water requirements in terms of required water withdrawals
per crop k in cell c. The potential yield gain through irrigation (Az ) is calculated as displayed in Equation 7.

Az, = Z max(sc.k : (J’Zk - y’cfk> 'pk’()) 7
k

y’c’ f y:fk) are irrigated (rainfed) yields of crop k in cell ¢ (in tons of dry matter (tDM) per hectare); and p, is
the global average price of crop k (in USD tDM~!). We use the current crop mix of the year 2010 and globally
averaged agricultural commodity prices reported by FAO (2021) to compare yield gains between cells with
different cultivated crop species. We choose global commodity prices instead of regional prices because we aim
to compare yield gains and water productivity across different administrative borders (e.g., our water allocation
algorithm should not assign more water to a country that has import tariffs and therefore higher prices). Crop
commodity prices are averaged over the period 2008 to 2010 to balance price fluctuations.

Spatially explicit irrigated and rainfed crop yields are provided by LPJmL5 (Lutz et al., 2019; von Bloh et al., 2018).

€,

Negative yield gains ( y", < y:fk) are technically possible because irrigation may lead to a shift in the growing
period in LPJmL resulting in lower irrigated yields. In such cases, the irrigation yield gain of the respective crop is
set to 0. To be consistent with FAOSTAT production (FAO, 2021), we calibrate LPJmL yields to meet FAO country
yields by using a multiplicative factor. The calibration accounts for country-specific management effects on yields,
such as fertilizer and pesticide use, different crop varieties and mechanization as well as cropping intensity. For a
detailed description of the LPImL versions used as well as for the yield calibration, see Supporting Information S1.

Based on Ay, all cells within each river basin are ranked. Provided that a grid cell exceeds a chosen minimum
irrigation gain threshold Az, irrigation water is allocated first in the highest ranked cell, reserving the required
water for irrigation and updating discharge to the adjacent cell. This procedure is repeated for the next highest
ranked cell up to the lowest ranked cell. The irrigation water requirements are determined by the water volume
necessary to irrigate the available area under a given crop mix assumption (full irrigation requirements).

With a threshold of 0 USD ha~!, the technically possible maximum irrigation potential can be determined under
consideration of optimized local irrigation water availability (technical irrigation potential). Higher thresholds
serve to identify areas that are more beneficial than others. To represent “‘economic irrigation potentials” (i.e., the
irrigation potential that can be achieved at a minimum yield gain) under a range of plausible costs, we use a set
of different thresholds. In the absence of subsidies, the equipment of area for irrigation should only take place in
locations where positive profits from irrigation can be achieved (i.e., additional yield gain from irrigation > addi-
tional costs associated with irrigation) (Esteve et al., 2015). Both fixed and variable irrigation costs vary depend-
ing on the type of investment (irrigation expansion, irrigation system upgrade, replacement of depreciated capital
(Palazzo et al., 2019)), the irrigation project type (small-scale vs. large-scale infrastructure investment (You
et al.,, 2011)) and the geographical location (Inocencio et al., 2007; Jones, 1995). For further information on
the annualized regional average costs for irrigation infrastructure investments and on-farm irrigation costs (e.g.,
additional labor, on-farm irrigation equipment, pumping costs) reported in the literature (Inocencio et al., 2007,
You et al., 2011) please refer to the Supporting Information S1. To represent a range of plausible costs, we choose
a medium yield gain threshold (300 USD ha~') and an upper threshold (600 USD ha~!). Based on a range of
thresholds between 0 and 1,500 USD ha~! and the resulting irrigation potentials, we derive PIA curves that depict
the maximum area that can potentially be irrigated at different yield gains.

2.3.2. Effect of Flow Variability on Water Availability

Water availability does not only depend on the total annual flow availability, but also on its variability throughout
the year. Since our approach does not allow capturing temporal variations explicitly, we introduce an accessibility
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constraint capturing seasonal and inter-annual variations of river discharge. We use the coefficient of variation
(CV) of monthly discharge over a reference period of 30 years (here: 1980-2010) assuming a functional rela-
tionship that leads to a decrease in accessibility with increasing long-term temporal variability of discharge (see
Equation 8).

[

4 =2k ®)

a, is the share of discharge in cell ¢ that can be accessed, o is the standard deviation of long-term monthly
discharge in cell ¢ and y, is the mean discharge of cell ¢ over the same long-term period. The CV is the ratio of

the two (ﬂ ) For more details on the accessibility constraint see Supporting Information S1.

He

For new irrigation locations, determined in the Surplus Water Allocation Algorithm, we reduce water available
for irrigation by 1 — a_. For current human abstractions (accounted for in the Actual Human Water Use Account-
ing, see Section 2.2), it is assumed that efforts of making hardly-accessible water accessible (e.g., by building
dams and reservoirs) are already in place, such that all locally available discharge can be used.

2.4. Potentially Irrigated Areas

Based on the allocated and reserved discharge per cell, crop water requirements of the grid cell specific crop
mix, as well as the (potentially) available cropland area per cell, we calculate how much area could potentially
be irrigated per cell (PIA in Figure 1). In terms of available cropland area, we differentiate current cropland and
potential cropland. On land that is currently cropped, we determine the crop mix based on the share of the crop
categories grown in 2010 according to our disaggregation using country-level FAOSTAT harvested areas and the
spatial distribution of LUH2 crop types (see Section 2.2 and Supporting Information S1). On potential cropland
where no such information is available, we assume a crop mix of rapeseed, maize, and pulses, a mix of C3, C4,
and N-fixing crops. The current cropland extent is based on LUH2 (see Section 2.2 and Supporting Informa-
tion S1). We refer to “potential cropland” as the area that is suitable for irrigated crop production according to
Zabel et al. (2014)'s global agricultural suitability data set that determines suitability for agriculture based on
local topography, soil and climatic conditions. Land classified as marginal (suitability index 0-33) even under
irrigated conditions, is excluded from the analysis.

2.5. Scenario Description

In this study, we analyze PIWW, PIWC, and PIA for a set of scenarios presented in the scenario matrix (Figure 3),
which is organized along two dimensions: area available for irrigation as well as water and land (protection)
constraints. In terms of the area available for irrigation, we differentiate currently irrigated area (IRR-), availa-
ble current (rainfed and irrigated) cropland areas (CUR-) and areas that are suitable for agricultural production
(POT-). In terms of water and land constraints, we differentiate five scenarios (NOLIM, UNSUS, WATSUS,
LANDSUS, SUS).

In the water protection scenario (WATSUS), a quantitative restriction of water withdrawals ensures that minimum
flows are maintained to preserve a “fair” aquatic and riverine ecosystem status that relies on low- and high-flow
requirements (Smakhtin et al., 2004). Protection of EFR in our study assumes that the required minimum flow
can be released from reservoirs under water management (Richter & Thomas, 2007; Yin et al., 2011). In the
land-related protection scenario (LANDSUS), we assume that no irrigation can take place in priority areas for
conservation to safeguard freshwater ecosystems. Priority areas for conservation in this study are based on the
Half Earth protection map, which follows a strict conservation objective to protect at least 50% of the land surface
in each eco-region, in order to reduce human pressure at half of the Earth's land surface (Immovilli & Kok, 2020;
Kok et al., 2020; Kopnina, 2016; Wilson, 2017). The LANDSUS scenario therefore delineates a conservative
bound for the sustainable expansion of irrigated cropland into natural land. The Half-Earth area map is provided
by Kok et al. (2020). For a detailed description of the data, see Supporting Information S1. As compared to
WATSUS, which focuses on water quantity, LANDSUS emphasizes the conservation of (intact) ecosystems by
preventing irrigation area expansion and water abstractions in areas of ecological importance. The SUS scenario
combines the land and WATSUS, such that both environmental flows are preserved and irrigation is limited to
areas that do not fall into these special ecological zones. In the UNSUS scenario, neither land nor water resources
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Figure 3. Scenario overview.

are protected, but irrigation is constrained by local water availability. The NOLIM scenario provides a hypotheti-
cal maximum area that would be available for irrigation without considering local water constraints or protection
scenarios.

All scenarios are calculated for different yield gain thresholds and for one scenario where the reservation of
current agricultural water uses is activated as well as one where it is deactivated such that irrigation potentials
are purely determined by the economic cell ranking. The reservation of current agricultural water uses is relevant
because currently irrigated areas already have irrigation infrastructure (such as reservoirs and canals) in place that
divert natural river flows (Biemans et al., 2011; Veldkamp et al., 2018; Wada et al., 2013) and therefore affect
water availability and irrigation potentials for other grid cells. It is helpful for analyses where current irrigation
patterns should be maintained, for example, for the initialization period of global LSMs to meet observed irri-
gated areas in the initialization year. In this study, they are calculated to show the potential expansion of currently
irrigated areas on current cropland and on potential cropland beyond already irrigated areas (see Figure 5). All
other results in this study, focusing on an efficient allocation (economic irrigation potentials; PIA curves), are
provided without this constraint.

3. Results
3.1. Current Irrigation and Irrigation Potentials on Currently Irrigated Areas

We estimate that a consumptive water volume of 939 km? yr~! is required to irrigate the given cropmix on all
global currently irrigated areas (265 Mha) (see also full summary table in Supporting Information S2). The share
of current irrigation water demand under full irrigation requirements that can be fulfilled by locally available
renewable water resources captured in our data set is depicted in Figure 4. Areas where not all current irrigation
can be fulfilled by the local water resources of this study include mainly the Nile river basin in Egypt, North-West
India and Pakistan, North-East China and parts of Central Asia and the Western USA.

Under consideration of an optimal distribution of irrigated areas according to a water productivity ranking,
PIA on currently irrigated areas (see IRR-scenarios in Figure 6) would amount to 174 Mha (IRR-UNSUS). If
areas of ecological importance were excluded from irrigation, PIA would reduce to 172 Mha (IRR-LANDSUS).
Protecting EFR would reduce PIA on currently irrigated areas to 163 Mha (IRR-WATSUS). Under both water and
land protection (IRR-SUS), PIA on currently irrigated areas is 162 Mha.

3.2. Technical Irrigation Potentials on Current and Potential Cropland

Figure 5b shows the technical PIA on current cropland, that is, the results of our hydro-economic data process-
ing routine at a yield gain threshold of 0 USD ha~!. In terms of PIA on current cropland, 998 Mha could be
irrigated given local water resources (CUR-UNSUS). If irrigation could only expand into cropland outside of
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Figure 4. Share of current irrigation water demand under full irrigation requirements (IRR-NOLIM) that can be fulfilled by locally available renewable water resources
captured in our data set (IRR-UNSUS) in 2010. Gray areas are currently not irrigated. Cells with very small cropland areas (cropland area share below 1%) are excluded
from the visualization. Annotations are potential explanations for unfulfilled current irrigation water.

areas of ecological importance and EFR were maintained (CUR-SUS), 913 Mha could be irrigated (see panel 1b
in Figure 6). This area corresponds to about 60% of current cropland (1,531 Mha, CUR-NOLIM) and 648 Mha
more than currently irrigated areas (265 Mha, IRR-NOLIM). We find a technical irrigation expansion potential
in Europe, Sub-Saharan Africa, Central India, Southern Brazil, and the Western USA (difference between areas
in Figures 5a and 5b).

Under cropland expansion into non-protected areas that are suitable for cropland activities under irrigation (a total
area of 6,752 Mha), 45% (3,009 Mha, POT-UNSUS) could be irrigated given local water availability. Around
32% (2,144 Mha) could be irrigated within water and land boundaries (POT-SUS). The spatial patterns of uncon-
strained PIA on all of potential cropland considering today's actually irrigated areas (POT-UNSUS) is depicted in
Figure 5c. It shows that there are substantial additional technical irrigation potentials when expanding cropland
in South America, Sub-Saharan Africa and South-East Asia.

The respective PIWC on current cropland area considering all technically available local discharge allocated
to its most productive use (technical irrigation potential, see panel 2b in Figure 6) amounts to 2,164 km? yr~!
(CUR-UNSUS); 1,949 km? yr~! of which could be consumed while maintaining EFR and without irrigation
in areas of ecological importance (CUR-SUS). On potential cropland, that is, land that is suitable for agricul-
tural production, 5,289 km? yr~! could be consumed when unregulated, that is, without land and water protec-
tion (POT-UNSUS). If EFR were respected, PIWC would be reduced to 4,879 km? yr~! (POT-WATSUS). If
ecologically important zones were protected from irrigation, 4,218 km? yr~! would be available for consumptive
agricultural water use without explicitly accounting for EFR (POT-LANDSUS). If both land and water protection
criteria were respected, 3,888 km? yr~! could be consumed (POT-SUS).

3.3. Economic Irrigation Potentials

Not all technical potential with positive yield gains would be irrigated in reality due to costs for irrigation. Irri-
gation would only take place where the aggregate yield gain through irrigation exceeds the additional production
cost that arise due to irrigation. Figure 6 shows the comparison of the technical potential (for a low threshold of
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Figure 5. Potentially irrigated areas (PIAs) (as share of grid cell area) for
different scenarios (in 2010): (a) Currently irrigated areas (IRR-NOLIM); (b)
PIA on current cropland considering already irrigated areas (CUR-UNSUS);
(c) PIA on potential cropland considering already irrigated areas
(POT-UNSUS). Current agricultural water uses are reserved for this graph to
visualize additional potentials beyond currently observed irrigation. Cells with
very small potential cropland area (potential cropland area share below 1% of
cell area) are excluded from the visualization (gray areas).

0 USD ha~') and economic irrigation potentials (for a medium threshold of
300 USD ha~! and a high threshold of 600 USD ha~'). While technically,
913 Mha of current cropland could be irrigated sustainably, only 356 Mha
achieve a yield gain of at least 300 USD ha~! and only 159 Mha fall into the
high yield gain range (above 600 USD ha~!) (CUR-SUS, see Figure 6 panel
1b). On potential cropland excluding areas of ecological importance, the
total biophysical PIA allocated to areas above a minimum yield gain thresh-
old of 0 USD ha~! (technical potential) would be 2,144 Mha (POT-SUS in
Figure 6 panel 1c). Assuming that irrigation would only be viable econom-
ically at a minimum yield gain of at least 300 or 600 USD ha~!, the global
PIA would be reduced drastically to 698 or 330 Mha respectively (POT-SUS
in Figure 6 Ic).

Globally, the simulated yield gain through irrigation differs depending on the
location (see also Figure S1b in Supporting Information S1). In areas that are
already currently under irrigation, the average yield gain is 1,054 USD ha~'.
On currently rainfed cropland, the average yield gain is 500 USD ha~'; and
on all potential land suitable for agricultural production, it is 840 USD ha~'.
On currently irrigated areas (IRR), the share of PIA and PIWC that falls into
high threshold classes (violet and orange bars in Figure 6) is higher than on
all (rainfed and irrigated) cropland (CUR) and potentially suitable agricul-
tural areas (POT).

To visualize which areas would be irrigated given different irrigation yield
gain thresholds, Figures 7a and 7b show the spatial distribution of PIAs
under yield gains greater than 600 USD ha~! (orange areas), smaller or equal
600 USD ha~! and greater than 300 USD ha~! (violet areas) and greater
than 0 USD ha~', but smaller or equal 300 USD ha~! (green areas). In the
POT-SUS scenario, a total of 329 Mha fall into the high yield gain range,
372 Mha into the medium yield gain range and 1,475 Mha have a yield value
gain below 300 USD ha~!. The global irrigated area for different irrigation
yield gains is summarized in the PIA curves shown in Figure 7c. Many of the
areas that show high technical irrigation potentials (see Figure 5c) fall into
the low yield gain range of 0-300 USD ha~! (green areas in Figure 7) (e.g.,
Sub-Saharan Africa; South-East Asia; West and Central Latin America). PIA
in the high yield gain range (>600 USD ha~') (orange areas in Figure 7a)
are found in the Western USA, Southern Africa, South-East Brazil, South-
ern Europe and the Middle East and are partly already irrigated today (see
Figures 4 and 5a).

The supplementary material to this study includes the full global summary
table of irrigation potentials in terms of PIA, PIWC, and PIWW for all scenar-
ios (NOLIM, UNSUS, WATSUS, LANDSUS, SUS) for the area extent of
currently irrigated areas (IRR), current cropland area (CUR) and potential
cropland area (POT) for the thresholds of 0, 300 and 600 USD ha~!.

3.4. Aggregated Irrigation Potentials

Figure 8 shows PIA curves depicting the marginal return to irrigated area for
two levels of aggregation (river basins and countries). Figure 8a shows PIA

curves for selected river basins. There are river basins with highly inelastic irrigation area demand (steep PIA

curves, e.g., Huang He and Colorado). Other basins are more heterogeneous (e.g., Parana, Ganges and Missis-

sippi); that is, there are both areas with high yield gains and low yield gains in the same basin. Some basins

(e.g., Ganges, Indus and Huang He) already today exceed the sustainable irrigation potential on current cropland

based on our hydro-economic data processing routine. Furthermore, different bottlenecks can be identified for
different basins. The Huang He, Indus and Ganges river basins are water-limited. There is an economic incentive
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Figure 6. Potentially Irrigated Areas, PIA (1) and Potential Irrigation Water Consumption, PIWC (2) for different land
scenarios: (a) Currently irrigated areas (IRR); (b) Total current cropland (CUR); (c) Potential cropland (POT) for different
yield gain thresholds.

for irrigation expansion on current cropland (CUR-NOLIM), but local water resources are limited and prevent
further irrigation with local renewable water resources (CUR-SUS, CUR-UNSUS), even under cropland expan-
sion (POT-SUS). The currently irrigated areas in these basins already exceed the potential given local renewable
water resources, indicating that other forms of water provision (long-distance transports or non-renewable water
supplies) are practiced. Other basins (e.g., Parana, Mekong and Chang Jiang) are rather limited in available land.
Further sustainable irrigation would be possible if cropland area was expanded.

Figure 8b depicts PIA curves at country-level aggregation. We observe that while Brazil could expand irrigation
on current cropland without transgressing the land and water boundaries, India has little to no potential to further
increase irrigated areas, even under cropland expansion. It is important to note that aggregated numbers of areas
currently irrigated (black triangular in Figure 8) and the PIA shown in the curves can be spatially allocated differ-
ently (see Figures 5 and 7).

The supplementary material to this study includes detailed country results for 235 countries and 14 irrigation
yield gain thresholds for the full range of scenarios (NOLIM, UNSUS, WATSUS, LANDSUS, SUS and IRR,
CUR, POT) both in terms of PIA (in Mha) as well as PIWC and PIWW (in km? yr~!). Both irrigation potentials
with reserved currently irrigated areas as well as purely yield-gain-determined irrigation potentials are provided.

4. Discussion
4.1. Current Irrigation

In our study, the currently irrigated areas (265 Mha) correspond to PIWC of 939 km? yr~!. This value falls into
the range of previous ensemble studies by Hoff et al. (2010) and Haddeland et al. (2014) that find current global

irrigation water consumption in a range between 927-1,530 and 940-1,284 km? yr!

, respectively. The spatial
distribution of areas where current irrigation water cannot be served by local renewable water resources (red
areas in Figure 4) is similar to the areas that suffer under extreme blue water over-use (see Figure 3e in Rost
et al. (2008)), groundwater depletion (see Figure 1c in Wada et al. (2010)) and to the areas that face water scarcity

and unsustainable water use in parts of the growing period found in Rosa, Chiarelli, Rulli, et al. (2020).

Some of the areas that are currently under irrigation rely on non-renewable groundwater irrigation (e.g., India and
Pakistan, Siebert et al., 2010; Wada et al., 2012), non-conventional sources (e.g., Morocco and Arab Peninsula,
Hssaisoune et al., 2020; Lattemann et al., 2010), or large-scale water transfers (e.g., China and USA, Grigg, 2021;
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Figure 7. Potentially irrigated areas (PIA) in 2010 (displayed as share of the grid cell area) for three different yield gain
thresholds (0, 300, 600 USD ha—1) on potential cropland for two scenarios (POT-UNSUS; POT-SUS). Cells with very small
potential cropland area (potential cropland area share below 1% of cell area) are excluded from the map visualization. Orange
areas: PIA with yield gains >600 USD ha~'. Violet areas: PIA with yield gains between >300 and 600 USD ha~!. Green
areas: PIA with yield gains between >0 and 300 USD ha~'. Legends show the global sum of potential cropland (in Mha) that
falls into each category.
BEIER ET AL. 12 of 21

85UBD| SUOWILLOD BAFERID (ed![dde au Aq pauenob ae sajone O ‘SN JO S9N Joj ARIqIT 8UIUO AB|IM UO (SUORIPUOD-pUB-SLLBIALIOY A8 1M ATeIq 1BU1IUO//SARY) SUORIPUOD PUe SWR L 8U) 885 " [£202/50/20] U0 AriqIT8UIUO ABIIM ‘Z49 Wepsiod WniuweZ-ZHoyw H AQ 726 TE0MTZ02/620T OT/I0p/0d Ao 1M Areiq puljuo'sgndnfe//sdny woiy pepeojumod ‘v ‘€202 ‘€L6L7Y6T



I .Yed ¥
NI Water Resources Research 10.1029/2021WR031924
AND SPACE SCIENCE
(A) PIA curves for selected basins
Chang Jiang Huang He Mekong
900
600
300
—_ o
g o
5 0 20 . '40 . 60 0
a Mississippi
E
£
©
o
ke
0
>
c
K]
_8 Parana
=900
600
>
300 &Q\
,
0ia - y : . - ) v )
0 25 50 75 1000 20 40 60 0 10 20 30
Potentially Irrigated Areas (in Mha)
(B) PIA curves for selected countries
CHN IND AUS
o -
~
é 20 30 40
3 BRA
£ 900
c
‘© 600
o
ke]
S 300
=
c 0 : v T \ "
o 0 100 20 25 100 150 200
S ITA SDN
= 900 Ry bY
¢ %
600 g X
300 & &
| A , , , 9
%.0 25 5.0 7.5 0 5 10 15 20
Potentially Irrigated Areas (in Mha)
. . Sustainable Sustainable Yield gain
Eﬁfﬂ:ﬁg (I;rrr(')g?;g Areas Potentially Irrigated Areas o— Potentially Irrigated Areas _ areas
P on current cropland on potential cropland on current cropland
(CUR-SUS) (POT-SUS) (CUR-NOLIM)
Figure 8. Marginal yield gain for potentially irrigated areas (in 2010) of (a) selected river basins and (b) selected countries
(abbreviated in titles by iso3 country codes) for the non-water limited scenario (NOLIM), the protection scenario (SUS) and
the scenario without land and water conservation (UNSUS) on current cropland (CUR) and the protection scenario (SUS) on
potential cropland (POT). The black triangular symbol indicates area that is currently reported to be irrigated.
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Rogers et al., 2020). Their water requirements could not be fulfilled by local renewable water available accord-
ing to our estimate (see Figure 4). This is also visible in Figure 8 depicting PIA curves for selected basins and
countries. In some basins (e.g., Ganges, Indus and Huang He), the currently irrigated area exceeds the PIA in
water-limited scenarios on current cropland (CUR-UNSUS as well as CUR-SUS). There are, however, yield
gains through irrigation, as indicated by the CUR-NOLIM scenario. Such areas are at risk to over-exploit their
water resources when following profit maximization criteria without implementing protection policies and partly
already today rely on non-renewable or non-conventional water withdrawals or large-scale transfers (Rogers
et al., 2020; Siebert et al., 2010).

4.2. Potentially Irrigated Areas and Expansion Potential

Globally, we find technical sustainable irrigation potentials on current cropland of 913 Mha (CUR-SUS) and
2,144 Mha on potential cropland (POT-SUS). Our results show large technical irrigation expansion potential on
current cropland (see Figures 5a and 5b), for example, in several countries of Sub-Saharan Africa and Northern
Europe, South-East Brazil and Central India. However, in many of these areas the yield gain through irrigation
falls into the lower range (<300 USD ha~') (e.g., Sub-Sahran Africa and Northern Europe; see Figure 7). These
areas would only be irrigated if cost for irrigation were low or irrigation would be subsidized. Especially in
Sub-Saharan Africa irrigation costs are reported to be very high (Inocencio et al., 2007; Jones, 1995) (see also
Table S1 in Supporting Information S1). This explains the discrepancy between observed irrigation and the tech-
nical irrigation potential on current cropland in this region and is in line with previous findings in the literature
(You et al., 2011). Our spatially explicit and country- as well as basin-level analysis reveals that there are high
yield gains from irrigation in Eastern Brazil, Western and Central USA and Northern India. However, many of
these areas would face a reduction of PIA when land and water conservation goals are respected (see Figures 7a
and 7b). These high opportunity costs may make land and water protection particularly challenging.

4.3. Planetary Water Opportunities in Terms of Potential Irrigation Water Consumption

Our global PIWC serves as an estimate of a global “planetary water opportunities” boundary (Gerten et al., 2011).
As opposed to previous top-down estimates of the planetary boundary (PB) for water (Rockstrom et al., 2009),
our PIWC estimate is grounded in spatially explicit data and takes societal water needs into account via the water
productivity ranking algorithm and spatially explicit accounting of human water demands. With 4,079 km? yr~!
(3,888 km?® yr~! (PIWC in POT-SUS) + 191 km?® yr~! (exogenous non-agricultural water consumption)), it falls
into the uncertainty range of the PB for water (1,100-4,500 km? yr~') suggested by Gerten et al. (2013). Further-
more, it accounts for land conservation besides the consideration of spatially explicit EFR. The isolated estimates
of PIWC when only environmental flows are protected of 4,879 km? yr~! (POT-WATSUS) and 4,218 km? yr~!
under protection of areas of ecological importance only (POT-LANDSUS), and their combined effect resulting
into 3,888 km? yr~! (POT-SUS) shows that there are likely synergies between the land, water and biodiversity
PBs (Rockstrom et al., 2009).

With the consideration of a range of economic thresholds, our assessment goes beyond the assessment of
technical potentials and accounts for societal water demands. The levels calculated in our IRR-WATSUS and
CUR-WATSUS as well as CUR-UNSUS scenarios are comparable to water consumption limits found in Jenkins
et al. (2021), who account for different “values of water” beyond biophysical aspects on current cropland. Our
study goes beyond this estimation by providing planetary water opportunity boundaries for all of potential crop-
land. While a total volume of 5,289 km? yr~! (POT-UNSUS) could technically be consumed in irrigated agri-
culture, not all of this would actually be consumed when considering economic yield gain thresholds. With a
minimum yield gain of 300 (600) USD ha~!, PIWC would only be 2,826 (1,644) km? yr~! (POT-UNSUS) accord-
ing to our estimate. Under these thresholds, the “sustainable” PIWC would drop from 3,888 km? yr~! (technical
potential) to 2,121 (1,219) km? yr~! (economic potential).

4.4. Environmental Constraints

Our land and water limits are quantitative resource use constraints. While our strict land conservation approach—
protecting 50% of the land surface—captures one important dimension of biodiversity protection (prevention
of intensification by irrigation in conservation priority areas), other land conservation dimensions (e.g., land
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connectivity (Ward et al., 2020)) are not accounted for. Similarly, the restriction of long-term total water volumes
as minimum flow requirements falls short of accounting for important aspects to keep riverine ecosystems intact
(e.g., the timing of extreme low and high flows that fulfill important functions for habitat formation or ripar-
ian vegetation through sediment or organic material flushing (Yin et al., 2011)). Existing globally applicable
approaches do not account for such detail and only provide estimates of long-term average flow requirements
(Pastor et al., 2014). Furthermore, the impact of river fragmentation through dams and reservoirs on aquatic
biodiversity is ignored (Lehner et al., 2011; Nilsson et al., 2005), and the impact of irrigation on water quality
(van Vliet et al., 2017, 2021) as well as soil quality (Khan et al., 2006) is not considered. This implies that we
tend to over-estimate water availability within environmental limits because the estimated EFR budgets have to
be actively managed to fulfill such riparian ecosystem health functions. This requires to set aside reservoir storage
for EFR management (Richter & Thomas, 2007; Yin et al., 2011) or, if optimal management cannot be achieved,
higher effective EFR budgets. Accordingly, water availability for human uses is affected.

4.5. Temporal Scale

With our approach, it is not possible to explicitly account for temporal flow variations. However, to capture the
effect of temporal flow variability on water availability in a simplified manner, we constrain water accessibil-
ity in relation to the CV of monthly discharge. This accounts for the combined effect of both intra-annual and
inter-annual flow variations. We implicitly assume that dams and reservoirs are used to balance water provision
throughout the year such that (a) it is available at the time of the year when it is needed (cf. Jenkins et al. (2021)),
and (b) environmental needs are provided as part of the water management plan (cf. Richter and Thomas, 2007,
Yin et al., 2011).

Renewable groundwater is included in the cell water balance (Rost et al., 2008). However, due to the omission
of temporal flow variations, the role of groundwater as a natural reservoir that buffers flow variability is not
accounted for. This tends to lead to an under-estimation of water accessibility and irrigation potentials in locations
where renewable groundwater provides a stable source of renewable water (cf. de Graaf and Stahl, 2022).

4.6. Economic Aspects

Because the objective of this study is to provide a benchmark estimate that uses inter-comparable criteria between
administrative boundaries, we do not account for institutional and political barriers that impede irrigation (Boelens
etal., 2016; Rosa, Chiarelli, Rulli, et al., 2020). Our analysis does not cover market distortions, like subsidies, that
in reality facilitate irrigation in areas where it would hardly be profitable (Dinar et al., 1997). This may also partly
explain the difference between the technical potential on actually irrigated areas of 174 Mha (IRR-UNSUS) and
the corresponding economic potentials of 112 Mha at a yield gain threshold of 300 USD ha~!, and 63 Mha at a
yield gain threshold of 600 USD ha~!. We find that, on average, the yield gain in irrigated areas is higher than in
areas that are not yet under irrigation. Nevertheless, some areas are irrigated even though they fall below the yield
gain thresholds chosen in this study.

The economic irrigation potential is based on simplified economic thresholds highlighting where irrigation is
beneficial when considering the current crop composition and respecting local water constraints. In order to
correct for value differences of different crops and to make different grid cells with different crop compositions
internationally comparable, we use global average commodity prices for major crops. While using national prices
may better reflect the current economic allocation, for our potentials study it is more appropriate to compare
different irrigation locations on equal terms. If our data set is applied for future scenarios with expansion of crop
production and irrigation or a shift in crop composition or irrigation efficiency, prices could change and therefore,
in turn, affect future yield gains (Calzadilla et al., 2011). To account for price feedbacks, our new method can be
coupled and iterated with an economic land-system model that covers agricultural irrigation and future land-use
change. Furthermore, our open-source model is flexible to alternative settings (e.g., with respect to commodity
prices) if the modeling context or research question demands so. Our sensitivity analysis (see Supporting Infor-
mation S1) has shown that the observed patterns are relatively robust against price changes.

4.7. A Novel Water Input Aggregation Method for Land-System Models

The objective of the estimation of the hypothetical irrigation potential on all potential cropland is to provide an
option space in terms of PIA to global Land-System Models (LSMs) that optimize land-use patterns given future
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food demand considering the trade-off between intensification and cropland expansion (e.g., MAgPIE (Biewald
et al., 2014), GLOBIOM (Pastor et al., 2019), GTAP-W, SIMPLE-G (Calzadilla et al., 2010; Liu et al., 2017)).
Our estimated potentials should not be interpreted as a normative proposal to expand irrigated areas. Besides
irrigation water availability as well as water and land constraints, many other criteria such as food requirements,
greenhouse gas policies and other sustainability goals need to be considered. These aspects are considered in
integrated LSMs. Such models can be used to assess if and where irrigated crop production may take place
under different scenarios. However, the consideration of upstream-downstream relations of water resources
is challenging for global LSMs because of their level of aggregation. For data availability and computational
reasons, global-scale economic models assessing optimal land-use patterns under environmental constraints run
at an aggregated scale of spatial clusters, nations or world regions (e.g., Dietrich et al., 2019; Pastor et al., 2019;
Woltjer and Kuiper, 2014). They usually lack a hydrologically-founded spatial representation of the interaction
of water availability, potential cropland area, water abstractions, and the accompanying upstream-downstream
effects. When different data sets (such as water availability, land suitability, information on protected areas, and
non-agricultural water demands) are aggregated independently, their interaction is lost. For example, despite
sufficient water and cropland availability in the aggregated cluster, the suitable land might not be close enough
to the water source for irrigation. In this context, our global hydro-economic data processing routine provides a
valuable hydrological input aggregation and output disaggregation tool to global LSMs.

4.8. Limitations

Mismatches of current observed irrigation and the estimated irrigation patterns using local renewable water avail-
ability can be explained by our modeling assumptions with regards to water transport, deficit irrigation, and the
focus on natural renewable water sources for irrigation.

The objective of this study is to represent long-term irrigation potentials from renewable water resources. There-
fore, we neither include groundwater depletion (groundwater over-exploitation and fossil groundwater resources)
nor non-conventional sources (wastewater reuse and desalination) in the water availability assessment. This
can explain mismatches of current water supply and demand (see Figures 4 and 8) in Morocco (Hssaisoune
et al., 2020), California (USA), Saudi Arabia (Chandrasekharam, 2018; Scanlon et al., 2012), Kuwait, Qatar,
United Arab Emirates, Israel (Lattemann et al., 2010; Siebert et al., 2010) as well as regions that rely heavily on
non-renewable groundwater irrigation (e.g., northern India, Pakistan, North-East China, western USA (Rodell
et al., 2018; Rogers et al., 2020; Siebert et al., 2010; Wada et al., 2012)).

In our model, water transfers can only take place within the respective 0.5°grid cell. This implies a maximum
water transport distance of around 78 km at the equator and decreasing transport distance towards the poles.
Therefore, no large-scale water transport is allowed. In reality, however, long-distance water pipelines or canals
exist; for example, the South-North Water Transfer Project that supplies drinking and sanitary water to cities in
North-East China (Rogers et al., 2020) or California's State Water Project that serves farmers and households in
the dry regions of California (Grigg, 2021). Similarly, regions where river deltas provide water for irrigation are
misrepresented because the global river drainage network data set (STN-30p) does not consider deltas (i.e., one
grid cell cannot discharge into several downstream grid cells) (Lehner et al., 2011; Vorosmarty et al., 2000, 2011).
This explains the water deficits as observed in the Nile delta (Figure 4).

An additional complexity that we do not consider is deficit irrigation, an irrigation practice that is observed
in reality in areas where water supply is limited and the marginal costs for water would be high (Geerts &
Raes, 2009). Whether and to which degree deficit irrigation would be applied depends on the ratio between
variable costs (water and pumping costs) and fixed costs (dams, reservoirs, channels, equipment), with high
variable costs being an incentive for deficit irrigation, while high fixed costs are an incentive for full irrigation
(English, 1990). A comprehensive assessment of deficit irrigation would therefore require spatially explicit infor-
mation on the relative difference between variable water costs and fixed investment costs, as well as yield-water
response curves that are crop- and location-specific. By omitting deficit irrigation, our algorithm over-estimates
the water requirements and therefore under-estimates the respective PIA in water-limited locations. The Support-
ing Information S1 provides an extended discussion of this aspect.

Lastly, the potential of irrigation to enable additional cropping seasons (multiple cropping) in subtropical and
tropical regions (Waha et al., 2020) is not captured in our model. LPJmL provides irrigation water requirements
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and yields for a single cropping season under irrigated and rainfed conditions respectively. It accounts for poten-
tial shifts in the growing period due to irrigation, but does not include the potential of an additional growing cycle
within the same year (e.g., by irrigation during the dry season). This implies that we underestimate the irrigation
potential in regions where multiple cropping is prevalent (e.g., in East and South Asia (Waha et al., 2020)). It is an
aspect that is ignored in most global irrigation assessments and LSMs and should be addressed in future research.

5. Conclusion

Our spatially-explicit irrigation water processing routine captures local hydrological information and water
abstractions for human uses along rivers to derive potentially irrigted areas and potential irrigation water with-
drawals and consumption taking upstream-downstream effects explicitly into account. We find large untapped
irrigation potentials within local land and water boundaries both on current cropland (913 Mha; CUR-SUS
scenario) and on potential cropland (2,144 Mha; POT-SUS) (e.g., large parts of the African continent, South-East
Brazil and Southern China). Not all of these technical irrigation potentials are viable due to irrigation costs (e.g.,
Sub-Saharan Africa). Globally, the irrigation potential of 913 Mha on current cropland (CUR-SUS) would reduce
to 356 Mha if only areas with yield gains of at least 300 USD ha~! would be irrigated and only 172 Mha have
yield gains of at least 600 USD ha~'.

There is a financial incentive to irrigate areas that should be protected from irrigation due to their importance for
conservation efforts and where minimum environmental flows should be maintained. Because of the ecological
consequences of cropland expansion and intensification, land- and water-conservation policies are important to
prevent water overuse; especially in highly productive areas. Examples of areas where protection policies are
important to prevent unsustainable irrigation expansion (beyond land and water boundaries) are Eastern Brazil,
Western and Central USA and Northern India. We also find that some countries or river basins have an incen-
tive to apply unconventional irrigation practices, given the amount of areas that show high yield gains, but are
water- and land-limited (e.g., the Huang He, Ganges or Indus river basins). In parts, these areas already rely on
non-renewable groundwater for irrigation (e.g., India) or installed large-scale water transfer infrastructure (e.g.,
Huang He river basin in China) in order to close the gap.

Together with future climatic and socio-economic scenarios and simulated data on required inputs such as
non-agricultural water uses, the irrigation potentials calculated by our new processing routine can be used to
inform global land-system models on local water availability in the present and the future. Further, they can
provide spatially explicit information on potential irrigation patterns and irrigation area expansion. The method
can be used as a tool to aggregate hydrological input data to the required simulation unit and to disaggregate
land-system model outputs (such as irrigation withdrawals) to a high spatial resolution. This can help to address
water- and irrigation-specific research questions across different scales in a global context.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

Data Availability Statement

The open-source code (Beier et al., 2021) is developed on github (https://github.com/pik-piam/mrwater/) and
available at https://doi.org/10.5281/zenodo.7572684. The script used to visualize results for the purpose of this
publication is published in the github repository https://github.com/FelicitasBeier/IrrigationPotentials. The
respective data used was created with the code published at https://doi.org/10.5281/zenodo.7572684 and is avail-
able at https://doi.org/10.5281/zenodo.7572847.

References

Baldos, U. L. C., Haqiqi, I., Hertel, T. W., Horridge, M., & Liu, J. (2020). SIMPLE-G: A multiscale framework for integration of economic
and biophysical determinants of sustainability. Environmental Modelling & Software, 133(104805), 14. https://doi.org/10.1016/j.
envsoft.2020.104805

Beier, F., Heinke, J., Karstens, K., Bodirsky, B. L., & Dietrich, J. P. (2021). mrwater: Madrat based MAgPIE Input Data Library. Zenodo. https://
doi.org/10.5281/zenodo.5801680

BEIER ET AL.

17 of 21

85U017 SUOWWOD SAIERID 3(qedl|dde auy Aq pauienob a1e ssolie YO ‘88N JO S9N 10y ArIgIT 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBY WD A8 1M ARe.q 1Bul Uo//Sdiy) SUORIPUCD pUe swis | 38U} 89S *[£202/50/20] U ARiqiaulluo A8|IM ‘Z49 Wwepsiod Winnuez-zloyweH A vZ6TE0MMTZ0Z/620T 0T/I0p/wiod A8 |mAreiq putjuo'sqndnBe//sdny woly papeo|umod ‘v ‘€202 ‘EL6.776T


https://github.com/pik-piam/mrwater/
https://doi.org/10.5281/zenodo.7572684
https://github.com/FelicitasBeier/IrrigationPotentials
https://doi.org/10.5281/zenodo.7572684
https://doi.org/10.5281/zenodo.7572847
https://doi.org/10.1016/j.envsoft.2020.104805
https://doi.org/10.1016/j.envsoft.2020.104805
https://doi.org/10.5281/zenodo.5801680
https://doi.org/10.5281/zenodo.5801680

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR031924

Biemans, H., Haddeland, 1., Kabat, P., Ludwig, F., Hutjes, R. W. A., Heinke, J., et al. (2011). Impact of reservoirs on river discharge and irrigation
water supply during the 20th century. Water Resources Research, 47(W03509), 16. https://doi.org/10.1029/2009WR008929

Biewald, A., Rolinski, S., Lotze-Campen, H., Schmitz, C., & Dietrich, J. P. (2014). Valuing the impact of trade on local blue water. Ecological
Economics, 101, 43-53. https://doi.org/10.1016/j.ecolecon.2014.02.003

Bodirsky, B. L., Dietrich, J. P., Martinelli, E., Stenstad, A., Pradhan, P., Gabrysch, S., et al. (2020). The ongoing nutrition transition thwarts
long-term targets for food security, public health and environmental protection. Scientific Reports, 10(1), 19778. https://doi.org/10.1038/
s41598-020-75213-3

Boelens, R., Hoogesteger, J., Swyngedouw, E., Vos, J., & Wester, P. (2016). Hydrosocial territories: A political ecology perspective. Water Inter-
national, 41(1), 1-14. https://doi.org/10.1080/02508060.2016.1134898

Bonsch, M., Humpendder, F., Popp, A., Bodirsky, B., Dietrich, J. P., Rolinski, S., et al. (2016). Trade-offs between land and water requirements
for large-scale bioenergy production. GCB Bioenergy, 8(1), 11-24. https://doi.org/10.1111/gcbb.12226

Calzadilla, A., Rehdanz, K., & Tol, R. S. (2010). The economic impact of more sustainable water use in agriculture: A computable general equi-
librium analysis. Journal of Hydrology, 384(3—4), 292-305. https://doi.org/10.1016/j.jhydrol.2009.12.012

Calzadilla, A., Rehdanz, K., & Tol, R. S. (2011). Water scarcity and the impact of improved irrigation management: A computable general equi-
librium analysis. Agricultural Economics, 42(3), 305-323. https://doi.org/10.1111/j.1574-0862.2010.00516.x

Chambers, J. M., & Hastie, T.J. (1992). Statistical models in S. Wadsworth & Brooks/Cole.

Chandrasekharam, D. (2018). Water for the millions: Focus Saudi Arabia. Water-Energy Nexus, 1(2), 142—144. https://doi.org/10.1016/j.
wen.2019.01.001

Cucchi, M., Weedon, G. P., Amici, A., Bellouin, N., Lange, S., Schmied, H. M., et al. (2020). WEDES: Bias adjusted ERAS reanalysis data for
impact studies (preprint). Data, Algorithms, and Models. https://doi.org/10.5194/essd-2020-28

de Graaf, I. E. M., & Stahl, K. (2022). A model comparison assessing the importance of lateral groundwater flows at the global scale. Environ-
mental Research Letters, 17(4), 044020. https://doi.org/10.1088/1748-9326/ac50d2

Dietrich, J. P., Bodirsky, B. L., Humpendoder, F., Weindl, L., Stevanovi¢, M., Karstens, K., et al. (2019). MAgPIE 4—A modular open-source frame-
work for modeling global land systems. Geoscientific Model Development, 12(4), 1299-1317. https://doi.org/10.5194/gmd-12-1299-2019

Dinar, A., Rosegrant, M. W., & Meinzen-Dick, R. (1997). Water allocation mechanisms: Principles and examples. In World Bank Policy Research
Working Paper. The World Bank.

D’Odorico, P., Chiarelli, D. D., Rosa, L., Bini, A., Zilberman, D., & Rulli, M. C. (2020). The global value of water in agriculture. Proceedings of
the National Academy of Sciences, 117(36), 21985-21993. https://doi.org/10.1073/pnas.2005835117

English, M. (1990). Deficit irrigation. I: Analytical framework. Journal of Irrigation and Drainage Engineering, 116(3), 399—412. https://doi.
org/10.1061/(ASCE)0733-9437(1990)116:3(399)

Esteve, P., Varela-Ortega, C., Blanco-Gutiérrez, I., & Downing, T. E. (2015). A hydro-economic model for the assessment of climate change
impacts and adaptation in irrigated agriculture. Ecological Economics, 120, 49-58. https://doi.org/10.1016/j.ecolecon.2015.09.017

FAO. (2021). FAOSTAT data [Bulk Download]. Retrieved from http://www.fao.org/faostat/en/

Florke, M., Kynast, E., Bérlund, I., Eisner, S., Wimmer, F., & Alcamo, J. (2013). Domestic and industrial water uses of the past 60 years as a
mirror of socio-economic development: A global simulation study. Global Environmental Change, 23(1), 144-156. https://doi.org/10.1016/j.
gloenvcha.2012.10.018

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., et al. (2011). Solutions for a cultivated planet. Nature,
478(7369), 337-342. https://doi.org/10.1038/nature 10452

Geerts, S., & Raes, D. (2009). Deficit irrigation as an on-farm strategy to maximize crop water productivity in dry areas. Agricultural Water
Management, 96(9), 1275-1284. https://doi.org/10.1016/j.agwat.2009.04.009

Gerten, D., Heinke, J., Hoff, H., Biemans, H., Fader, M., & Waha, K. (2011). Global water availability and requirements for future food produc-
tion. Journal of Hydrometeorology, 12(5), 885-899. https://doi.org/10.1175/201 1JHM1328.1

Gerten, D., Hoff, H., Rockstrom, J., Jigermeyr, J., Kummu, M., & Pastor, A. V. (2013). Towards a revised planetary boundary for consump-
tive freshwater use: Role of environmental flow requirements. Current Opinion in Environmental Sustainability, 5(6), 551-558. https://doi.
org/10.1016/j.cosust.2013.11.001

Grigg, N. S. (2021). Large-scale water development in the United States: TVA and the California State Water Project. International Journal of
Water Resources Development, 39, 1-19. https://doi.org/10.1080/07900627.2021.1969224

Haddeland, I., Heinke, J., Biemans, H., Eisner, S., Florke, M., Hanasaki, N., et al. (2014). Global water resources affected by human interventions
and climate change. Proceedings of the National Academy of Sciences, 111(9), 3251-3256. https://doi.org/10.1073/pnas.1222475110

Hoff, H., Falkenmark, M., Gerten, D., Gordon, L., Karlberg, L., & Rockstrom, J. (2010). Greening the global water system. Journal of Hydrology,
384(3-4), 177-186. https://doi.org/10.1016/j.jhydrol.2009.06.026

Hssaisoune, M., Bouchaou, L., Sifeddine, A., Bouimetarhan, I., & Chehbouni, A. (2020). Moroccan groundwater resources and evolution with
global climate changes. Geosciences, 10(2), 81. https://doi.org/10.3390/geosciences 10020081

Hurtt, G. C., Chini, L., Sahajpal, R., Frolking, S., Bodirsky, B. L., Calvin, K., et al. (2020). Harmonization of global land use change and
management for the period 850-2100 (LUH2) for CMIP6. Geoscientific Model Development, 13(11), 5425-5464. https://doi.org/10.5194/
gmd-13-5425-2020

Immovilli, M., & Kok, M. T. (2020). Narratives for the half Earth and sharing the planet scenarios—A literature review [PBL background report].

Inocencio, A. B., Institute, I. WM., & Program, F. H. (Eds.). (2007). Costs and performance of irrigation projects: A comparison of Sub-Saharan
Africa and other developing regions (no. 109). International Water Management Institute.

IPBES. (2019). Global assessment report of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (Technical
Report).

ISIMIP3b. (2020). Inter-sectoral impact model Intercomparison Project: ISIMIP3b simulation round simulation protocol—Water (global) (Tech-
nical Report). Retrieved from https://protocol.isimip.org/protocol/ISIMIP3b/water_global.html#socioeconomic-forcing

Jagermeyr, J., Gerten, D., Heinke, J., Schaphoff, S., Kummu, M., & Lucht, W. (2015). Water savings potentials of irrigation systems: Global
simulation of processes and linkages. Hydrology and Earth System Sciences, 19(7), 3073-3091. https://doi.org/10.5194/hess-19-3073-2015

Jdgermeyr, J., Pastor, A., Biemans, H., & Gerten, D. (2017). Reconciling irrigated food production with environmental flows for sustainable
development goals implementation. Nature Communications, 8(1), 15900. https://doi.org/10.1038/ncomms 15900

Jans, Y., Berndes, G., Heinke, J., Lucht, W., & Gerten, D. (2018). Biomass production in plantations: Land constraints increase dependency on
irrigation water. GCB Bioenergy, 10(9), 628-644. https://doi.org/10.1111/gcbb.12530

Jenkins, W., Rosa, L., Schmidt, J., Band, L., Beltran-Peifia, A., Clarens, A., et al. (2021). Values-based scenarios of water security: Rights to water,
rights of waters, and commercial water rights. BioScience, 71(11), 1157-1170. https://doi.org/10.1093/biosci/biab088

Jones, W. L. (1995). The World Bank and Irrigation. The World Bank. https://doi.org/10.1596/0-8213-3249-X

BEIER ET AL.

18 of 21

85U017 SUOWWOD SAIERID 3(qedl|dde auy Aq pauienob a1e ssolie YO ‘88N JO S9N 10y ArIgIT 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBY WD A8 1M ARe.q 1Bul Uo//Sdiy) SUORIPUCD pUe swis | 38U} 89S *[£202/50/20] U ARiqiaulluo A8|IM ‘Z49 Wwepsiod Winnuez-zloyweH A vZ6TE0MMTZ0Z/620T 0T/I0p/wiod A8 |mAreiq putjuo'sqndnBe//sdny woly papeo|umod ‘v ‘€202 ‘EL6.776T


https://doi.org/10.1029/2009WR008929
https://doi.org/10.1016/j.ecolecon.2014.02.003
https://doi.org/10.1038/s41598-020-75213-3
https://doi.org/10.1038/s41598-020-75213-3
https://doi.org/10.1080/02508060.2016.1134898
https://doi.org/10.1111/gcbb.12226
https://doi.org/10.1016/j.jhydrol.2009.12.012
https://doi.org/10.1111/j.1574-0862.2010.00516.x
https://doi.org/10.1016/j.wen.2019.01.001
https://doi.org/10.1016/j.wen.2019.01.001
https://doi.org/10.5194/essd-2020-28
https://doi.org/10.1088/1748-9326/ac50d2
https://doi.org/10.5194/gmd-12-1299-2019
https://doi.org/10.1073/pnas.2005835117
https://doi.org/10.1061/(ASCE)0733-9437(1990)116:3(399)
https://doi.org/10.1061/(ASCE)0733-9437(1990)116:3(399)
https://doi.org/10.1016/j.ecolecon.2015.09.017
http://www.fao.org/faostat/en/
https://doi.org/10.1016/j.gloenvcha.2012.10.018
https://doi.org/10.1016/j.gloenvcha.2012.10.018
https://doi.org/10.1038/nature10452
https://doi.org/10.1016/j.agwat.2009.04.009
https://doi.org/10.1175/2011JHM1328.1
https://doi.org/10.1016/j.cosust.2013.11.001
https://doi.org/10.1016/j.cosust.2013.11.001
https://doi.org/10.1080/07900627.2021.1969224
https://doi.org/10.1073/pnas.1222475110
https://doi.org/10.1016/j.jhydrol.2009.06.026
https://doi.org/10.3390/geosciences10020081
https://doi.org/10.5194/gmd-13-5425-2020
https://doi.org/10.5194/gmd-13-5425-2020
https://protocol.isimip.org/protocol/ISIMIP3b/water_global.html#socioeconomic-forcing
https://doi.org/10.5194/hess-19-3073-2015
https://doi.org/10.1038/ncomms15900
https://doi.org/10.1111/gcbb.12530
https://doi.org/10.1093/biosci/biab088
https://doi.org/10.1596/0-8213-3249-X

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR031924

Keating, B. A., Herrero, M., Carberry, P. S., Gardner, J., & Cole, M. B. (2014). Food wedges: Framing the global food demand and supply chal-
lenge towards 2050. Global Food Security, 3(3—4), 125-132. https://doi.org/10.1016/j.gfs.2014.08.004

Khan, S., Tariq, R., Yuanlai, C., & Blackwell, J. (2006). Can irrigation be sustainable? Agricultural Water Management, 80(1-3), 87-99. https://
doi.org/10.1016/j.agwat.2005.07.006

Kim, H. (2017). Global soil wetness project phase 3 atmospheric boundary conditions (experiment 1) [Dataset]. Data Integration and Analysis
System (DIAS). https://doi.org/10.20783/DIAS.501

Klein, D., Luderer, G., Kriegler, E., Strefler, J., Bauer, N., Leimbach, M., et al. (2014). The value of bioenergy in low stabilization scenarios: An
assessment using REMIND-MAGgPIE. Climatic Change, 123(3-4), 705-718. https://doi.org/10.1007/s10584-013-0940-z

Kok, M. T., Meijer, J. R., van Zeist, W.-J., Hilbers, J. P., Immovilli, M., Janse, J. H., et al. (2020). Assessing ambitious nature conservation strat-
egies within a 2 degree warmer and food-secure world (preprint). Ecology. https://doi.org/10.1101/2020.08.04.236489

Kopnina, H. (2016). Half the earth for people (or more)? Addressing ethical questions in conservation. Biological Conservation, 203, 176-185.
https://doi.org/10.1016/j.biocon.2016.09.019

Lange, S., Mengel, M., Treu, S., & Biichner, M. (2022). ISIMIP3a atmospheric climate input data (v1.0). https://doi.org/10.48364/ISIMIP.982724

Lange, S., Menz, C., Gleixner, S., Cucchi, M., Weedon, G. P., Amici, A., et al. (2021). WFDES5 over land merged with ERAS5 over the ocean
(W5ES5 v2.0) (technical report). ISIMIP Repository. https://doi.org/10.48364/ISIMIP.342217

Lattemann, S., Kennedy, M. D., Schippers, J. C., & Amy, G. (2010). Global desalination situation. Sustainability Science and Engineering, 2,
7-39. https://doi.org/10.1016/S1871-2711(09)00202-5

Lehner, B., Liermann, C. R., Revenga, C., Vorosmarty, C., Fekete, B., Crouzet, P., et al. (2011). High-resolution mapping of the world’s reservoirs
and dams for sustainable river-flow management. Frontiers in Ecology and the Environment, 9(9), 494-502. https://doi.org/10.1890/100125

Liu, J., Hertel, T. W., Lammers, R. B., Prusevich, A., Baldos, U. L. C., Grogan, D. S., & Frolking, S. (2017). Achieving sustainable irri-
gation water withdrawals: Global impacts on food security and land use. Environmental Research Letters, 12(10), 104009. https://doi.
org/10.1088/1748-9326/aa88db

Lutz, F., Herzfeld, T., Heinke, J., Rolinski, S., Schaphoff, S., von Bloh, W., et al. (2019). Simulating the effect of tillage practices with the
global ecosystem model LPImL (version 5.0-tillage). Geoscientific Model Development, 12(6), 2419-2440. https://doi.org/10.5194/
gmd-12-2419-2019

Matson, P. A., Parton, W. J., Power, A. G., & Swift, M. J. (1997). Agricultural intensification and ecosystem properties. Science, 277(5325),
504-509. https://doi.org/10.1126/science.277.5325.504

Mekonnen, M. M., & Hoekstra, A. Y. (2020). Blue water footprint linked to national consumption and international trade is unsustainable. Nature
Food, 1(12), 792-800. https://doi.org/10.1038/s43016-020-00198-1

Mueller, N. D., Gerber, J. S., Johnston, M., Ray, D. K., Ramankutty, N., & Foley, J. A. (2012). Closing yield gaps through nutrient and water
management. Nature, 490(7419), 254-257. https://doi.org/10.1038/nature11420

Nilsson, C., Reidy, C. A., Dynesius, M., & Revenga, C. (2005). Fragmentation and flow regulation of the world’s large river systems. Science,
308(5720), 405-408. https://doi.org/10.1126/science.1107887

Palazzo, A., Valin, H., Batka, M., & Havlik, P. (2019). Investment needs for irrigation infrastructure along different socioeconomic pathways. In
Policy research working paper, 8744 (p. 65).

Pastor, A. V., Ludwig, F., Biemans, H., Hoff, H., & Kabat, P. (2014). Accounting for environmental flow requirements in global water assess-
ments. Hydrology and Earth System Sciences, 18(12), 5041-5059. https://doi.org/10.5194/hess-18-5041-2014

Pastor, A. V., Palazzo, A., Havlik, P., Biemans, H., Wada, Y., Obersteiner, M., et al. (2019). The global nexus of food—trade—water sustaining
environmental flows by 2050. Nature Sustainability, 2(6), 499-507. https://doi.org/10.1038/s41893-019-0287-1

Richter, B. D., & Thomas, G. A. (2007). Restoring environmental flows by modifying dam operations. Ecology and Society, 12(1), art12. https://
doi.org/10.5751/ES-02014-120112

Ringler, C., & Zhu, T. (2015). Water resources and food security. Agronomy Journal, 107(4), 1533-1538. https://doi.org/10.2134/agronj14.0256

Ripley, B. D., & Maechler, M. (2021). smooth.spline: Fit a smoothing spline. Retrieved from https://www.rdocumentation.org/packages/stats/
versions/3.6.2/topics/smooth.spline

Robinson, S., Mason-D’Croz, D., Sulser, T., Islam, S., Robertson, R., Zhu, T., et al. (2015). The international model for policy analysis of
agricultural commodities and trade (IMPACT): Model description for version 3. In IFPRI discussion paper, 1483. https://doi.org/10.2139/
ssrn.2741234

Rockstrom, J., Steffen, W., Noone, K., Persson, A., Chapin, F. S. I., Lambin, E., et al. (2009). Planetary boundaries: Exploring the safe operating
space for humanity. Ecology and Society, 14(2), art32. https://doi.org/10.5751/ES-03180-140232

Rodell, M., Famiglietti, J. S., Wiese, D. N., Reager, J. T., Beaudoing, H. K., Landerer, F. W., & Lo, M.-H. (2018). Emerging trends in global
freshwater availability. Nature, 557(7707), 651-659. https://doi.org/10.1038/s41586-018-0123-1

Rogers, S., Chen, D., Jiang, H., Rutherfurd, I., Wang, M., Webber, M., et al. (2020). An integrated assessment of China’s South—North water
transfer project. Geographical Research, 58(1), 49-63. https://doi.org/10.1111/1745-5871.12361

Rosa, L., Chiarelli, D. D., Rulli, M. C., Dell’Angelo, J., & D’Odorico, P. (2020). Global agricultural economic water scarcity. Science Advances,
6(18), 1-10. https://doi.org/10.1126/sciadv.aaz6031

Rosa, L., Chiarelli, D. D., Sangiorgio, M., Beltran-Pefia, A. A., Rulli, M. C., D’Odorico, P., & Fung, I. (2020). Potential for sustainable irriga-
tion expansion in a 3°C warmer climate. Proceedings of the National Academy of Sciences, 117(47), 29526-29534. https://doi.org/10.1073/
pnas.2017796117

Rosa, L., Rulli, M. C., Davis, K. F., Chiarelli, D. D., Passera, C., & D’Odorico, P. (2018). Closing the yield gap while ensuring water sustainabil-
ity. Environmental Research Letters, 13(10), 104002. https://doi.org/10.1088/1748-9326/aadeef

Rost, S., Gerten, D., Bondeau, A., Lucht, W., Rohwer, J., & Schaphoff, S. (2008). Agricultural green and blue water consumption and its influence
on the global water system: Global water use in agriculture. Water Resources Research, 44(9), W09405. https://doi.org/10.1029/2007WR00633 1

Scanlon, B. R., Faunt, C. C., Longuevergne, L., Reedy, R. C., Alley, W. M., McGuire, V. L., & McMahon, P. B. (2012). Groundwater depletion
and sustainability of irrigation in the US high plains and central valley. Proceedings of the National Academy of Sciences, 109(24), 9320-9325.
https://doi.org/10.1073/pnas.1200311109

Schaphoff, S., von Bloh, W., Rammig, A., Thonicke, K., Biemans, H., Forkel, M., et al. (2018). LPJmL4—A dynamic global vegetation model with
managed land—Part 1: Model description. Geoscientific Model Development, 11(4), 1343—1375. https://doi.org/10.5194/gmd-11-1343-2018

Siebert, S., Burke, J., Faures, J. M., Frenken, K., Hoogeveen, J., D6ll, P., & Portmann, F. T. (2010). Groundwater use for irrigation—A global
inventory. Hydrology and Earth System Sciences, 14(10), 1863-1880. https://doi.org/10.5194/hess-14-1863-2010

Smakhtin, V., Revenga, C., & D&ll, P. (2004). A pilot global assessment of environmental water requirements and scarcity. Water International,
29(3), 307-317. https://doi.org/10.1080/02508060408691785

BEIER ET AL.

19 of 21

85U017 SUOWWOD SAIERID 3(qedl|dde auy Aq pauienob a1e ssolie YO ‘88N JO S9N 10y ArIgIT 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBY WD A8 1M ARe.q 1Bul Uo//Sdiy) SUORIPUCD pUe swis | 38U} 89S *[£202/50/20] U ARiqiaulluo A8|IM ‘Z49 Wwepsiod Winnuez-zloyweH A vZ6TE0MMTZ0Z/620T 0T/I0p/wiod A8 |mAreiq putjuo'sqndnBe//sdny woly papeo|umod ‘v ‘€202 ‘EL6.776T


https://doi.org/10.1016/j.gfs.2014.08.004
https://doi.org/10.1016/j.agwat.2005.07.006
https://doi.org/10.1016/j.agwat.2005.07.006
https://doi.org/10.20783/DIAS.501
https://doi.org/10.1007/s10584-013-0940-z
https://doi.org/10.1101/2020.08.04.236489
https://doi.org/10.1016/j.biocon.2016.09.019
https://doi.org/10.48364/ISIMIP.982724
https://doi.org/10.48364/ISIMIP.342217
https://doi.org/10.1016/S1871-2711(09)00202-5
https://doi.org/10.1890/100125
https://doi.org/10.1088/1748-9326/aa88db
https://doi.org/10.1088/1748-9326/aa88db
https://doi.org/10.5194/gmd-12-2419-2019
https://doi.org/10.5194/gmd-12-2419-2019
https://doi.org/10.1126/science.277.5325.504
https://doi.org/10.1038/s43016-020-00198-1
https://doi.org/10.1038/nature11420
https://doi.org/10.1126/science.1107887
https://doi.org/10.5194/hess-18-5041-2014
https://doi.org/10.1038/s41893-019-0287-1
https://doi.org/10.5751/ES-02014-120112
https://doi.org/10.5751/ES-02014-120112
https://doi.org/10.2134/agronj14.0256
https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/smooth.spline
https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/smooth.spline
https://doi.org/10.2139/ssrn.2741234
https://doi.org/10.2139/ssrn.2741234
https://doi.org/10.5751/ES-03180-140232
https://doi.org/10.1038/s41586-018-0123-1
https://doi.org/10.1111/1745-5871.12361
https://doi.org/10.1126/sciadv.aaz6031
https://doi.org/10.1073/pnas.2017796117
https://doi.org/10.1073/pnas.2017796117
https://doi.org/10.1088/1748-9326/aadeef
https://doi.org/10.1029/2007WR006331
https://doi.org/10.1073/pnas.1200311109
https://doi.org/10.5194/gmd-11-1343-2018
https://doi.org/10.5194/hess-14-1863-2010
https://doi.org/10.1080/02508060408691785

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR031924

Soergel, B., Kriegler, E., Weindl, 1., Rauner, S., Dirnaichner, A., Ruhe, C., et al. (2021). A sustainable development pathway for climate action
within the UN 2030 Agenda. Nature Climate Change, 11(8), 21-664. https://doi.org/10.1038/s41558-021-01098-3

Stenzel, F., Gerten, D., & Hanasaki, N. (2021). Global scenarios of irrigation water abstractions for bioenergy production: A systematic review.
Hydrology and Earth System Sciences, 25(4), 1711-1726. https://doi.org/10.5194/hess-25-1711-2021

Tilman, D., & Clark, M. (2014). Global diets link environmental sustainability and human health. Nature, 515(7528), 518-522. https://doi.
org/10.1038/nature13959

United Nations. (2021). World Water Development Report 2021: Valuing Water. Paris: UNESCO.

United Nations, Department of Economic and Social Affairs & Population Division. (2019). World Population Prospects 2019: Highlights. ST/
ESA/SER.A/423.

van Vliet, M. T. H., Florke, M., & Wada, Y. (2017). Quality matters for water scarcity. Nature Geoscience, 10(11), 800-802. https://doi.
org/10.1038/nge03047

van Vliet, M. T. H., Jones, E. R., Florke, M., Franssen, W. H. P., Hanasaki, N., Wada, Y., & Yearsley, J. R. (2021). Global water scarcity
including surface water quality and expansions of clean water technologies. Environmental Research Letters, 16(2), 024020. https://doi.
org/10.1088/1748-9326/abbfc3

Veldkamp, T. I. E., Zhao, F., Ward, P. J., de Moel, H., Aerts, J. C.J. H., Schmied, H. M., et al. (2018). Human impact parameterizations in global
hydrological models improve estimates of monthly discharges and hydrological extremes: A multi-model validation study. Environmental
Research Letters, 13(5), 055008. https://doi.org/10.1088/1748-9326/aab96f

von Bloh, W., Schaphoff, S., Miiller, C., Rolinski, S., Waha, K., & Zaehle, S. (2018). Implementing the nitrogen cycle into the dynamic global
vegetation, hydrology, and crop growth model LPImL (version 5.0). Geoscientific Model Development, 11(7), 2789-2812. https://doi.
org/10.5194/gmd-11-2789-2018

Vorosmarty, C. J., Fekete, B. M., Hall, F. G., Collatz, G. J., Meeson, B. W., Los, S. O., & Landis, D. R. (2011). ISLSCP II River Routing data
(STN-30p). ORNL DAAC. https://doi.org/10.3334/ORNLDAAC/1005

Vorosmarty, C. J., Green, P., Salisbury, J., & Lammers, R. B. (2000). Global water resources: Vulnerability from climate change and population
growth. Science, 289(5477), 284-288. https://doi.org/10.1126/science.289.5477.284

Wada, Y., & Bierkens, M. F. P. (2014). Sustainability of global water use: Past reconstruction and future projections. Environmental Research
Letters, 9(10), 104003. https://doi.org/10.1088/1748-9326/9/10/104003

Wada, Y., Florke, M., Hanasaki, N., Eisner, S., Fischer, G., Tramberend, S., et al. (2016). Modeling global water use for the 21st century: The
Water Futures and Solutions (WFaS) initiative and its approaches. Geoscientific Model Development, 9(1), 175-222. https://doi.org/10.5194/
gmd-9-175-2016

Wada, Y., van Beek, L. P. H., & Bierkens, M. F. P. (2012). Nonsustainable groundwater sustaining irrigation: A global assessment: Nonsustaina-
ble groundwater sustaining irrigation. Water Resources Research, 48(6), 2055. https://doi.org/10.1029/2011WR010562

Wada, Y., van Beek, L. P. H., van Kempen, C. M., Reckman, J. W. T. M., Vasak, S., & Bierkens, M. F. P. (2010). Global depletion of groundwater
resources. Geophysical Research Letters, 37(20), L20402. https://doi.org/10.1029/2010GL044571

Wada, Y., van Beek, L. P. H., Wanders, N., & Bierkens, M. F. P. (2013). Human water consumption intensifies hydrological drought worldwide.
Environmental Research Letters, 8(3), 034036. https://doi.org/10.1088/1748-9326/8/3/034036

Waha, K., Dietrich, J. P., Portmann, F. T., Siebert, S., Thornton, P. K., Bondeau, A., & Herrero, M. (2020). Multiple cropping systems of the world
and the potential for increasing cropping intensity. Global Environmental Change, 64, 102131. https://doi.org/10.1016/j.gloenvcha.2020.102131

Ward, M., Saura, S., Williams, B., Ramirez-Delgado, J. P., Arafeh-Dalmau, N., Allan, J. R., et al. (2020). Just ten percent of the global
terrestrial protected area network is structurally connected via intact land. Nature Communications, 11(1), 4563. https://doi.org/10.1038/
s41467-020-18457-x

Wilson, E. O. (2017). Half-earth: Our planet’s fight for life.

Woltjer, G. B., & Kuiper, M. H. (2014). The MAGNET model: Module description. In LEI Wageningen UR (University & Research centre),
14(057) (p. 148). Retrieved from www.wageningenUR.nl/en/lei

Yin, X.-A., Yang, Z.-F., & Petts, G. E. (2011). Reservoir operating rules to sustain environmental flows in regulated rivers: Reservoir Operating
Rules to Sustain Environmental Flows. Water Resources Research, 47(8), W08509. https://doi.org/10.1029/2010WR009991

You, L., Ringler, C., Nelson, G. C., Wood-Sichra, U., Robertson, R. D., Wood, S., et al. (2011). What is the irrigation potential for Africa? A
combined biophysical and socioeconomic approach. Food Policy, 36(2011), 770-782. https://doi.org/10.1016/j.foodpol.2011.09.001

Zabel, F., Delzeit, R., Schneider, J. M., Seppelt, R., Mauser, W., & Vaclavik, T. (2019). Global impacts of future cropland expansion and intensi-
fication on agricultural markets and biodiversity. Nature Communications, 10(1), 2844. https://doi.org/10.1038/s41467-019-10775-z

Zabel, F., Putzenlechner, B., & Mauser, W. (2014). Global agricultural land resources—A high resolution suitability evaluation and its perspec-
tives until 2100 under climate change conditions. PLoS One, 9(9), €107522. https://doi.org/10.1371/journal.pone.0107522

References From the Supporting Information

Bondeau, A., Smith, P. C., Zaehle, S., Schaphoff, S., Lucht, W., Cramer, W., et al. (2007). Modelling the role of agriculture for the 20th century
global terrestrial carbon balance. Global Change Biology, 13(3), 679-706. https://doi.org/10.1111/j.1365-2486.2006.01305.x

de Fraiture, C., Molden, D., Amarasinghe, U., & Makin, I. (2001). PODIUM: Projecting water supply and demand for food production in
2025. Physics and Chemistry of the Earth Part B: Hydrology, Oceans and Atmosphere, 26(11-12), 869-876. https://doi.org/10.1016/
$1464-1909(01)00099-5

Dinerstein, E., Vynne, C., Sala, E., Joshi, A. R., Fernando, S., Lovejoy, T. E., et al. (2019). A global deal for nature: Guiding principles, mile-
stones, and targets. Science Advances, 5(4), eaaw2869. https://doi.org/10.1126/sciadv.aaw2869

Forkel, M., Carvalhais, N., Schaphoff, S., Bloh, W., Migliavacca, M., Thurner, M., & Thonicke, K. (2014). Identifying environmental
controls on vegetation greenness phenology through model—data integration. Biogeosciences, 11(23), 7025-7050. https://doi.org/10.5194/
bg-11-7025-2014

Harris, 1., Jones, P., Osborn, T., & Lister, D. (2014). Updated high-resolution grids of monthly climatic observations—The CRU TS3.10 data-
set: Updated High-resolution grids of monthly climatic observations. International Journal of Climatology, 34(3), 623—-642. https://doi.
org/10.1002/joc.3711

Harris, 1., Osborn, T. J., Jones, P., & Lister, D. (2020). Version 4 of the CRU TS monthly high-resolution gridded multivariate climate dataset.
Scientific Data, 7(1), 109. https://doi.org/10.1038/s41597-020-0453-3

Jdgermeyr, J., Miiller, C., Minoli, S., Ray, D., & Siebert, S. (2021). GGCMI phase 3 crop calendar. https://doi.org/10.5281/zenod0.5062513

BEIER ET AL.

20 of 21

85UBD| SUOWILLOD BAFERID (ed![dde au Aq pauenob ae sajone O ‘SN JO S9N Joj ARIqIT 8UIUO AB|IM UO (SUORIPUOD-pUB-SLLBIALIOY A8 1M ATeIq 1BU1IUO//SARY) SUORIPUOD PUe SWR L 8U) 885 " [£202/50/20] U0 AriqIT8UIUO ABIIM ‘Z49 Wepsiod WniuweZ-ZHoyw H AQ 726 TE0MTZ02/620T OT/I0p/0d Ao 1M Areiq puljuo'sgndnfe//sdny woiy pepeojumod ‘v ‘€202 ‘€L6L7Y6T


https://doi.org/10.1038/s41558-021-01098-3
https://doi.org/10.5194/hess-25-1711-2021
https://doi.org/10.1038/nature13959
https://doi.org/10.1038/nature13959
https://doi.org/10.1038/ngeo3047
https://doi.org/10.1038/ngeo3047
https://doi.org/10.1088/1748-9326/abbfc3
https://doi.org/10.1088/1748-9326/abbfc3
https://doi.org/10.1088/1748-9326/aab96f
https://doi.org/10.5194/gmd-11-2789-2018
https://doi.org/10.5194/gmd-11-2789-2018
https://doi.org/10.3334/ORNLDAAC/1005
https://doi.org/10.1126/science.289.5477.284
https://doi.org/10.1088/1748-9326/9/10/104003
https://doi.org/10.5194/gmd-9-175-2016
https://doi.org/10.5194/gmd-9-175-2016
https://doi.org/10.1029/2011WR010562
https://doi.org/10.1029/2010GL044571
https://doi.org/10.1088/1748-9326/8/3/034036
https://doi.org/10.1016/j.gloenvcha.2020.102131
https://doi.org/10.1038/s41467-020-18457-x
https://doi.org/10.1038/s41467-020-18457-x
http://www.wageningenUR.nl/en/lei
https://doi.org/10.1029/2010WR009991
https://doi.org/10.1016/j.foodpol.2011.09.001
https://doi.org/10.1038/s41467-019-10775-z
https://doi.org/10.1371/journal.pone.0107522
https://doi.org/10.1111/j.1365-2486.2006.01305.x
https://doi.org/10.1016/S1464-1909(01)00099-5
https://doi.org/10.1016/S1464-1909(01)00099-5
https://doi.org/10.1126/sciadv.aaw2869
https://doi.org/10.5194/bg-11-7025-2014
https://doi.org/10.5194/bg-11-7025-2014
https://doi.org/10.1002/joc.3711
https://doi.org/10.1002/joc.3711
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.5281/zenodo.5062513

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR031924

Klein Goldewijk, K., Beusen, A., Doelman, J., & Stehfest, E. (2017). Anthropogenic land use estimates for the Holocene—HYDE 3.2. Earth
System Science Data, 9(2), 927-953. https://doi.org/10.5194/essd-9-927-2017

Mittermeier, R. A., Robles Gil, P., Michael, H., Pilgrim, J., Brooks, T., Goettsch Mittermeier, C., et al. (2005). Hotspots revisited: Earth’s biolog-
ically richest and most endangered terrestrial ecoregions (2nd ed., Vol. 12). Conservation International.

Portmann, F. T., Siebert, S., & Doll, P. (2010). MIRCA2000-global monthly irrigated and rainfed crop areas around the year 2000: A new
high-resolution data set for agricultural and hydrological modeling: Monthly irrigated and rainfed crop areas. Global Biogeochemical Cycles,
24(1), GB1011. https://doi.org/10.1029/2008 GB003435

Postel, S. L., Daily, G. C., & Ehrlich, P. R. (1996). Human appropriation of renewable fresh water. Science, 271(5250), 785-788. https://doi.
org/10.1126/science.271.5250.785

Potapov, P., Hansen, M. C., Laestadius, L., Turubanova, S., Yaroshenko, A., Thies, C., et al. (2017). The last frontiers of wilderness: Tracking loss
of intact forest landscapes from 2000 to 2013. Science Advances, 3(1), e1600821. https://doi.org/10.1126/sciadv.1600821

Schaphoff, S., Forkel, M., Miiller, C., Knauer, J., von Bloh, W., Gerten, D., et al. (2018). LPTmL4—A dynamic global vegetation model with
managed land—Part 2: Model evaluation. Geoscientific Model Development, 11(4), 1377-1403. https://doi.org/10.5194/gmd-11-1377-2018

Siebert, S., Kummu, M., Porkka, M., D6ll, P., Ramankutty, N., & Scanlon, B. (2015). Historical irrigation dataset (HID). MyGeoHUB. https://
doi.org/10.13019/M20599

Sitch, S., Smith, B., Prentice, I. C., Arneth, A., Bondeau, A., Cramer, W., et al. (2003). Evaluation of ecosystem dynamics, plant geography and
terrestrial carbon cycling in the LPJ dynamic global vegetation model: LPJ dynamic global vegetation model. Global Change Biology, 9(2),
161-185. https://doi.org/10.1046/j.1365-2486.2003.00569.x

BEIER ET AL.

21 of 21

85U017 SUOWWOD SAIERID 3(qedl|dde auy Aq pauienob a1e ssolie YO ‘88N JO S9N 10y ArIgIT 8UIIUO AB|IA UO (SUORIPUOD-PUR-SLLBY WD A8 1M ARe.q 1Bul Uo//Sdiy) SUORIPUCD pUe swis | 38U} 89S *[£202/50/20] U ARiqiaulluo A8|IM ‘Z49 Wwepsiod Winnuez-zloyweH A vZ6TE0MMTZ0Z/620T 0T/I0p/wiod A8 |mAreiq putjuo'sqndnBe//sdny woly papeo|umod ‘v ‘€202 ‘EL6.776T


https://doi.org/10.5194/essd-9-927-2017
https://doi.org/10.1029/2008GB003435
https://doi.org/10.1126/science.271.5250.785
https://doi.org/10.1126/science.271.5250.785
https://doi.org/10.1126/sciadv.1600821
https://doi.org/10.5194/gmd-11-1377-2018
https://doi.org/10.13019/M20599
https://doi.org/10.13019/M20599
https://doi.org/10.1046/j.1365-2486.2003.00569.x

	Technical and Economic Irrigation Potentials Within Land and Water Boundaries
	Abstract
	Plain Language Summary
	1. Introduction
	2. Methodology
	2.1. River Flow Constraints
	2.2. Reserved Water Use Accounting
	2.3. Surplus Water Allocation Algorithm
	2.3.1. Economic Criteria for Discharge Allocation
	2.3.2. Effect of Flow Variability on Water Availability

	2.4. Potentially Irrigated Areas
	2.5. Scenario Description

	3. Results
	3.1. Current Irrigation and Irrigation Potentials on Currently Irrigated Areas
	3.2. Technical Irrigation Potentials on Current and Potential Cropland
	3.3. Economic Irrigation Potentials
	3.4. Aggregated Irrigation Potentials

	4. Discussion
	4.1. Current Irrigation
	4.2. Potentially Irrigated Areas and Expansion Potential
	4.3. Planetary Water Opportunities in Terms of Potential Irrigation Water Consumption
	4.4. Environmental Constraints
	4.5. Temporal Scale
	4.6. Economic Aspects
	4.7. A Novel Water Input Aggregation Method for Land-System Models
	4.8. Limitations

	5. Conclusion
	Conflict of Interest
	Data Availability Statement
	References
	References From the Supporting Information


