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▪ The assessment of crop water needs and sustainability under future climates is crucial for coping with predicted water scarcity and devising

strategies to ensure global food security.

▪ Among the various indicators that have been developed to quantify crop water requirements and sustainability, this study focuses on the Water

Footprint (WF)[1] and the Water Debt repayment time (WD)[2].

▪ Global water and climate models provide input variables needed for such assessments. However, different models generally provide divergent

estimates of precipitation, potential evapotranspiration and renewable freshwater rates – which in turn greatly affect the final estimations of crop

water requirements[3].

▪ Thus, a multi-model evaluation is needed to evaluate future crop water requirements, their sustainability, and how uncertainties embedded in

different global models propagate into such estimates.

▪ Quantify how uncertainties from global climate and water models propagate into crop water use (WF) and sustainability (WD), from local to

regional and global scales.

▪ Evaluate future changes in blue and green water requirements and sustainability for the most produced crops worldwide, and identification of

critical hotspots characterized by unstainable water use.

▪ Globally, deviations in green and blue WFs from the multi-model averages range between ±10% and ±30%, respectively (Fig. 1). These 
uncertainties become significantly larger as the spatial scale of analysis is decreased (Fig. 4). 

▪ Disagreement across GWMs dominates global uncertainty for blue crop water use and sustainability, while variability in GCMs 
contributes more to uncertainty in green WF under severe climate change scenarios (RCP8.5) – Fig. 3. 

▪ The analysis highlights the need for ensemble approaches to produce robust and reliable projections of crop-water requirements.

∎ Data sources and Uncertainty analysis
ISIMIP Data[4]: 3 future scenarios (RCPs), 6 Global Water Models

(GWMs), and 4 Global Climate Models (GCMs)

4 GCMs

3 Scenarios 6 GWMs

GFDL-ESM2M

HadGEM2-ES

IPSL-CM5A-LR

MIROC5

RCP2.6
RCP6.0
RCP8.5

CWatM
H08

LPJmL
WaterGAP2

MATSIRO
PCR-GLOBWB
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∎ Evapotranspiration over a growing season
▪ Time period: historical (2000) + every 10 years from 2010 to 2090.

▪ 8 crops (≈ 60% of global harvested area [7]): Barley, Maize, Potato, 

Rice, Sorghum, Soybeans, Sugarcane, Wheat

How much 
water is 

used?

How long will it take 
to renew the local 
water resources?

Root zone soil moisture (𝑅𝑠𝑚)

Surface runoff (𝑅𝑠𝑟), Groundwater recharge (𝑅𝑔𝑤)

𝑽𝑾𝑪𝑐,𝑠,𝑙 =
𝐸𝑇𝑐,𝑠,𝑙
𝑌𝑖𝑒𝑙𝑑𝑐,𝑙

(virtual water content [m3/ton])

𝑾𝑭𝑐,𝑠,𝑙 = 𝑉𝑊𝐶𝑐,𝑠,𝑙 ∙ 𝑃𝑟𝑜𝑑𝑐,𝑙

(water footprint [m3])

𝑾𝑫𝑐,𝑠,𝑙 =
𝑉𝑊𝐶𝑐,𝑠,𝑙
𝐴𝑙 ∙ 𝑅𝑠,𝑙

(water debt [yr])

GCM outputs
GWM outputs

𝑐 = crop
𝑠 = water source (blue/green)
𝑙 = location

Objectives

GCM Uncertainty[5]:
▪ For each GCM, compute the average across all GWMs:

ത𝑉𝑗 =
1

N
෍

𝑖=1

𝑁=6

𝑉𝑖𝑗 𝑗 = 1,… , 4

where 𝑉 represents the variable of interest (e.g., 𝑊𝐹 or 𝑊𝐷), 
𝑖 indexes the GWMs and 𝑗 indexes the GCMs. 

▪ Evaluate range (Max – Min) across all:
𝑈𝐺𝐶𝑀 = max

𝑗
[ ത𝑉𝑗] − min

𝑗
[ ത𝑉𝑗]

GWM Uncertainty[5]:
▪ ത𝑉𝑖 =

1

N
σ𝑗=1
𝑁=4𝑉𝑖𝑗 𝑖 = 1,… , 6

▪ 𝑈𝐺𝑊𝑀 = max
𝑖
[ ത𝑉𝑖] − min

𝑖
[ ത𝑉𝑖]

Fractional Uncertainty[6]:

▪ 𝐹𝑉 =
𝑈𝐺𝐶𝑀+𝑈𝐺𝑊𝑀

ഥ𝑉

Methods

Fig. 3. Global scale dominant source of
uncertainty between GWMs (light blue)
and GCMs (red), for blue water footprint
𝑊𝐹𝑏, green water footprint 𝑊𝐹𝑔, and blue
water debt 𝑊𝐷𝑏 (year 2090, RCP8.5).
Doughnut charts show the global area
proportion of each source. The three insets
associated with 𝑊𝐹𝑔 feature macro-areas
for which the dominant source of
uncertainty is further examined by
highlighting the corresponding GCMs (a,b)
and GWMs (c).

Results

Fig. 1. Temporal variation of global blue 𝑾𝑭 and 𝑾𝑫 (all 8 
crops). Solid lines are average values across all models, shaded 

areas denote the uncertainty range. 

Conclusion

Fig. 4. Variation of uncertainty as a function of
scale (i.e., number of grid cells for spatial
aggregation of results). The uncertainty ratio
(computed as the range of the variable of
interest divided by its mean value) decreases
with the size of the region of interest for WF,
highlighting the higher uncertainty in local
results compared to regional/global averages.

𝐸𝑇
(evapotranspiration)

Blue water
(surface water, groundwater)Rainfed IrrigatedGreen water 

(soil moisture)

In each cell, both blue and green 
water sources are considered

Precipitation (𝑃)

Potential 
evapotranspiration

𝑃 𝐸𝑇

𝐼𝑟𝑟.

Crop root 
zone

∎ Water requirements indicators
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Fig. 2. Fractional uncertainty F of total water footprint (𝑊𝐹 = 𝑊𝐹𝑏 +𝑊𝐹𝑔) for the 
reference year 2000 (a) and year 2090 under RCP 8.5 (b).
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