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1. GLOBIOModeling Framework

GLOBIOM is a partial equilibrium model representing Jasel based activities: agriculture, forestry
and bicenergy sectors. The model is built following a bottam setting based on detailed gridcell
information, providing the biophysical and technical cost informat®hOBIOM dynamically models
the use cropland, pasture/grassland, managed and unmanaged famdtother natural vegetation
based on the relative profitability given the productivity of each larmsk sector(Havlik et al., 2011;
Robinson et al., 2015, 2014; Schmitz et al., 20Edjure land use change is based on the relative
profitability of a new land cover class given land rents and noalicenversion costs.

With regards to representing cropland, GLOBIOM captures production systems and land use in its base
year (2000), using available historical data from SPAM (You & Wood, 2006) which provides the physical
area for 17 of the 18 crops inmed in GLOBIOM under four crop management systems: subsistence
farming, low input rainfed, high input rainfed, and high input irrigat€d.OBIOM contains detailed

crop supply representation based on spatially explicit production functions calibratedotwr f
management systems, incl. irrigation, by means of the biophysical process based model EPIC | 2 O A 6
et al., 2013; Williams and Singh, 199%)oduction is calibrated tmatch FAO statistics at the country
level.Global water and nitrogen balances are calculated through the coupling with EPIC which allows
for greenhouse gas (GHG) emissions accounting in the crop sector, as well as a direct quantification of
the spatially eplicit climate change impacts on crop yields and irrigation water requirements in
irrigated systemGLOBIOM also applies a detailed representation of the livestock production sector
which includes demand for grassland. GLOBIOM represents the forest saittdive categories of
primary products (pulp logs, saw logs, biomass for energy, traditional fuel wood, and other industrial
logs) which are consumed by industrial energy, cooking fuel demand, or processed and sold on the
market as final products (woopulp and sawnwood)Forest products are supplied from managed
forests and short rotation plantations. Harvesting cost and mean annual increments are informed by
the G4 M global forestry model which in turn calculates them based on thinning strategiesnatial |

of the rotation period(Kindermann et al., 2006)

Supply side activities are modeled at a high spatial resolution using a global grid of 212,707 grid cells
which are based on the heterogeneity in land dcweristics and thus vary in size between 5 x 5
arcminutes (10 km by 10 km square at the equator) and 30 x 30 arcminutes pixels (50 x 50 km at the
equator.

GLOBIOM uses doublelog demand system to model consumer food demand, considering both a
dynamic ajustment to demand based on income growth as well as a demmasplonse based on
prices (Valin et al., 2014)International trade representation is based on the spatial equilibrium
modelling approach, where individual regions trade with each other basedhpusn cost
competitiveness because goods are assumed to be homogeGiuBBIOM considers bilateral trade
policies and barriers as well as transportation costs, making the regional prices more responsive to
regional effect(Mosnier et al., 2014)Market equilibrium is determined through mathematical
optimization which allocates land and other resources to maximize the sum of consumer and producer
surplus. As in other partial equilibrium models, prices are endogenous. Thel isad@ recursively
dynamic with a 10 year time step, along a going from 2000 to 2100.
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Figure SL. lllustrative representation of the bottorup structure of GLOBIOM

1.1.Representation of irrigation

Crop production system

The epresentation of irrigated cropland production systems considers both the biophysical suitability
and irrigation water requirements of crops at a monthly level which is simulated by EPIC and
harmonized with the countdevel FAO AQUASTAT statistics forewatvithdrawn for irrigation
available from AQUASTAHalazzo et al., 2018Four irrigation systems are modeled at a high spatial
resolution for irrigated cropland basin, furrow irrigation, localized drip, and sprinkler. Tabié B
briefly presents the biophysical and economigtability and efficiency of each system that is taken

into account in determining the crop/system compatibility for each land unit (Sauer et al., 2010). The
shares of irrigated areas by systems Sauer et al. (2010) have been harmonized with shagedeaf irri
area by systems from Jaegermeyr et al. (2015). The final irrigation water demand for crops for a given
land unit depends on the application efficiency of each system.



Table S1. Biophysical, technical, and econorféctors considered for irrigation system/crop choice

Biophysical Technical Economic
Crop characteristics Water application efficiency Crop market prices
1 water tolerance Operation time per irrigation event Investment capital cost

I N} Ayn¥FSR | yR
1 irrigation requirement
1 Length of growing period

Soil infiltration rate level of pressurization (energy and labor Energy prices
requirement)

Slope inclinatia Coverage per irrigation system unit Labor cost

Water resource availability Water application efficiency Land and water prices

1 Surface water
1 Groundwater
1 Nonrenewablesources

Representation of water availability and demand

GLOBIOM representsdtspatial and temporal nature of water demand and supply by building on the
work from Sauer et al. (2010) to consider the suitability of irrigation systems and crops by considering
the biophysical conditions as well as the physical and economic suitadfilityops for irrigation
(Palazzo et al., 2018, 2017, Pastor et al., 2016, 20%4dder balance for irrigation was made spatially
explicit for both the irrigation water demand and water supply availability, and considers now the
source of water used for irrigation and seasonality of water and can reflect thmdi® of
socioeconomic change and climate change. Figui @ovides an overview of the conceptual
framework representing the biophysical water availability and irrigatiowater demand within
GLOBIOM.

Shared Socioeconomic Pathways:
GDP, population, consumer preferences, irr. efficiency,
tech. progress for crops and livestock
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Figure SB. Conceptuaframework for representing biophysical water availability and irrigation demand within a global land
use model (adapted from Pastet al.,in review)

Irrigation water requirement by crop

Irrigation water requirements at the monthly level were calcuthtgsing the globally gridded crop
model EPIC, which simulates the biophysical processes ofyooeph under climatic, environmental
and management conditiong hese irrigation water requirements were harmonized for base year to
match the water demands fra Aquastat (FAQ2016), using the irrigated cropland area dataset
available from SPAKYou and Wood, 20060 inform the irrigated area by crop



1.2.Watersupply by source

The source of water supplying iraigon is split into three categories: irrigation sourced by surface
water, irrigation sourced by groundwater, and irrigation sourced by-remewable sourcesReturn
flows are an important consideration that we do not currently model within GLOBI®&Mnger
coupling between hydrological models and GLOBIOM in fianedysesnay allow for the feedbacks
of return flows to be captured

Surfice water

Monthly surface water availability is simulated from 2000 to 2050 at a 0.5° x 0.5° spatial resolution
using tre LPJImL global hydrological model (Bondeau et al., 2007; Gerten et al., 2004). To use these
data at the appropriate spatial resolution for GLOBIOM, the mean monthly runoff is estimated by
aggregating according to the average discharge rates in each ragn.bAdditionally, runoff is
estimated under the conditions of temperature, radiative forcing, and precipitation from different
GCMs to consider the impact of climate change with respect to changes in water availability.

Groundwater and nerenewable wagr

We determine the share of irrigated area at 0.5° spatial resolution sourced by surface water and
groundwater using a spatially explicit map of irrigated areas source from ground{&igdrert et al.,

2010) We estimatedhe total volume of water demanded by each source on a yearly basis using the
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of irrigation water requirements that cannot be met by surface water due to limited monthly stream

flows. If the available groundwater is in excess of the surface water deficit, the model distributes the
excess groundwater supply acdorg to the monthly demand for water. Nenenewable withdrawals

were calculated as the water deficit that cannot be fulfilled by surface water or groundwater in year

2000. The amount of water withdrawal coming from groundwater and nonrenewable sources is
assumed to remain constant over time. The method to determine the share of irrigation water
withdrawals sourced by groundwater and surface water follows closely the methods outlined by Wada

et al. (2014). These authors estimate that groundwater withdraveaisount for 35% of the total

irrigation withdrawals and 65% come from surface water or reservoirs.

1.3.Irrigation costs module

Forthe year 2000, the initial year of the simulation, the allocation of the three systems varies between
regions and is based on theuntry level statistics available from Jaegermeyr e{2015) The three
irrigation technologies are characterized by a corresponding water application efficiency (WAE), which
also varies by regiofBauer et al., 20104 resulting average water application efficiency is calculated
for each region as a weighted average of the system WAESs in that regighte by the areas
allocated into each system in that region.

For the simulation years from 2000 onward, average water application efficiency is based on
exogenous assumptions. These assumptions rely on the quantification of water efficiency assumptions
of the SSP scenarios from Hanasaki et al. (2013). The assumptions are translated into the GLOBIOM
model as a 0.15% per year improvement in water application efficiency in the base scenarios, a 0.30%
per year improvement in the high water efficiency sceosriand a 0% improvement in the low water
efficiency scenarios.

The investment module takes these exogenous assumptions as a target for the average water
efficiency in the region and finds the combination of proportions of irrigated areas in each grigati
system which allows for the reaching of the given target average water application efficiency.



Application efficiency is lowest for surface systems and highest for drip systems. Improvement in the
average WAE in a given region is therefore achievedbyedsing the proportion of the less efficient
systems and increasing the share of the more efficient systems. As a matter of designesiment
module seeks to first reduce the proportion of the least efficient system in order to achieve the largest
marginal increase in average WAE. As a result, the order of priority in the allocation is to replace the
surface system with drip, followed by the replacement of the surface system with the sprinkler system,
and as a last resort the replacement of sprinklrhnology with drip technology.

In this process, thdanvestment module is restricted by the suitability of different irrigation
technologies for use on different crops. Specifically, it is assumed that rice is only suitable to be grown
using a surfacerigation system. The proportion of rice in the total irrigated crop area in a given region

is therefore taken as the minimum proportion of irrigated area which must be allocated into the
surface system. In addition, it is assumed that a drip irrigatichrielogy is only suitable for a certain
number of other crops (beans, chickpea, cotton, groundnut, oil palm, soya, sugar cane, and
sunflower). The proportion of irrigated area in a given region occupied by these crops is therefore the
maximum proportion ofrrigated area which can be allocated into the drip system.

Using the system allocations from the above procedure, the surface area in each system is calculated
for each time period of the model. Changes in irrigated area from one period to the necdlawgated

and only positive changes from the previous time period (i.e. increases in irrigated area in a given
system) are considered for the purposes of calculatitvvgstmentneeds. These positive changes in
irrigated area by system represent increasgsch multiplied by per hectare unit costs yield the total
costs of irrigation expansion and irrigation upgrades.
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(Inocencio et al., 2005)This source distinguishes betweeosts of hew construction and costs of
irrigation rehabilitation, which are both used in tivevestmentmodule depending on the situation.

In theinvestmentcalculation, an increase in a given system area can potentially be considered to be
either an eypansion (new construction) or an upgrade (rehabilitation) of an existing, less efficient
system. In a given region, if the area of a more efficient system (drip, sprinkler) increases while the
area of a less efficient system (surface, sprinkler) decre#éises,the increase of the more efficient
system equal up to the decrease in the less efficient system is assumed to be an upgrade of a less
efficient system, bearing the generally lower rehabilitation unit costs. If the increase in area of a more
efficientsystem exceeds the decrease in area of a less efficient system, then this increase is considered
an expansion of the new system bearing the costs of new construction.

Surface irrigation, being the least efficient system, can only increase through nestvuaiion. The

unit costs of surface irrigation expansion are those of new irrigation construction taken directly from
Inocencio et al. (2005). The upgrade from surface to either drip or a sprinkler system uses the unit
costs of rehabilitation from the samsource, while the upgrade from a sprinkler system to the drip
system assumes 10% of the rehabilitation unit costs. The unit costs of drip or sprinkler system
expansion are assumed to be the sum of the new construction and rehabilitation unit costs from
Inocencio et al. (2005).

In situations where the composition of crops grown in a given region does not allow for any
reallocation of irrigated area between irrigation technologies (i.e. no upgrades are possible either
because of the restriction on the mmum share of the surface system or the restriction on the



maximum share of the drip system), or in cases where exhausting even the maximum potential for
system upgrades would not allow the region to reach the target WAE, the target WAE is achieved by
evenl increasing the water application efficiencies of all three irrigation technologies. This increase
represents a technological improvement in water efficiency in the distribution and delivery networks
of these systems (as opposed to the efficiency of dpplyater to the crops on site) and it is assumed
that this improvement would need to be applied to the entire existing irrigation system. The relative
improvement in efficiencies required, multiplied by the unit costs of new construction, multiplied by
the existing irrigated area, yields the total cost of irrigation efficiency improvement.

The final component of the irrigationvestmentcalculations is the cost of depreciation and capital
replacement, which must be borne in order to keep the existingraaly built irrigation
infrastructure in good working order in the long run. The useful lifespan of irrigation schemes
estimated to be approximately 40 years (FAO, 2003), we assume that annual depreciation and
replacement costs equal 2.5% of the totalstixig capital stock. Given that GLOBIOM model
operates on a 1§ear time step, in each time period of the model simulation solution, the
depreciation costs are 25% of the value of the capital stock which existed in the previous time
period. The value of thcapital stock of the entire existing irrigation system is calculated as the
irrigated area multiplied by the unit costs of new construction as described above.



2. Supplemental resulsf the impacts ofrrigationinvestmens

In the following sectiong.1to 2.5, we present additionatesults ofthe impacts of the investment
scenariodor cropland area expansion, crop productitemd use changand greenhouse gas
emissionsand water withdrawalat World Bank regions levahd the global level
2.1.Expansionf aopland area

By 2050 undeZerolnvesaindInvest global cropland area expands by 181 Mha, while under
MaxInvestcropland expands less (176 Mh&jdure SB). In Zerolnvestthe lack ofinvestmentresults
in a decline in irrigeed areas in developing countries by 2050 (Figure Sl 2).
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Figure SB. Total cropland area expansion in 2030 and 2050 compared to 2010 levels (Mha)
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2.2.Cropproduction

In the following section werovide additioral results and figures @iops that represent appro®0%
of irrigated areas.
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Figure S8. Global crop production for scenarios in 2010, 2030, 2050, 2100 (Mt dm)
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Figure S10. Share of cereal production that is irrigated in 2010 and 2030viestand Zerolnvesby region (1.00 = 100%).



Con

In 2010, more than half of the production was supplied by developing countries, and a little less than
a quarter of corn of that supply in developing countries was produced using irrigatiaerInvest

in 2050 the irrigated share of supply in develapicountries increases to 27% (34%l@xInves}), but
without investmentthe irrigated supply share drops to 15% of the tatapply in developing countries
(Figure S11).
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Figure S11. Difference n corn production relative t@erolnvesin 2030 and 2050 (M

Rice

In 2010, nearly the entire global supply of rice (97%) was produced in developing countries with about
half of the total produced using irrigatioBy 2050, undeinvestthe irrigated shag of the supply from
developing countries increases to 64% (74%axinves), but withoutinvestmentthe share drops to

42% of the total supply in developing countr{&gure S12).
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Wheat

In 2010, twethirds of the wheat supply was produced in developing countries, with only a quarter of
wheat produced there using irrigatioBy 2050, undetnvestthe irrigated share in developing
countries increases to 30% (41%axInves}, withoutinvestmentthe share drops to 23% of the total
supply in developing countrigEigure S13).
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Cotton

In 2010, nearly 85% of the cotton supply was produced in developing countries, with 64% produced
using irrigation and withoutnvestmentthe share drops to 41% of the total supply invd®ping
countries By 2050, undeinvestthe supply from developing countries increases to 91% (92% in
MaxInvesj of the total supplyFigure S14).
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Figure S14. Difference in cotton production fative toZerolnvesin 2030 and 2050 (Mt)

Sugar cane

In 2010, nearly all of the sugar cane supply was produced in developing countries, with 47% produced
using irrigationWithout investment by 2050, the share drops to 30% of the total supply in devedpp
countries By 2050, undemvestthe irrigated supply from developing countries accounts for almost
40% (90% iMaxInvesj of the total supplyFigure S15).
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Soybean

In 2010, 566 of the soybean supply was produced in developing countries, with only 5% of soy
produced using irrigatiorBy 2050, undemvestthe share supplied bgieveloping country increses

to 68% and the share afrigated production in developing countries increases to 6% of the total

supply 4% inMaxInves}. The total global irrigated share of soy productior2050 reaches 26 of
the total soy productionn MaxInvestby 2050 Figure S16).

AFR EAP ECA LCR MNA SAR APD EC NAM

| . Scenario
— | .‘ l I “ | | Delta Invest
0 . - m — - el
1 . Delta MaxInvest

Production (Mt)
VAOS

-3

-6

2030
2050
2030
2050
2030
2050
2030
2050
2030
2050
2030
2050
2030
2050
2030
2050
2030
2050

Figure S16. Difference inrsoybeanproductionrelative toZerolnvesin 2030 and 2050 (Mt)



2.3.Land use change

By 2050 undeZerolnvesandInvest cropland area expands by 181 Mha, while emdaxInvest
cropland expands less (175 Mha)Zierolnvest145 Mha of forest area are converted to agricultural
land from 2010 to 2050. IkaxInvest an additional 6 million more hectares of forest area are
converted. More than 297 Mha of other naturahid are converted to grassland and cropland
globally inZerolnvesand Invest but inMaxInvestonly 286 Mha are convertedrigure S17).
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Figure S18. Hectares of forest area anthtural land converted to cropland and grassland globally 802thderZerolnvest
(Mha) (left) and percent difference in hectares converted irB2@rom Zerolnvesfor forest area and natural land (right)

SubSaharan Africa
The most forest and other natal land is converted in AFR (160 Mha, almost 36% of the total land

converted in developing regions)Zerolnvestbut inMaxinvestand AFRMaxInvest the total quantity

of land converted (forest and other natural land) is 1.8 and 1.3 Mha less thamndimvest(Figure Sl
19).
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Figure SL9. Forest and other natural land area converted to cropland and grassland i8&avan Africa in 2050 under

ZerolnvestMha) (left) and percent difference in arearverted in 2050 compared tderolnvesfor forest and other natural
land (right)
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Figure SPO. Hectares of forest area and natural land converted to cropland and grassland-BaSatan Africa in 2030
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East Asia and Pacific

The MaxInvestand EARMaxInvestscenarios have the highest conversion of total area (forest and
other naturd land)(Figure S21). Although the total land converted in these scenarios is only 3 percent
higher than the total conversion iBerolnvestthe deforestation rate is-6% higher, implying that
forest areas in EAP may be betwrited for irrigated area expansion.
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Figure SP1. Forest and other natural land area converted to cropland and grassland in East Asia and Pacific in 2050 under

Zerolnvest (Mha) (left) and percent difference in area conveirie2D50 compared to Invest for forest area and other natural
land (right)
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Figure SP2. Hectares of forest area and natural land converted to cropland and grassland in East Asia and Pacific in 2030

under Zerolnves{Mha) (lef) and percent difference of hectares converted in 2030 comparddvestfor forest area and
natural land (right)

Europe and Central Asia

Relative taZerolnvestallinvestmentscenarios decrease the land converted in ECA in 2050, although
only for natiral land as no forest land is converted. TWaxInvestand ECMaxInvestscenarios have
the lowest conversion of natural land comparedderolnvest(86% less in 2050F{gure S23).
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Figure S23. Forest and other natural land area converted to cropland and grassland in Europe and Central Asia in 2050 under

ZerolnvestMha) (left) and percent difference in area converted in 2050 comparéaviestfor forest and other natural land
(right)
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Figue S24. Hectares of forest area and natural land converted to cropland and grassland in Europe and Central Asia in 2030

under Zerolnves{Mha) (left) and percent difference of hectares converted in 2030 compardavistfor forest area and
natural land (right)

Latin America and Caribbean

AlthoughMaxInvestand LCRMaxInvesthave greater deforestation in 2050 comparedzerolnvest

less overall area (forest and natural land) is converted in all scenarios compatetbtaves(Figure
SI25).
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Figure SB5. Forest area and other natural land area converted to cropland and grassland in Latin America and Caribbean in

2050 undeiZerolnvesfMha) (left) and percent differende area converted in 2050 comparedItovestfor forest and other
natural land (right)
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Figure S26. Hectares of forest area and natural land converted to cropland and grassland in Latin America and Caribbean in

2030 underzZerolnvestMha) (left) and percent difference of hectares converted in 2030 comparéuvistfor forest area
and natural land (right)

Middle East and North Africa

All investmentscenarios increase the land converted in MNA, although only for naturdl Eme
Invest Maxinvestand MNAMaxInvestscenarios have the lowest conversion of natural |dfidre Sl

27).
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Figure SP7. Forest and other natural land area converted to cropland and grasslavididie East and North Africa in 2050

under Zerolnvesi{Mha) (left) and percent difference in area converted in 2050 compareddvestfor forest and other
natural land (right)
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South Asia

All investment seenarios increase the land converted in SAR. Miaxinvestand SARMaxInvest
scenarios have the highest conversion of total area (forest and natural landneesthas the least
additional area converted in 2050 comparedZerolnvestThere is very like forest area converted in
general in all the scenarios, however 218,000 ha of forest land is convertdddhmvestand SAR

MaxInvest implying that forest areas are the most wellited for irrigated area expansioRigure Sl
29).
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Figure SP9. Forest and other natural land area converted to cropland and grassland in South Asia in 2050enabieest
(Mha) (left) and percent difference in area converted in 2050 compardavisstfor forest andother natural land (right)
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2.4.GHG emissions

Examining emissions from thd~OLU (Agriculture, Forestry, and Other Land Use) sal@tars us to
contextualize climate stabilizatichrough the mpacts ofexpanded afforestationrad biomass
production for energy usdand use change such as deforestation and conversion of natural land to
grassland and cropland, and the impacts of production of crop and livestock products. GHG
emissions from land use change and agricultural produadticrease by 45% from 2010 to 2050 in
Invest 46% inMaxInvestand 43% irZerolnves({Figure SB1).
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Figure SB1. Greenhouse gas emissions from crop and livestock production anditendhange from 2012100 (Mt CO2
eq)

SubSaharan Africa

GHG emissions from land use, land use change, and forestry over the perio@ IHE @ncrease
dramatically in AFR (about 75% higher than 2010 levels), although most of the increase in LULUCF
emissims come from land use change and livestock production, more specifically from deforestation
and conversion of natural land for cropland and grassland. However, the overall land use change trend
occurs in alinvestmentscenarios. There is only a slighdgd deforestation and conversion of land in
MaxInvest

East Asia and Pacific

In 2010, EAP was the largest contributor to LULUCF emission (25% of the total LULUCF GHG emissions)
and by 2050, in alhvestmentstrategies EAP remains the largest contribu@#% of the total LULUCF

GHG emissions). Under differanvestmentscenarios, LULUCF GHG emissions increase (between 60

68 Mt CQ eq higher tharnZerolnvestn 2050). Innvest nearly 60% of the additional GHG emissions

come from livestock production, akb 30% from crop production and the remaining from land use
change and methane emissions from rice production. Most notably is that of the additional GHG
emissions compared tderolnvestthe land use change share of the additional emissions increases to
almost 30% under the regionMaxInvestscenario due to the expansion of irrigated cropland.

Europe and Central Asia

LULUCF GHG emissions increase 28% from 2010 to 20&fbinvestMost of these new emissions
come from livestock production (61% of thatal increase in GHG emissions from 220%0), but 32
percent come from crop production. Under differeimvestmentscenarios, LULUCF GHG emissions
increase (between & Mt CQ eq higher thanZerolnvestin 2050), nearly all from increased crop
production

LatinAmerica and Caribbean

In 2010, LCR contributed almost 20% of the LULUCF GHG emissions, about 75% from livestock
production and 20% from land use change. By 2050, uAdeyinvest ULUCF GHG emissions increase
35%, with 47% of the additional emisss coming from livestock production and almost 40% from

land use change. Under differeimvestmentscenarios, LULUCF GHG emissions increase (between 8
102 Mt CQ eq higher thanZerolnvesin 2050). In thdnvestscenario where emissions are only 2%
higher thanZerolnvest55% of the additional emissions in 2050 come from land use change, 30% from
crop production and 20% from additional livestock production.MaxInvest of the additional
emissions 102 Mt C(&q, nearly 85% of the come from land use i@ and 10% from additional crop
production. The regiondhvestscenario has emissions nearly as high asMaInvest 25% more
emissions in 2050 compared Zerolnvest

Middle East and North Africa

In 2010, MNA contributed only 3% of the LULUCF emis6it? from livestock production and 25%
from crop production. By 2050, und@erolnvesthe LULUCF GHG emissions increase 27%, with the
additional emissions coming from livestock production and emissions from crop production. Increased
emissions from ricand crop production in thénvestmentscenarios increase the GHG emissions in
2050 by about 4%.



South Asia

In 2010, SAR contributed 15% of the global LULUCF emission, 67% from livestock production and 14%
from crop production and 17% from methane reledsduring rice production. By 2050, under
Zerolnvestthe LULUCF GHG emissions increase 36%, with the additional emissions coming from
livestock production (63% of the additional emissions) and emissions from crop production (27% of
the additional emissionsIninvest MaxIinvest and Regiotnvest the additional emissions from crop
production and additional emissions from livestock scenarios result in overall LULUCF GHG emissions
that are 25% higher thaderolnvesin 2050.

2.5.Water withdrawal

Water withdrawals for domestic and industrial users are expected to increase 40%A0yahd
nearly double by 2050, however, irrigation will continue to be the largest user of weitgiré Sl
32).
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3. Detailed regional results

In the folowing sections.1 to 3.6, wediscusf the impacts of irrigation investmentsh each
World Bank region.

3.1.SubSaharan Africa

FAO estimates that 35 Mha of cropland could be irrigated inSaharan Africa and in 2010, about

5.9 Mha of cropland were irrigatedFAO, 2017; Frenken, 2005Yithoutinvestment irrigated areas
decline by 1 Mha by 205Qué to the lack ofnvestmentin infrastructure which increases the price for
water used for irrigation4erolnvest Under the moderaténvestscenario, by 2050 irrigated area is
175% higher than undeZerolnves(130% higher than 2010 level$ligure SB5). UnderMaxInvest

and RegiorMaxInvestirrigated area is more than 460% higher thaerolnves{adding about 22 Mha

of irrigated cropland), hence depending on the scenario 39 to 79% of the potentially irrigable area
would actuallybe equipped. Water demand for irrigation increases significantly undeintresstment
scenarios, but less proportionally than the irrigated area expansion because the compositions of the
new irrigated area is in more efficient irrigation systems than iAi@0Jnder all thenvestment
scenarios there is less expansion of rainfed area (7 to 24 Mha less) compatetbtnvestand in
MaxInvesthis leads to less cropland area needed in 2050 by about 1.3 Mha. Comp&erbtavest

crop production in 2050 uret the investmentscenarios is lower due to the changes in the crops
grown in the region undemvestment more of rice, millet, potatoes, and groundnuts and less of
cassava, sugar cane, corn, sorghum and wheat. Consumption is slightly higherinnetsiment
scenarios in 2050 compared EerolnvestUnder the irrigatiorinvestmentstrategies, the share of
domestic consumption of all crops coming from imports increases. However, for crops like rice, which
accounts for 11% of total quantity of crops consuhia the region, 38% of the rice consumed is
importedin Zerolnvestthough under the irrigatiomvestmentscenarios that share decreases to 33%.
While irrigated area expands significantly, the average crop yields decline though this can signal a shift
between different crops grown. There is marginal impact on food security undeintrestment
scenarios or land use change except for slightly more natural land converted undenvéstment
scenarios. GHG emissions from agriculture, forestry, and other lae change (AFOLtQ)ver the

period 20102050 increase dramatically in AFR (about 75% higher than 2010 levels), with most of the
increase in AFOLU emissions coming from land use change and livestock production, more specifically
from deforestation ancconversion of natural land to cropland and grassland. However, the overall
land use change trend occurs in @lestmentscenariosOn average, thearrigation infrastructure
investmens in thelnvestscenario would cost abou#4.3 billion per year overQtyears, and10.7

billion per year over 40 years iMaxinvest and $11.5 billion per year over 40 years Regon
MaxInvest Most of these costs would be in expansion and depreciationsbute costs associated

with the upgrade of irrigation systems to neefficient systems would also be incurrétigure SB7).
Thisinvestmentreturns an additional 0.5% improvement in food security, 1% decrease in AFOLU GHG
emissions, about 1% less cropland area needed, and 3% less conversionraf lzeids by 2050.
However, the tradeoffs to irrigatioimvestment should be considered, such as the impact of increased
water withdrawal on environmental flow. The share of unsustainable surface water withdrawn for
irrigation, water that should be leffor the environment, increases under the most ambitious
investmentscenario from 3% of the total surface water withdrawn in 2010 to 7% of the total surface
water withdrawn in 2050 while the share of the total irrigation withdrawals at risk to become

I Emissions covered by GLOBIOM include the CO2 emissions from land use change (deforestation and
conversion of natural land) and ng®O2 emissions from crop production, livestock, and fertilizer application



unsusainable increases from 13% in 2010 to 33.6% of the total withdrawal of water for irrigation in
2050.

The uncertainty of these results is in terms of irrigated area expansion undestis +8+24% and
+15/-71% forMaxInvest
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Figure SB5. Summary of percent difference betwe@mvestmentscenarios an@erolnvestn 2050 for various indicators in
the SubSaharan Africa Region
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3.2.East Asia and Pacific

FAO estimates that 119 Mha of cropland could be irrigated in East Asia and the Pacific, and in 2010
approx. 87 Mha were already irrigat€BAO, 2017; Frenken, 201¥ithoutinvestmentin irrigation
infrastructure, the water price increases leading to a decrease in irrigated areas by almost 19 Mha by
2050 gerolnvest Irrigated area is about 20% higher than 2010 levels by 2050 umdest with an
expansion of nearly 18 Mhiénfes). BothMaxInvestand RegiorMaxInvestscenarios have 70% more
irrigated area in 2050 thaderolnvesin 2050 (adding about 30 Mh&jigure SB8). Depending on the
scenario 88¥99% of the potentially irrigable area would be equipped by 20%@der ambitious
investment the withdrawal of water for irrigation would increase more than 50% from 2010 levels.
Although there would be between 35 and 49 Mha less rainfed area unden#estmentscenarios

by 2050, overall crop area is about 1.5 to MBa more thanZerolnvestCrop production is 3% higher
under Invest(+34 Mt dm), 5% higher undéiaxinvest(+61 Mt dm), and 6% higher under Region
MaxInvest (+76 Mt dm), compared taZerolnvestin 2050. Consumption increases under the
investmentscenarios 14 to 35 more kcal per capita per day in 2050) due to the slightly lower crop
prices. In 2050 undeferolnvestEAP is a net importer, but under thezestmentscenarios the region
imports significantly less and nearly has an equal trade balance in Rilgirimvest Additional
agricultural area is needed under differeimvestmentscenarios compared tderolnvesty 2050
resulting in AFOLU GHG emissions that are about 3% higihyanediation costs undeferolnvestre
about$4.7 billionper year over 40 yaa (Figure S40). Costs for thdnvestscenario are an additional
$6.4 billion per year$16 billion per year undevlaxinvest and$11.3billion per year under the Region
MaxInvest Investmens in irrigation result in 6% more in ddalories available, 5% more crop
production, and balanced trade. Irrigationvestmens and the subsequent expansion in irrigated area
increase water withdrawals by almost 80% by 2050 comparetetolnvesscenario.

The uncertainty of these results s terms of irrigated area expansion undewestis +14/3% and
+16/- 7% forMaxInvest
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3.3.Europe and Central Asia

FAO estimates that 69 Mha of cropland could be irrigated in EurodeCamtral Asia, and in 2010
approx. 11 Mha were already irrigatéBAO, 2017; Frenken, 2013Yithout investmentin irrigated
infrastructure the water price for irrigation increases which would cause nearly 40% of irrigated areas
would be converted back toainfed areas or abandoned as cropland. Under bheestscenario
irrigated areas would expand 8% from 2010 levels (75% higher Zemalnvest while water
withdrawals for irrigation decrease 4% from 2010 levEigire S41). Irigation systems become more
efficient due the upgrade of existing irrigated areas from surface systems to drip and sprinkler systems
(nearly 50% more efficient imvestand 72% more efficient iMaxinves). UnderMaxInvestand
RegionMaxInvestirrigated aeas would increase nearly 120% from 2010 levels (+14 Mha), which
corresponds to 36% of the potentially irrigable area. There would be 6 to 22 Mha less rainfed are
under theinvestmentscenarios in 2050 compared REerolnvestand total cropland area is abb4

Mha less inMaxInvestby 2050. Producing more on less land underithestmentscenarios implies

that irrigated areas intensify cropland use and are land sparing in the region. Undevgstment
scenarios, the region produces 3.5 Mt dm more unkhest 9.0 Mt dm more undeMaxInvest and

18.5 Mt dm more under Regidviaxinvestcompared taZerolnvesin 2050, producing more corn, and
rapeseed and less barley and wheat. Consumption and calorie availability increase relative to
Zerolnvesalong withrelatively lower crop prices. 3.1 Mha of natural land is spared from conversion
for cropland and grasslands by 2050 compared¢oolnvest AFLOU GHG emissions increase 28%
from 2010 to 2050 irZerolnvestand most of these new emissions come from livelstpmduction

and crop production. Under differemivestmentscenarios, AFOLU GHG emissions are 1% higher than
Zerolnvestn 2050.Depreciation costs undeterolnvesare about$0.6 billion per yea(Figure S#3).

The expansion andpgrade of systems imvestwould require an additiona$0.8 billion per year. For

the massive expansion MaxInvestand RegiotMaxInvest an additionat4.7billion per year over 40
years is requiredTheinvestmens in irrigation help to spare more tha8 Mha in natural lands from
conversion, significantly increase the water productivity of irrigated areas, and produce 2% more crop
products.

The uncertainty of these results is in terms of irrigated area expansion undestis +67/41% and
+156/-78%for MaxInvest
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3.4.Latin America and Caribbean

FAO estimates that 91 Mha of cropland could be irrigated in Latin America and Caribbean (LCR), while
in 2010 only about 15 Mha were alreadrigated(FAO, 2017)Withoutinvestmentin infrastructure

for irrigation, by 2050, the water price for irrigation increases and leads to a decrease in the irrigated
area by 18% or 2.4 Mha. Undmvest there would be 10 Mha more irdged areas in 2050 than
Zerolnves{68% higher than 2010). Under bdtaxinvestand RegioMaxInvestan additional 41 Mha
would be converted to irrigation by 2050 comparedaerolnvestwhich would be approx. 60% of the
potential irrigable area defined biyAO. Rainfed areas are lower underiralestmentscenarios and

total cropland is also-8% lower, sparing up to 5.4 Mha by 2050 from conversion to cropland in
MaxInvesttompared taZerolnvesfFigure S44). Total crop productiorsiabout 24 Mt dm lower under
Invest compared taZerolnvestabout 5.8 Mt dm higher iMaxInvest and 47 Mt dm higher under the
RegionMaxInvest producing more corn, sugar cane, wheat and rice and less soybean and cotton.
Consumption and calorie availahjlincrease compared tderolnvestue to the relatively lower crop
prices under thenvestmentscenarios. Water demand increases dramatically, but the relative increase
in water efficiency under bottMaxinvestscenarios compared t@erolnvestand the decease in
cropland area and increase in crop production implies that the productivity of irrigated areas are
significant. Deforestation and conversion of other natural land is higher undeMtpdnvestand
RegionMaxInvestscenarios. GHG emissions from tieOLU sector are slightly highefrimestdue to
increased LUC and crop production, while unifiexxinvestand RegiorMaxInvestthe emissions are
more than 25% higher coming almost entirely from increased deforestation and conversion of natural
land for eopland and grassland. Eerolnvestdepreciation costs are about $1.2 billion per year over
40 yearsfigure S#6). The modest expansion of irrigated area that takes place uhdarstcost an
additional$2 billion per year over@years. The massive expansion of irrigated areas which takes place
underMaxInvestand RegiomMaxInvestcosts an additionab7.9billion per year

The uncertainty of these results is in terms of irrigated area expansion undestis +9+28% and
+24/-103% forMaxInvest
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Figure S#4. Summary of percent difference betwe@mvestmentscenarios anderolnvestn 2050 for various indicators in
Latin America and Caribbean Region
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3.5.Middle East and North Africa

FAO estimates that 29 Mha of cropland could be irrigated in the Middle East and North Africa, in 2010
only 15 Mhawere already under irrigatio(FAO, 2017; Frenken, 2009)nder the ambitious irrigation
strategies, Maxinvestand RegiomMaxInves}, there is 6.5 Mha more irrigated area in 2050 compared

to Zerolnvestwhich sees a decrease in irrigated area of 1.4 M¥gufe SU7). The expansion in
irrigated area inMaxInvestwould which would correspond to about 66% of the potentially irrigable
land according to the FA@renken, 2009)Crop production is higher under tievestmentscenarios

by 22 to 29 Mt dm producing more sugar cane, rice, wheat, sorghum, and cotton. Total cropland is 1
Mha higher undeitnvestand MaxInvestcompared toZerolnvesby 2050, which implies a significant
increase in intensification from irrigation which can be seen by the increase average crop yield under
the investment scenarios. Crop consumption and calorie availability increase slightly due to the
reduced crop prices under thievestmentscenarios. Despite the increase in production, the region is
still a net importer but the share of total domestic consumption coming from imports decreases from
56% of the total domestic consumption in 2050 und&rolnvestto only 40% of the domestic
consumption under RegioMaxInvest Demand for water increases by more than 25% under the
investmentscenarios, although the region produces more product per unit water (+82% more)
because the expansion of irrigafi is in more efficient irrigation systems such as drip and sprinkler
systems. Under differeninvestmentscenarios, AFOLU GHG emissions are about 4% higher than
Zerolnvesin 2050. Depreciation costs for irrigation systems in MNA are about $1.4 billiopepe

over 40 years undeZerolnvestFor the expansion and upgrade costs under ltiheestscenario an
additional $1 billion per year over 40 years is needed and $1.6 billion per yeltakinvestand
RegionMaxInvest(Figure S49).

The uncertainty of these results is in terms of irrigated area expansion undestis +8+19% and
+6/-15% forMaxInvest
30

- n

-20

Ll

Scenario
1 § Delta Invest

> - Delta MaxInvest
. Delta MaxInvest MNA

Percent
YN
Percent
o
i

-40

-30

Irrigated area
Rainfed area

Water demand
Water efficiency
Water flow at risk
Crop production

Crop net export share
Crop prices

Calorie availability
Forest area

Other natural land area
GHG emissions
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3.6.South Asia

FAO estimates that7D Mha of cropland could be irrigated in the South Asia and in 2010 about 88
Mha were already under irrigatiofFAO, 2017; Frenken, 2011With investment in irrigation
infrastructure, irrigated area in South Asia would decline by 11 MH&4) from 2010 to 2050. Under
Investin 2050, there would be 38 Mha more irrigated area than underolnves(36% higher than
2010 levels) and 50 Mha more unddiaxinvestand RegioriMaxInvest corresponding to about 77%

of the potentially irrigable land adefined by FAQFrenken, 2011)3544 Mha less rainfed area would

be needed under thénvestmentscenarios in 2050 compared Eerolnvesthowever net cropland
area is still about 2 to 3% higher in 2050 (3.2 to 5.6 Mha more Zeaolnvesin 2050) Figure Sb0).
Production is about 40 to 50 Mt dm higher in twestmentscenarios (and also marginally higher
RegionMaxInvesiscenarios for other the regions) when compared@ayolnvesin 2050. Consumption

is also about 2.5% highander theinvestmentscenarios and calorie availability increases{%Xkcal

per capita per day more relative Eerolnvestdue to the lower crop prices. In 2050 und@rolnvest

the region is a net importer, but the region imports less under iteegdment scenarios. Water
demand increases, while the efficiency in terms of crop produced per cubic meter of water is higher
only under theMaxInvestand RegiomMaxInvest Between 2.2 and 3.1 Mha of natural land are spared
from conversion to grassland andoptand under thelnvestand MaxInvestscenarios compared to
ZerolnvestUnder differentinvestmentscenarios, AFOLU GHG emissions are about 6% higher than
Zerolnvesin 2050.Withoutinvestment depreciation costs for irrigation systems would3ie9 billon

per year over 40 years. An additior8.4 billion per year over 40 years is required in thmwest
scenario due to the expansion of irrigated areas. UridaklInvest an additionalb4.8billion per year

is needed compared tderolnves{Figure Sb2).

The uncertainty of these results is in terms of irrigated area expansion undestis +2+15% and
+4/-12% forMaxInvest
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South Asia Region
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4. Extreme scenarios

To evaluate the uncertainty of the impacts of irrigatimvestmentstrategies within our modeling
framework, we conducted a sensitivity analysitter testing the modeling assumptions individually,



we combine different parameters and assumptions from the sensitivity scenarios to create extreme
scenarios Table SR). The goal of t8§ 8 S G SEGNBYS &a0SyIlI NA2&a¢ A& (2
expansion of irrigated areas as well as the least and greatest irrigatiestmentcosts that would be
required for those areas.

The CombinedHigh scenario relies on the socioeconomic nawatiSSP2, climate scenario RCP8p5
modeled with MIROC, and the high water efficiency assumption (WaterEff_High). This combination of
uncertainties was selected because the other scenarios led to smaller impactsiaagbgnentcosts.
CombinedHigh® the CombinedHigtscenario with open trade assumptions.

Table S2. Overview of the model assumptions used in the extreme scenarios

socioeconomic dietary pattern climate change water trade openness
pathway impact application
efficiency
Combined High SSP2 SSP2 diet RCP8p5 MIROC high WAE Normal trade
Combined High2 SSP2 SSP2 diet RCP8p5 MIROC high WAE Open trade
Combined Low SSP1 Healthy and RCP2.6 IPSL high WAE Normal trade
Sustainable
Combined Low?2 SSP1 Healthy and RCR.6 IPSL high WAE Restricted trade
Sustainable

The Combined_Lowscenario relies on the socioeconomic narrative of SSP1 and the Healthy &
Sustainable Diet scenario. This scenario combination is internally consistent because one of the
features of SSP1 are sustainabliets and the Healthy & Sustainable Diet scenario represents an even
more sustainable diet than the default one of SSP1. These two dimensions will be combined with the
RCP2p6 climate scenario modeled by IPSL. This again represents a consistent conasife2p6

is a low climate change scenario compatible with the sustainability narrative of S&RbinedLow?2

is theCombinedLowcenario with restricted trade assumptions.

For the cumulativeinvestment costs in the developing regions by 2050, t@embineHigh2
CombinedHighCombinedHigh2Maxinvestand CombinedHighMaxInvestscenarios have the largest
investmentcosts in all regions except MNA when compared to liheestand MaxInvestscenarios
respectively. The&CombineHighMaxInvestis about $140 billiormore expensive thawWatEff High
MaxInvestscenario.

By 2050, irrigated area is highest in all of the regions except SAR, MNA, AEGntinedHigh2
MaxInvest For SAR, thEombinedHigiMaxInvesthas the higher irrigated area (+2 Mha compared to
Combinedigh2).

Of all the scenarios food security (kcal/cap/day) is highest for SAR and AFR in the
CombinedLow2_Mamvestscenario. Compared to thdaxinvestSSPcenario, food security is 1.2%
higher in SAR, and 0.8% higher in LCR, ECA and EAP. In AFRufibpisg®e2% higher.

AR
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FigureS158. Summary of percent ddrence betweerinvestmentscenarios an@erolnvesin 2030 for various indicators at
the Global level.
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FigureSI159. Summary of percent difference betwe@wvestmentscenarios an@erolnvestn 2050 for various indicatoest
the Global level.
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FigureS167. Change in food availability under different socioeconomic conditions compai@ertdnvesin 2030 ly region
(kilocalorie per capita per day)
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FigureSl168. Change in crop production under different socioeconomic conditions compaizZertdnvesin 2030 by region
(Mt dm)



FigureSI69. Relative dferences in water demand in 2030 by sector undéaxinvestcompared to 2010 levels of water
demand under different socioeconomic conditions (%)

FigureSI70. Cropland area by system under different climate futures urtisoinvest Invest andMaxInvestby region in
2030 (Mha)




































