Response letter
Review: hess-2019-174-RC1

Assessment of potential implications of agricultural irrigation policy on surface water scarcity in
Brazil

Dear Editor, dear reviewers,

we very much appreciate the valuable comments that were provided. We have revised the manuscript
accordingly. Please see the responses to each query below.

Kind regards,
Markus Pahlow

on behalf of all co-authors



Queries by anonymous referee #1 RC1 & answers by authors

Referee #1: The actual water withdrawals in each catchment are assumed to be twice the estimated crop water
requirements.

Authors: Please note that the factor of two was applied to adjust the scarcity levels, because the original levels were
related to gross water consumption. No such factor has been applied to the crop water requirements (equation 4). Water
scarcity is calculated on the basis of water availability in the catchments and blue water consumption (equation 2). A
detailed description can be found in the manuscript (page 7, 203-209):

In this paper, net water withdrawal (or blue water consumption) rather than gross water withdrawal is compared to
water availability, often termed consumption-to-availability ratio (Vanham et al., 2018). Therefore, the scarcity levels
described above were adjusted to reflect that withdrawals also include non-consumptive losses at field scale and losses
during transport of water to the field, which are not considered when calculating blue water consumption. To account
for this a factor of 2 was applied, which is a central estimate of the ratio between withdrawal and consumptive blue
water use reported in Wriedt et al. (2008). The resulting scarcity levels represent the same classes of water scarcity
from acceptable to very critical, but are adapted to the threshold values of 2.5, 5, 10 and 20%.

Referee #1: Historical time series (1980-2013) of meteorological data were used in the simulations, while it is not
specified whether Q95 values were computed over the same time period.

Authors: Please note that we did not study the time period 1980-2013. Solely the year 2012 has been studied on
purpose, i.e. the year before the policy under investigation (Law 12,787) came into effect in 2013 (stated on page 3, line
81. The calculation of the crop water balance, green and blue water consumption and water scarcity (relating water
availability, i.e. Q95, to water consumption) has been carried out for the year 2012. Q95 is provided as an average over
the years 2008 to 2016 by the ANA Geonetwork (http://metadados.ana.gov.br/geonetwork/srv/pt/main.home ). The text
has been modified in order to clarify the basis of Q95 (page 7, lines 194-195):

Again, please note that ANA provides the Q95 values as averages over the time period 2008 to 2016. The study year
2012 is at the centre of this average.

Note that the study year and the reasons for this choice are explained at the beginning of the manuscript (page 3, lines
80-81):

In addressing this issue, we restrict the analysis to irrigation expansion on cropping areas in 2012, representing the
situation just before law 12,787 came into effect in 2013.

Referee #1: The analysis presented in the paper is interesting, but the discussion of the assumptions that are made in the
study and of how they may impact on the results obtained is insufficient.

Authors: Please note that we have expanded the discussion to provide explanations regarding the assumptions made,
together with their implications. Those additions are provided in various sections below, so we do not repeat all of those
additions here. We simply do not want to duplicate the text here. We hope that this is acceptable.

Referee #1: The study area is very large and covers a variety of hydrological conditions. It can be expected that the
shape of Flow Duration Curves will be quite variable among the different catchments and hence Q95 will represent very
different fractions of the total water availability depending on the location. Reasons for using (only) Q95 as a water
availability index must be discussed.

Authors: Q95 has been used as water availability index to comply with the definitions by the Brazilian water
authorities (page 7, Lines 198-202), i.e. the authors want to make this work as useful as possible in practice by using the
same indicators and definitions as those that are used in practice in Brazil:

Using the Q95 indicator for water availability, Brazilian water authorities consider the appropriateness of the water
withdrawal, as a fraction of water availability (i.e. scarcity levels), to be acceptable when it remains below 5%,
comfortable between 5 and 10%, worrying between 10 and 20%, critical between 20 and 40% and very critical above
40% (ANA, 2015). This classification is inspired by threshold values for water exploitation suggested by Raskin et al.
(1997), and also used by the United Nations (UN, 1997).


http://metadados.ana.gov.br/geonetwork/srv/pt/main.home

Authors: The discussion section has been extended in order to elaborate on the selection of Q95 (page 12, lines 366-
369):

With respect to the choice of a water availability indicator Q95 has been selected in order to provide a conservative
water availability scenario. This is important due to the high variability of hydrological conditions in Brazil and to
account for dry periods over time. Moreover, choosing Q95 complies with the indices utilised by the Brazilian Water
Agency and decision makers.

Authors: Please also note that Q95 has been used in a spatially differentiated manner (i.e. for each catchment studied),
as provided by the Geonetwork of ANA.

Referee #1: Q95 values that were used in the study refer to natural flows or to flows that are possibly modified by diversions
occurring upstream? Which time period is covered by the timeseries used to estimate Q95 values? Timeseries were available for
all the 166,842 catchments?

Authors: Q95 data were available for all catchments and calculated on the basis of the years 2008-2016 as provided in the
publicly available data by the Geonetwork of ANA (http://metadados.ana.gov.br/geonetwork/srv/pt/main.home ) (see comment
above as well).

Referee #1: Length of the growing periods and Kc values of a given crop may vary in space and in time, mainly according to
meteorological conditions. In the study constant values of these parameters were assumed. Given the extension of the area and
the variety of conditions, I wonder if any attempt to assess the impact of this assumption on the estimated crop water
requirements has been made.

Authors: Given that reliable region-specific data were available we acknowledge that further spatial differentiation of input
parameters can potentially lead to an improvement of the accuracy of the results in large-scale studies. Here we have opted for an
approach chosen by other global or nation-wide assessments of this kind (e.g. Mekonnen et al. 2011; Hoekstra et al., 2012
Hoekstra and Mekonnen, 2012; Multsch et al., 2017), whereby we used Allen et al. (1998) as our source for crop growth
coefficients and supplemented these by data taken from a Brazilian study (Hernandez et al., 2014). We pair those data with
spatially differentiated information on planting and harvesting dates, as provided by Companhia National de Abastecimento
(Conab) (https://www.conab.gov.br/). We also would like to note that it was found (Multsch et al., 2013) that the choice of the
PET calculation method will alter the results more significantly than potential adjustments of crop coefficients, should local data
be available. We have added the following information to the discussion (p. 12, lines 370-379):

The selection of crop-specific parameter sets was an important aspect in the design of this study. Crop coefficients and length of
growing seasons of the individual crops studied here have been assembled from a well-recognised source (Allen et al., 1998, i.e.
parameters implemented in the FAO CROPWAT model), a Brazilian study (Hernandes et al., 2014) and regional information for
Brazil, as provided by Companhia National de Abastecimento (Conab) (https://www.conab.gov.br/). We acknowledge that
further spatial differention is desirable, should reliable data be available. We have chosen the procedures put forth by Allen et al.
(1998), as their high level of robustness, transferability and repeatabilty have been shown (Pereira et al., 2015). Moreover, in a
large-scale irrigation requirement study for the Murray-Darling basin, Multsch et al. (2013) report that the choice of the
potential evapotranspiration calculation method outweighs the role of the local refinement of crop coefficients. Lastly, the
region-specific crop calendars (Conab, 2015) were utilised for the determination of crop water requirements to account for
varying conditions in different parts of Brazil.

Referee #1:Conveyance and distribution losses are assumed to account for 50% of irrigation water withdrawals. Part of
this losses will be recirculated within the river systems, mostly through the groundwater, from upstream areas to
downstream ones, with losses in upstream areas that might contribute to discharge in downstream river stretches. This is
not considered at all in the paper and it might produce an overestimation of the impacts of irrigation water diversions,
particularly in those catchments where the rivers gain flow from groundwater. This issue needs to be discussed.

Authors: We note that in this work blue water consumption was presented, which does not include conveyance or
distribution losses. Confusion may have arisen due to the following: A factor of two was applied to adapt the water
scarcity levels for this study (i.e. without conveyance and distribution losses) to those given by ANA, which are
provided increased by regulated flow from reservoirs. We base this on Wriedt et al. (2008). Thus, the quantities of blue
water calculated in the present paper are actually removed from the system by evaporation and transpiration. We
acknowledge that evapotranspiration fluxes may return to a given system as precipitation (e.g. Berger et al., 2014). This
is process is less important in our study, as we have subdivided the study area into 166,842 sub-catchments, i.e. we have
subdivided the large-scale system where ‘evapotranspiration recycling’ may be important to consider into smaller sub-
units. An explanation of this issue has been added to the discussion (p. 13, lines 379-383):
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An important aspect when assessing water scarcity caused by agricultural water consumption are return flows, e.g. due
to evapotranspiration recycling (Berger et al., 2014) or water losses in irrigation systems (Pereira et al., 2002;
Jagermeyr et al., 2015). We neglect evapotranspiration recycling effects in the present study, since great care has been
taken to subdivide the study area into sub-catchments with sizes where this effect does not play a significant role. The
calculated blue water consumption represents net water requirements, which only includes evapotranspiration by crops
and from soils.

Referee #1:1 am not at ease with the way in which the term Water Scarcity is used in the paper: it sounds awkward to
me to read that Water Scarcity is Excellent, even more so because this happens when the withdrawals are small
compared to river flows, i.e. when water availability is excellent. I would prefer using Use-to-Resource ratio (as in
Raskin et al. 1997, that the authors mention), or something similar, rather than Water Scarcity here.

Authors: The definition of water scarcity has been chosen with a clear purpose in mind: to make this work as useful for
decision makers in Brazil as possible. The definition has been adopted from the work by ANA, so that decision makers
in Brazil can readily utilise the results of this study. Nevertheless, we agree that the term ‘excellent scarcity’ may need
revision since an excellent level of scarcity seems unreasonable. For this reason, we modified the terminology of the
classification, both in the text and in the relevant figures, i.e. ‘excellent’ has been replaced with ‘acceptable’ throughout.



Supplement
Referee #1 (p. 1, I. 22):
I recommend to avoid using decimals: the accuracy of the estimates does not support it for sure

Authors: Thank you. This has been changed accordingly wherever it was sensible, and in particular in the abstract and
the conclusions.

Referee #1 (p. 1, I. 31): two objectives are indicated: expansion of irrigated land and increase of productivity
Authors: Thank you. This has been changed accordingly, i.e. “one” has been replaced with “two”.

Referee #1: (p. 3, I. 7): this sentence is not clear, please revise

Authors: Thank you. This has been changed accordingly. The adjusted sentence reads: “The Brazilian national water

agency ANA (Agéncia Nacional de Aguas) uses blue surface water availability in operational management, whereby
the river discharge, partly delivered by regulated reservoir flows, is compared to water withdrawals.” (p. 3, lines 72-74)

Referee #1 (p. 3, . 8): provide here the definition that you adopt for "water scarcity"

Authors: Thank you. The definition used by us is provided in section 3.2 (‘Blue water scarcity’)). On p. 3, 1. 8 we
describe other work and we would like to leave the flow of the text this way, i.e. we do not all of a sudden want to
introduce a jump in the development.

Referee #1 (p. 3, I. 31): What do you mean by derived? Which data? Were these data available for each of the 166,842
catchments? For which time period?

Authors: Thank you. We have replaced the word “derived” with “obtained”. Note that we have moved this sentence to
the “Data” section (now section 2), as it does in fact belong to that very section. Yes, those data were available for
166,842 catchments. The study year is 2012, and the reason for doing so is stated in the manuscript (p. 3, line 80).

Referee #1 (p. 4, 1. 9): which grid?

Authors: Thank you. We have moved the “Data” section (formerly section 3) forward in the text, so that it is now
section 2, which will in our view help to clarify matters. Climate and soils data were available at grid-levels (see e.g.
Table 1). Climate data at 0.25° x 0.25° and soils data at 1km x 1km (see Table 1). These are the grids that we refer to.
We have also adjusted the text. But we would also like to point out that this is explained in both the “Methods” section
and the “Data” section, however, now in an improved manner.

Referee #1 (p. 4, 1. 13): indicate here the variable names used for green and blue water

Authors: Thank you. We have done so.

Referee #1 (p. 5, I. 2): the length of the phenological phases may change from one year to the other according to
meteorological conditions and other factors. Can this variability be considered not influential?

Authors: Thank you. This is indeed an important aspect for a study that spans multiple years. However, please note that
we have considered one year in this work (2012). We have provided a reason for this choice (see our earlier response).
We have used the best data available at per sub-region of the country regarding the sowing and harvest dates (Conab,
2015). Hence, we argue that our approach is sensible.

Referee #1 (p. 5, . 26): check spelling

Authors: Thank you. We have replaced “rained” with “rainfed”.



Referee #1 (p. 5, I. 28): idem

Authors: Thank you. We have replaced “rained” with “rainfed”.

Referee #1 (p. 6, I. 5): explain how the reservoir effect is taken into account

Authors: Note that we are using Q95 data provided by ANA, i.e. we are not adjusting the data set. The explanation
provided is the explanation provided by ANA on their Geonetwork server
(http://metadados.ana.gov.br/geonetwork/srv/pt/metadata.show?id=307 ).

Referee #1 (p. 6, I. 10): the hydrological regimes of the brasilian catchments are highly variable, therefore Q95
represents very different fractions of the total water availability. The reasons for using (only) this indicator should be
discussed

Authors: Please note that Referee#1 has made this comment above and we have answered it. We therefore do not
repeat our answer here.

Referee #1 (p. 6, |. 14): Raskin et al. index is based on average annual water resource flows and is called Use-to-
Resource ratio. | do not think that calling it Water Scarcity index is a good idea: "excellent water scarcity" sound
awkward to me

Authors: The definition of water scarcity has been chosen with a clear purpose in mind: to make this work as useful for
decision makers in Brazil as possible. The definition has been adopted from the work by ANA, so that decision makers
in Brazil can readily utilise the results of this study. Nevertheless, we agree that the term ‘excellent scarcity” may need
revision since an excellent level of scarcity seems unreasonable. For this reason, we modified the terminology of the
classification, both in the text and in the relevant figures, i.e. ‘excellent’ has been replaced with ‘acceptable’ throughout.

Referee #1 (p. 6, I. 18): This assumption si crucial, as this ratio may be highly variable depending on the characteristics
of the irrigation systems and of the catchments. A discussion of the situation in the areas that are now irrigated and of
the assumptions that are made for the areas of irrigation expansions should be provided

Authors: Thank you. We have discussed this point above where this point had been raised as well (we note above what
has been changed in the text to avoid confusion). A factor of two was applied to adapt the water scarcity levels for this
study (i.e. without conveyance and distribution losses) to those given by ANA, which are provided increased by
regulated flow from reservoirs. We base this on Wriedt et al. (2008). Thus, the quantities of blue water calculated in the
present paper are actually removed from the system by evaporation and transpiration. We acknowledge that
evapotranspiration fluxes may return to a given system as precipitation (e.g. Berger et al., 2014). This is process is less
important in our study, as we have subdivided the study area into 166,842 sub-catchments, i.e. we have subdivided the
large-scale system where ‘evapotranspiration recycling’ may be important to consider into smaller sub-units. An
explanation of this issue has been added to the discussion (p. 13, lines 380-384)

Referee #1 (p. 6, I. 21): Conveyance and distribution losses account for 50% of water withdrawals, according to the
authors' assumption. Part of this losses will be recirculated within the river systems, from upstream catchments to
downstream ones. Losses in upstream areas might contribute to discharge in downstream river stretches. Assuming that
these losses are completely lost might produce an overestimation of the impacts in general and in some catchments in
particular. This issue needs to be discussed

Authors: Referee#1 has made this comment above and we have answered it. We therefore do not repeat our answer
here.

Referee #1 (p. 6, I. 24): this sentence is not clear to me

Authors: Thank you. Irrigating areas that were not irrigated before will potentially lead to increased water
requirements upstream, and hence may lead to an altered water availability downstream Hence a fully dynamic,
spatially distributed assessment would be required to account for this. Our study does not attempt to do this.

We have revised this sentence. It now reads: “Note that in the case of expansion of irrigation on the rainfed cropping
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areas the approach applied here does not account for dynamic changes in regional water availability due to increased
upstream water consumption and hence an altered water availability downstream.” (p. 7, lines 211 - 213)

Authors: Thank you for spotting this. We would like to keep that statement to provide a complete explanation in this
part of the text. But we should of course not repeat at complete sentence. We have rephrased the sentence and it now
reads:

“For the irrigation expansion scenario, the growing areas of the crops considered have been upscaled using the
proportion of crops grown in the reference scenario.” (p. 8, lines 222-224)

Authors: The values for the study year 2012 are shown in this Figure.

(p. 9, I. 8): fracture?

Authors: Thank you. We have revised this sentence. It now reads: “Water consumption displays a distinct change in
pattern from West to East (western areas: rainfed; eastern areas: irrigated).“ (p. 10, lines 288-289)

Authors: We would prefer to not add more figures. We had added a focus area, i.e. the Cerrado, to our study, and the
detailed results are presented in Table 3. Furthermore, the categorisation of levels of water availability for map display
is rather arbitrary and we are not certain if plotting those 7 categories would in fact add value.
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Queries by anonymous referee #2 RC2 & answers by authors
Major points

Referee#2: Methodology: As R1 it is important to note when the Q95 values were derived. However, unlike R1, | think
the derivation of Q95 for each catchment basin should incorporate the spatial variability in flow and hydrologic
conditions.

Authors: Thank you. Note that Q95 data were available for all 166,842 sub-catchments and calculated on the basis of
the years 2008-2016 as provided in the publicly available data by the Geonetwork of ANA
(http://metadados.ana.gov.br/geonetwork/srv/pt/main.home ). The text has been modified in order to clarify the basis of
Q95 (page 7, lines 194-195):

Note that ANA provides the Q95 values as averages over the time period 2008 to 2016. The study year 2012 is at the
centre of this average.

And on p. 4, lines 109-110:
Catchment-scale data on surface water supply were obtained from the ANA Geonetwork
(http://metadados.ana.gov.br/geonetwork/srv/pt/main.home).

Referee#2: The methods section needs to be reworked and clarified. Or at least included in some sort of supplementary
material — as much of the details or the methodology are discussed in broad and vague terms. It is unclear how the grid
scale (and what spatial resolution grid scale) relates to catchment basins related to municipality scale (where the areal
ratio of crops was used to determine water consumption) when performing these analysis — as these boundaries surely
overlap. Thus, the spatial components and nuances associated with these methods need to be described in more detail.

Authors: Thank you. We have added a Figure in the Appendix (Figure Al) to further clarify. We refer to this new
figure on p. 5, lines 137-138.

Referee#2: Moreover, how were the individual crop-calendars used and applied? A table of which crop calendars and
where they were used and how would be useful.

Authors: Thank you. Please note that the crop calendars have been supplied at Appendix Table A2. We explain the use
of the data therein on p. 4, lines 107-108.

Referee#2: 1 also agree about R1’s point conveyance and distribution losses. Although they do not have to be explicitly
incorporated in the model, they do warrant consideration in the discussion.

Authors: Thank you. The discussion has been expanded to include this aspect. We note that in this work blue water
consumption was presented, which does not include conveyance or distribution losses. Confusion may have arisen due
to the following: A factor of two was applied to adapt the water scarcity levels for this study (i.e. without conveyance
and distribution losses) to those given by ANA, which are provided increased by regulated flow from reservoirs. We

base this on Wriedt et al. (2008). Thus, the quantities of blue water calculated in the present paper are actually removed
from the system by evaporation and transpiration. We acknowledge that evapotranspiration fluxes may return to a given
system as precipitation (e.g. Berger et al., 2014). This is process is less important in our study, as we have subdivided
the study area into 166,842 sub-catchments, i.e. we have subdivided the large-scale system where ‘evapotranspiration
recycling’ may be important to consider into smaller sub-units. An explanation of this issue has been added to the
discussion (p. 13, lines 380-384):

An important aspect when assessing water scarcity caused by agricultural water consumption are return flows, e.g. due
to evapotranspiration recycling (Berger et al., 2014) or water losses in irrigation systems (Pereira et al., 2002;
Jagermeyr et al., 2015). We neglect evapotranspiration recycling effects in the present study, since great care has been
taken to subdivide the study area into sub-catchments with sizes where this effect does not play a significant role. The
calculated blue water consumption represents net water requirements, which only includes evapotranspiration by crops
and from soils.
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Minor points

Referee#2: Define *green water.” I’'m not sure why green water is discussed at all — it is just brought up seemingly
randomly throughout the manuscript. Either go into more detail re: green water, or intentionally focus the manuscript on
blue water.

Authors: Thank you. We have defined green water on p. 2, line 65. Section 2.3.1 explains how blue and green water
have been determined. This section explains why we need to work out both, blue and green water. Furthermore, even
though irrigation and hence blue water is the main focus of this study we do discuss green water and green water
management in the discussion section 5.3. Hence contrasting these two in the paper by providing results for both, to
then discuss both in the discussion section is in our view logical and sound.

Referee#2: Move Section 3, "Data" to before Section 2, “Methods”

Authors: Thank you, this reordering will help to clarify matters. We have switched order, i.e. section 3 Data is now
section 2, and section 2 Methods is now section 3.

Referee#2: There are many sentences throughout the manuscript that could be improved for clarity.

Authors: Thank you, we have worked through the entire document once more and have made adjustments to improve
readability and clarity.
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Abstract. Expanding irrigated cropping areas is one of Brazil’s strategies to increase agricultural production. This expansion
is constrained by water policy goals to restrict water scarcity to acceptable levels. We therefore analysed the trade-off
between levels of acceptable water scarcity, and feasible expansion of irrigation. The appropriateness of water use in
agricultural production was assessed in categories ranging from exeeHent-acceptable to very critical based on the river flow
that is equalled or exceeded for 95% of the time (Q95) as indicator for physical water availability. The crop water balance
components were determined for 166,842 sub-catchments covering all of Brazil. The crops considered were cotton, rice,
sugarcane, beans, cassava, corn, soybean and wheat, together accounting for 96% of the harvested area of irrigated and
rainfed agriculture. On currently irrigated land irrigation must be discontinued on 53-64% (2.36 Mha) for an exceHent
acceptable water scarcity level, on 44-55% (1.9% Mha) for a comfortable water scarcity level and on 35-2% (1.5% Mha) for a
worrying water scarcity level, in order to avoid critical water scarcity. An expansion of irrigated areas by irrigating all 45.56
6 Mha of rainfed area would strongly impact surface water resources, resulting in 26.02 Mha experiencing critical and very
critical water scarcity. The results show in a spatially differentiated manner that potential future decisions regarding
expanding irrigated cropping areas in Brazil must, while pursuing to intensify production practices, consider the likely

regional effects on water scarcity levels, in order to reach sustainable agricultural production.

1 Introduction

In 2013 the Brazilian government took a step towards the consolidation of a national irrigation policy through the enactment
of Law 12,787 (www.planalto.gov.br/CCIVIL_03/ At02011-2014/2013/Lei/L12787.htm), with ene-two of the objectives

being to encourage the expansion of irrigated areas and to increase productivity on an environmentally sustainable basis.
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According to Law 12,787, policy implementation would have to be based on regional and national plans estimating
expansion potential and indicating suitable areas for prioritisation of public investments. However, to date, a national plan
has not yet been developed and the official study available to support the plan is expected to be fully reviewed in 2019
(FEALQ-IICA-MI, 2015). Underlying policy goals include to strive for equitable socio-economic development (VanWey et
al., 2016), for a continued large role of biofuels in national energy production and for a strong agricultural sector serving
national and international demands of commodities such as soybean (Dalin et al., 2012). One of the governing principles in
this policy is the sustainable use and management of land and water resources for irrigation, thereby not negatively affecting
communities or sacrificing water resources, unique ecosystems and the services they provide (Alkimim et al., 2015; Castello
and Macedo, 2016; Lathuilliére et al., 2016).

The extent to which irrigation is a suitable measure to achieve these goals is debated in the literature. Both Fachinelli and
Pereira (2015) and Scarpare et al. (2016) find that in the Paranaiba river basin, covering about 25% of the Brazilian Cerrado
biome, irrigation increases sugarcane yield, in particular in projected expansion areas, but also in the central region of the
basin where sugarcane production is already established. Irrigation shows potential to reduce costs, thereby enhancing the
economic viability of sugarcane expansion. Yet both studies caution not to compromise available water resources and hence
to restrict irrigation practices to areas where water is sufficiently available, which, according to Scarpare et al. (2016),
generally corresponds to most of the central and western portions of that basin. In a study on the Amazon region Lathuilliére
et al. (2016) identify that the best land-water management would be one that intensifies agricultural production by expanding
cropland into pasture and considering irrigation, while avoiding conflicts with downstream users such as electricity
production and reducing pressure on aquatic ecosystems in the Amazon Basin.

The Cerrado in central Brazil with a savannah climate is a region with both a strong trend over the last several years of
advancing large-scale agribusinesses for agriculture and livestock, and potential for more sustainable land management
(Dickie et al., 2016). For example, Alkimim et al. (2015) propose that it is possible to expand sugarcane production in Brazil
by converting existing pasturelands into cropland without further environmental losses, whereby they estimate that an area of
50 Mha is moderately or highly suitable for sugarcane production. In another study, Strassburg et al. (2014) assess that
current productivity of Brazilian cultivated pasturelands is one third of its potential, and that increasing the productivity to
one half of the potential would suffice to meet national demands for meat, crops, wood products and biofuels until at least
2040, thereby avoiding additional conversion of natural ecosystems. Sparovek et al. (2015) analyse comprehensive scenarios
with a spatially explicit land-use model for Brazilian agriculture production and nature conservation. They find that a
substantial increase in crop production, using an area 1.5-2.7 times the current cropland area, is feasible with much of the
new cropland being located on current pastureland.

Land use and land management affect the utilisation of water resources, so every strategy and decision with respect to land is
also a strategy and decision with respect to water. This holds for both the precipitation-supplied water stored in the soil
matrix (termed green water) and the water in streams, lakes, wetlands and aquifers (termed blue water). While Brazil may be

considered well endowed with water resources, these resources are unevenly distributed across the country. Hence, efficient,
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sustainable and equitable strategies must be developed, thereby considering the spatially varying water availability. To that
end, Getirana (2016) points out that ineffective energy development and water management policies in Brazil have
magnified the impacts of recent severe droughts, which include massive agricultural losses, water supply restrictions, and
energy rationing.

Metrics of water scarcity and stress have evolved from simple threshold indicators to holistic measures characterising human

environments and freshwater sustainability (Damkjaer and Taylor, 2017). The Brazilian national water agency ANA

(Agéncia Nacional de Aguas) uses blue surface water availability in operational management, whereby the river discharge,

. ANA distinguishes water scarcity
classes based on the risk of river flow to fail to support environmental services (ANA, 2015).

In studying possible expansion of irrigated areas, as encouraged by the Brazilian Government under Law 12,787, this paper
addresses the trade-off between the choice of the level of blue water scarcity that is deemed acceptable, and the feasible
expansion of the irrigated area complying with that limitation. In addressing this issue, we restrict the analysis to irrigation
expansion on cropping areas in 2012, representing the situation just before law 12,787 came into effect in 2013.

Our assessment entails the following steps:

i.  the spatially explicit calculation of green and blue water consumption for the main crops cultivated in Brazil for
both rainfed and irrigated production systems,

ii. the estimation of blue water scarcity due to the blue water consumption of a reference scenario (irrigated areas in
2012) and an expansion scenario, i.e. under the assumption that all rainfed areas are irrigated, thereby considering
surface water availability, and

iii. the spatially explicit analysis to what extent expansion of irrigation areas is sustainable.

Our overall objective is to evaluate the feasibility of irrigation expansions in Brazil. We thereby investigate the following
research question: Is expansion of irrigated areas, as encouraged by the Brazilian government, environmentally sustainable
from a surface water resources point of view? The Cerrado biome, a region of significant agricultural expansion and a

biodiversity hotspot (Mittermeier et al., 2005; Strassburg et al., 2017), is considered in particular detail.

32 Data

Precipitation, maximum and minimum temperature, solar radiation, relative humidity, and wind speed data were obtained
from Xavier et al. (2016), who developed a daily gridded dataset for Brazil with a 0.25°x0.25° resolution of these

meteorological variables based on 3,625 rain gauges and 735 weather stations for the time period 1980-2013. In order to
determine the required soil properties, data on bulk density, organic carbon content, and fractions of sand, silt, clay have
been extracted from the ISRIC SoilGridslkm database (Hengl et al., 2014).
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Saturation and residual water content &s and 8, [m® m™] and the parameters « and n of the van Genuchten function (van
Genuchten, 1980) were estimated using the level 3 pedotransfer function of Tomasella et al. (2000) for Brazilian soils, under

the assumption that coarse and fine sand fraction have an equal share of the total sand content. Field capacity and wilting

point were determined as soil water content at -33 kPa and -1,500 kPa, respectively, following van Genuchten (1980). Soil

types were determined using the nomenclature of the United States Department of Agriculture (USDA). Data on harvested
area and yield of nine main crops for the study year 2012 as provided by IBGE were utilised in this study. The crops

considered are cotton, rice, sugarcane, Vigna spp. and Phaseolus spp. beans, cassava, corn, soybean and wheat. Combined
those nine crops account for 96% of harvested area [ha], 98% of production mass [ton] and 90% of production value

[Brazilian Real] in Brazil in the year 2012 (IBGE, 2012). Planting and harvesting dates for the sub-regions considered were

taken from Conab (2015). For some crops, multiple harvests per year are considered, following information provided by

IBGE. Catchment-scale data on surface water supply were obtained from the ANA  Geonetwork
(http://metadados.ana.gov.br/geonetwork/srv/pt/main.home). An overview of the underlying data is given in Table 1.

Table 1 here

2-3 Methods

In order to assess water demands of potential expansion of irrigation, impacts on water scarcity, and limits to irrigation
expansion under scarcity thresholds, we applied a site-specific crop water balance model at the catchment scale. To this end,
high-resolution gridded data on climate and soil were combined with statistical information on irrigation management to run
a countrywide daily crop water balance model for 166,842 sub-catchments in Brazil to determine rainfed and irrigated water

requirements. The crops considered were cotton, rice, sugarcane, Vigna spp. and Phaseolus spp. beans, cassava, corn,

soybean and wheat. Catchment-scale-data-on-surface-watersupphy-were-from

23.1 SPARE:WATER
23.1.1 Calculation of green and blue water consumption

The open source crop water balance and footprint model SPARE:WATER (Multsch et al., 2013; available at http://www.uni-
giessen.de/faculties/f09/institutes/ilr/hydro/download) was used to determine green and blue water consumption in crop
production. The tool was applied to investigate several topics related to water resources management in recent years, e.g. the

predicted future irrigation demands and impact of technology in the Nile river basin (Multsch et al., 2017a), managing
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desalinated seawater use in agriculture in Saudi Arabia (Multsch et al., 2017b), and characterising groundwater scarcity
caused by large scale irrigation in the USA (Multsch et al., 2016).

First, the daily crop water balance was calculated at 0.25°x0.25° grid-level for each crop per growing season, utilising the
gridded climate and soils data (see Table 1). Second, the contribution of crop production to the regional water balance at the

level of municipalities was derived by multiplying crop water consumption per growing season, averaged over the grids in

the municipality, with the respective municipal cropping area [ha a™*]. Note that the information regarding irrigated areas and

the fraction of irrigated area per crop was also available at municipality level (Table 1). Thirdly, the total water consumption
was aggregated-overthedetermined -per sub-catchment, which was then contrasted with water supply in each one of the
166,842 sub-catchments.sto-thetevel-of Brazil’s—regions_and aggregated to municipality level. These steps are shown in

Figure Al.
Consumptive water use was separated into green_(CW) and blue_(CW,) crop water consumption GW-in [m? ha'] at grid

level. To achieve this simulations were carried out twice for the entire country, once for purely rainfed conditions (fraction
irrigated f=0), to determine green water consumption CWy, and once for purely irrigated conditions (fraction irrigated f=1)
CW,, in order to determine additional blue water consumption, following earlier work by Mekonnen and Hoekstra (2010)

and Siebert and D6l (2010). The blue water consumption was estimated as the difference between the two simulations:
CW, = ET;—, 1)

CW, = ETj—y — ETj (2)

23.1.2 Calculation of crop water balance

In SPARE:WATER, the crop water balance is calculated based on the crop water balance model proposed by Allen et al.

(1998). Reference evapotranspiration (ET,) [mm d!] was derived as

900
ET. = 0.408A(Rn—G)+ymu2(es—ea)
o~ A+y(1+0.34u,)

: @)

with net radiation R, [MJ m2 d-!], soil heat flux density G [MJ m?2 d-], air temperature T at 2 m height [°C], wind speed at 2
m height u [m s2], saturated vapour pressure es [kPa], actual vapour pressure e, [kPa], slope of the vapour pressure curve A
[kPa °C-1] and the psychrometric constant y [kPa °C™]. ET, is adapted to specific field crops by a crop coefficient (Kc), which

varies over time and is adjusted to field conditions by a water stress coefficient (Ks) resulting in ETaet [mm d*] according to:

ET,: = ET, X K. X K 4)
whereby K¢ and K are dimensionless values. K. reflects canopy development and changes over the course of the growing
period, as measured by the number of days after sowing (DAS). The growing period was divided into the four periods initial

period (Lini), growth period (Lgev), mid period (Lmig) and late period (Leng). A crop coefficient is related to three of the periods:
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Ke,ini, Kemia @and Keeng. The crop coefficient of Lgey Was interpolated in relation to the respective DAS and the values of Lin and
Lmid.

The water stress coefficient Ks was derived on the basis of a simple water balance approach from the total available soil
water (TAW), the actual root zone depletion (Dy) and a crop specific water extraction coefficient (p) [-] following Allen et al.
(1998):

_ TAW-D,
ks = (1-p)TAW (®)

with the TAW and D, in [mm]. TAW was derived from the wilting point, field capacity and the actual rooting depth (Z)
according to Allen et al. (1998):

TAW = 1000(0pc — 6,,)z, (6)
with the water content at field capacity (6we) and wilting point (6rc) in [m® m] and the rooting depth z, in [m]. The daily

soil water depletion D, [mm] at day i was derived for soil layer r from the water balance components:

Dyi =Dy 1 —Peggi — Irry — CR; + ETy s + DP; (7
with daily effective precipitation (Pe), irrigation (Irr), capillary rise (CR) and deep percolation DP in [mm]. In order to
account for the case f=1 (full irrigation) the daily irrigation depth Irri was calculated to fill up the soil water compartment to
field capacity when the critical depletion was reached, i.e. any water stress is avoided. This approach reflects full irrigation
practices. Pt was computed as P-RO, where precipitation P is taken from the meteorological input data and surface runoff

RO was estimated on the basis of the curve number method according to Bosznay (1989), while CR was neglected.

23.2 Blue water scarcity
23.2.1 Calculation of current and potential blue water consumption

The expansion area, i.e. the rainfed areas to be converted to irrigated land, was assessed considering and contrasting water
consumption and water availability. The potential blue water consumption for full expansion of irrigation was calculated
based on the irrigation required of all rainfed areas. Blue water consumption was derived for two scenarios. First, for the
irrigated areas in 2012, which is subsequently denoted as reference scenario. Second, for an expansion scenario under the
assumption that all rainfed areas are irrigated.

Knowing the potential consumption, the expansion of irrigated areas was then assessed with respect to the available blue
water resources. Water available for expansion was determined by subtracting the available blue water from the water
consumption under the reference scenario (actually irrigated areas). The remainder is available to expand irrigation to rainfed
areas.

For each municipality the allocation of expansion of irrigated area for the crops was assumed proportional to the ratio of the

crops grown in the reference case. If the volume of available blue water is insufficient to meet the reference blue water
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consumption of formerly rainfed areas, the expansion areas for each crop are reduced proportionally to the cropping fractions

in the municipality.

23.2.2 Blue water availability

Availability of blue water was taken from the national Brazilian water resources inventory (ANA, 2016). There, Q95, i.e. the
river flow that is equalled or exceeded 95% of the time, and increased by regulated flow from reservoirs, is taken as an
indicator of physical availability of water. In essence, Q95 is a measure for discharge in the low-flow season, thereby

including regulated flows. Note that ANA provides the Q95 values as averages over the time period 2008 to 2016. The study

year 2012 is at the centre of this average.

23.2.3 Scarcity levels

The ratio of gross water withdrawal to physical water availability is often called withdrawal-to-availability ratio (Vanham et
al., 2018), and used as an indicator of water scarcity. Using the Q95 indicator for water availability, Brazilian water
authorities consider the appropriateness of the water withdrawal, as a fraction of water availability (i.e. scarcity levels), to be
excelent-acceptable when it remains below 5%, comfortable between 5 and 10%, worrying between 10 and 20%, critical
between 20 and 40% and very critical above 40% (ANA, 2015). This classification is inspired by threshold values for water
exploitation suggested by Raskin et al. (1997), and also used by the United Nations (UN, 1997).

In this paper, net water withdrawal (or blue water consumption) rather than gross water withdrawal is compared to water
availability, often termed consumption-to-availability ratio (Vanham et al., 2018). Therefore, the scarcity levels described
above were adjusted to reflect that withdrawals also include non-consumptive losses at field scale and losses during transport
of water to the field, which are not considered when calculating blue water consumption. To account for this a factor of 2
was applied, which is a central estimate o