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Abstract

Tropical rural and unregulated catchments are often affected by droughts due
their lack of storage capacity and dependence on rainfed agricultural production.
In 2014/2015, the Muriaé catchment in South-East Brazil suffered severe drought
impacts. In this study, we evaluated the effect of expected climatic changes and two
contrasting adaptation measures on streamflow; one measure representing conventional grey infrastructure and the other a nature-based solution. We used the Water Evaluation and Planning System (WEAP) tool to assess changes in streamflow
when increasing reservoir storage and implementing basinwide silvopasture. These
intervention scenarios were combined with regional climate change projections for
the RCP 2.6 (low) and 8.5 (high) emission scenarios. The results showed higher
precipitation and lower temperatures for the 2.6 scenario compared to the historical
period (2000 – 2018). Yet, for the RCP 8.5 scenario, dry season flow (JJA) was expected to decrease by an average of 42% compared to the historical period. Adding
the adaptation measures, simulations suggested that the modelled reservoir volume
was sufficient to maintain the 90th percentile flow (Q90) during most of the modelled
drought periods. Furthermore, our results showed that the implementation of silvopasture alone would increase streamflow at the catchment outlet by a maximum
of 4%. In addition, it would decrease streamflow peaks during the wet season by a
maximum of 4%. We conclude that our approach of applying climate projections and
potential land use and storage scenarios to water allocation modelling can deliver
valuable decision support to water resources managers and regional planners.
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1. Introduction
Seasonal meteorological droughts and hydrological droughts are recurrent phenomena, even in tropical regions
(Nauditt et al., 2017b) and are expected to become more frequent and intense in the future (Ortiz, 2012; Trenberth et al., 2014; Erfanian et al., 2017). The majority of drought hazard monitoring and management measures
have been implemented in arid and semi-arid regions (UN-ISDR, 2005). In contrast, coping with droughts in
tropical regions has gained significantly less interest in science and water management (UN-ISDR, 2009; UNDP,
2011). Rural and unregulated tropical catchments tend to be extremely vulnerable to meteorological droughts,
due to their lack of storage capacity and key economic activities such as rainfed agriculture and livestock production that solely depend on rainfall (Nauditt et al., 2019a, 2020).
Climate change is expected to impact drought frequency, duration and severity patterns in South America (Erfanian et al., 2017). Marengo et al. (2012) predicted lower mean annual precipitation (-6%) and increased mean
temperature (+ 1.7 °C) over Brazil by 2040. Avila-Diaz et al. (2020) concluded that there will be an increase in
intensity and frequency of extreme weather events in Brazil with rising temperature indices such as annual maximum and minimum temperature varying between 1.4 to 2.3 °C under the Representative Concentration Pathway
(RCP) 4.5 and 1.9 to 3.1 °C under RCP 8.5. Drought intensity and severity, derived through indices such as
Standardized Precipitation Index (SPI) and Standardized Precipitation-Evaporation Index (SPEI), are expected
to rise by the end of the century (Spinoni et al., 2020). Focusing on the South-East region of Brazil, projections
indicate intense warming during the summer season with maximum temperatures reaching approximately +8 °C
above normal during 2070 – 2100 (RCP 8.5) and precipitation is strongly reduced during summer, possibly affecting reservoirs and water supply in the region (Lyra et al., 2018).
Drought situations have significant socio-economic impacts on water-dependent sectors and can affect large areas (Maia et al., 2015). For this reason, studies on the impact of climate change and suitable adaptation of water
resources in river basins has gained increasing scientific concern (e.g. Chebet et al., 2019; Sridharan et al., 2019).
Two common strategies for drought adaptation are grey infrastructure and nature-based solutions (NBS). NBS
for water are inspired by natural designs and ecosystem services to contribute to sustainable water management
with benefits that are similar to conventional grey (built/physical) water infrastructure (UNESCO and World Water
Assessment Programme, 2018). Agroforestry can be considered a NBS that has the potential to limit the effect of
droughts (Keesstra et al., 2018) and reverse soil degradation (Dias-Filho, 2014). Silvopastoral systems (SPS) are
a type of agroforestry with livestock production as the main target. In SPS, the animals graze directly under trees,
where vegetation is either natural or planted (Nahed-Toral et al., 2013). Trees in pasture reduce runoff, thereby
improving hydrological services of the landscape (Benegas et al., 2014) and also have the potential to improve
animal production performance in tropical regions (de Oliveira et al., 2014). Furthermore, when planted with an
intermediate surface coverage, trees in pasture promote infiltration (Ilstedt et al., 2016).
When planning interventions for drought management in a catchment, water allocation models are useful tools in
decision making for planners. Such models of the socio-hydrological system can be implemented to quantify both
seasonal and long-term deficits between system supply and demands and for different scenarios including interventions such as introducing dam storage capacity, changing irrigation coverage, and hydro-economic modelling
(e.g. Alamanos et al., 2019; McNamara et al., 2020). To address potential climatic changes in such socio-hydrological analyses, modellers can use climate projections from downscaled global climate models (Fowler et al.,
2007) or artificial projections indicating future escalation of climate extremes as droughts.
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In the context of the challenges described above, the overall objective of this work is to recommend suitable
drought adaptation measures for unregulated tropical catchments, based on the example of the Muriaé basin
in South-East Brazil. The specific objectives of this study are to: i) characterise historical long term hydro-climatic patterns in the catchment to determine calibration and validation periods corresponding to both wet and
dry periods; ii) provide water availability and demand scenarios for the Muriaé basin, reflecting climate change
projections and socio-economic development; and iii) estimate and compare the effects of potential adaptation
measures (infrastructure and nature-based) on future water availability in the basin.

2. Data and Methodology
2.1 Study area
The Muriaé catchment in South-East Brazil is a typical example for a vulnerable unregulated tropical catchment,
similar to many others in the region and worldwide (Nauditt et al., 2020).
The Muriaé basin is located in the South-East region of Brazil; it covers an area of 8,292 km² and extends over
the borders of the Federal States Minas Gerais and Rio de Janeiro. The Rio Muriaé is the last important tributary
on the left bank of the main river Paraíba do Sul before it flows into the Atlantic Ocean. The area is inhabited
by about 330,000 people, and Muriaé, Carangola and Itaperuna are the biggest cities and industrial centres. A
strongly seasonal tropical savanna climate characterises the catchment (Peel et al., 2007) with a high elevation
gradient from 10 to 1,900 meters above sea level.

Figure 1: Map of the Muriaé catchment, the land use, its location in Brazil, and six out of the eleven climate stations used to derive estimates for precipitation, sunshine-hours, temperature, humidity and wind speed – denotations are explained in Table 1

The geology of basin is dominated by granites and gneisses associated with the formation of the Ribeira Belt, but
also includes orthogranulites, meta-sedimentary and metavolcanic-sedimentary rocks. Punctual granitoids and loose
sediments are present in the lower floodplain. These underground features lead to high permeability, high groundwa-
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ter recharge rates and reduced streamflow reaching the downstream river system compared to catchments with low
permeability, resulting in a higher hydrological drought risk than the upstream region (Nauditt et al., 2020).
Land use in the basin has undergone significant change: in the 18th century sugar cane and coffee were the
most common crops, with coffee production growing until the 20th century, when intensive cattle farming and
milk production substituted most agricultural uses (Carvalho and Torres, 2002). These land use changes from
coffee production to pasture planes exposed soil to severe water erosion (Le Breton, 2000). Nowadays, rainfed
horticulture is dominant in the upstream area located in the state Minas Gerais (Nauditt et al., 2020), while livestock and milk production is the main economic activity in the downstream region of Italva (Fischer et al., 2018).
In 2018, 68% of the Muriaé catchment area was classified as grassland and pasture plains (ESA, 2019) (Figure
1), offering potential for adaptive land use change towards SPS (Fischer et al., 2018).

2.2 Data
Hydro-climatic and streamflow data
Data from eleven hydro-climatic measurement stations were analysed to characterise hydro-climatic conditions
in the basin (Table 1). Five of the stations are located in the study area, whereas the remaining six stations are
within a maximum distance of 90 km of its boundary. Hydro-climatic data are provided by the National Water
Agency (ANA) (2020a) through the platform HIDROWEB and by the National Institute of Meteorology (INMET)
(2020) through the platform BDMEP. The availability of monthly average values for the period of January 2000
to June 2019 in general was above 90%, with two exceptions. Additionally, for the stations H, K and J (located
outside the map area), rainfall data was acquired for the period January 1980 to June 2019 to analyse historical
drought events. The data from four streamflow gauges (ANA, 2020a) were acquired; three stations are located
on the Rio Muriaé and one on the tributary Rio Carangola.

Precipitation

Temperature

-20.52

-41.91





124

-21.22

-41.90





C

Juiz de Fora

83692

949

-21.86

-43.46



D

Campos dos Goytacazes 83698

11

-21.73

-41.35





E

Codeiro

83718

506

-22.03

-42.46





F

Viçosa

83642

712

-20.85

-42.97





G

Caiana

02041005

159

-20.70

-41.92



H

São Francisico do Glória

02042014

588

-20.79

-42.27



I

Porciúncula

02042027 / 58934000

823

-20.97

-42.04



J

Italva

02141003

59

-21.45

-41.63



K

Patrocínio de Muriaé

02142002 / 58920000

186

-21.15

-42.22



L

Cardoso Moreira

58960000

28

-21.50

-41.61















Streamflow

Longitude

843

83695 / 58940000

Sunshine hours

Latitude

83639

Itaperuna

Wind speed

Alt. (masl)

Caparaó

Humidity

Source and
Station code a

A
B

ID

Name

Table 1: Hydro-climatic monitoring stations and data for the period of January 2000 to June 2019
a: Station numbers with five digits are administered by INMET and those with 8 digits by ANA.
b: All stations listed were used to characterise the study region. Those not plotted in Figure 1 are located outside of the extent of the figure.
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To calibrate and validate the WEAP model, monthly means of various hydro-climatic variables are required. Values for the wind speed, precipitation and humidity were directly calculated by using two-dimensional inverse-distance-weighting interpolation (IDW) and deriving representative values for each sub-catchment.
The temperature data of the climate stations was used to derive a regression function of measured monthly
temperature and the stations altitude. The raster values of the digital elevation model (DEM) were inserted in the
regression function to calculate a raster layer containing the calculated temperature for each pixel.
The cloudiness factor was determined by dividing the average sunshine hours by the maximum possible sunshine hours within a month based on the latitude of the station (Allen et al., 1998).
Land use
Land use maps from 2000 and 2018 with a 300 m spatial resolution were used to quantify land use changes
(ESA, 2019). The maps classify 22 land cover types following the scheme of the Food and Agricultural Organization of the United Nations (FAO). For simplification, the different land use classes were grouped. Table 2 shows
that no substantial land use changes occurred in the study area over the modelled period.
Table 2: Coverage of different land use classes in the catchment for the years 2000 and 2018

Land use class

2000 in (%)

2018 in (%)

Agriculture

7.1

7.0

Sparse Forest

15.0

14.9

Forest

8.9

9.2

Grassland

68.6

68.3

Wetlands

< 0.1

< 0.1

0.4

0.6

< 0.1

< 0.1

Urban area
Water bodies

Climate change projections
As global climate models (GCMs) are too coarse to display local weather phenomena, the results of a downscaled climate model were used for this study. The Research Program on Climate Change, Agriculture and Food
Security (CCAFS) (2020) provides downscaled regional projections with the 30-year mean monthly values for
the time period 2020 to 2049 (referred to by CCAFS as “RCP 8.5 2030” and “RCP 2.6 2030”) and 2040 to 2069
(“RCP 8.5 2050”). These scenarios consider the expected lower (RCP 2.6) and upper (RCP 8.5) bounds of the
development of worldwide greenhouse gas emissions. Mean monthly values of the climate change projections
for the study area are displayed in Figure 2 and are compared to the historical data. The GCM Hadley Global
Climate Model 2 (HadGEM2-ES) selected for this study was processed by the Delta Method (Navarro-Racines et
al., 2020), which is a statistical downscaling method. A comparison of the HadGEM2-ES model results to other
GCMs is provided in the Supplemental Material A.
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Figure 2: a) Mean monthly temperature for 2000 – 2018 and for climate projections.
b) Mean monthly precipitation for 2000 – 2018 and for climate projections. Error bars indicate one standard deviation.

Water demand and future projections
Water demand for household uses was derived from data provided by information portal SIGA by CEIVAP (2020)
in combination with population data provided by the Brazilian Institute of Geography and Statistics (IBGE) (2020).
Water demand for agricultural and industrial purposes was derived from water abstraction allowances published
by ANA (2020a) for the two main rivers, the Muriaé River and the Carangola River. The dataset provides monthly
abstraction allowances for every user and the purpose of water use. Estimates per federal state by ANA (2020b)
were used to estimate the demand in the tributaries. The estimates provide annual mean abstraction rates divided into three sectors (public, industry, and agriculture) for the federal states Minas Gerais and Rio de Janeiro in
the years 2012 and 2040.
ANA (2020b) only provided rough estimates for industrial and agricultural demand in the year 2040. Using a linear
regression, the growth rate was applied to the historical values to estimate a trend for the years and was considered linear until 2050. Public demand growth instead was implemented following the population projections by
IBGE (2020), under the assumption that demand per household remains constant.
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Groundwater
Limited information is available regarding groundwater in the catchment. The general groundwater flow direction
is from north-west to south-east (Prado et al., 2005), following the topography and general direction of river flow.
The aquifer below the north-western area of the catchment is equally divided between heavily fractured rocks
associated with the Juiz de Fora complex and the Paraíba do Sul complex, which both are metamorphosed complexes with different chemical compositions (Gonçalves et al., 2005).

2.3 Methodology
Drought assessment
We applied the widely used SPI (McKee et al., 1993) to assess meteorological drought anomalies. An advantage
of the SPI is that it can characterise drought periods over user defined accumulation periods that are representative for either short term meteorological anomalies (e.g. SPI-1) or hydrological and storage related drought severity (e.g. SPI-12 and SPI-24) (Vicente-Serrano and López-Moreno, 2005), requiring only precipitation values as
input data (Barker et al., 2016). The SPI-12 was calculated for three precipitation measurement stations (ID: H,
J , K) for the period 1980 to June 2019, to define historical drought periods. Station H is located in the upstream
mountain region, station K in the middle of the catchment and station J downstream.
Water allocation and scenario modelling - WEAP
The water allocation software tool WEAP (Water Evaluation and Planning System) (Yates et al., 2005), developed
by the Stockholm Environmental Institute, is widely used for applications related to water management and scenario development to address potential climatic, socioeconomic and adaptation/response related changes (e.g.
Sutton et al., 2013; Bhave et al., 2016, 2018). WEAP is a node–based, semi-distributed model that provides a
user-friendly, flexible and comprehensive framework for complex water systems and can simulate monthly streamflows for each sub-catchment
node in dependence of climate (rainfall-runoff
module), catchment characteristics and water demand (Yates et al., 2005; Li et al., 2015).
We applied the “rainfall runoff soil moisture” approach to calibrate six sub-catchments, with the
outlet of each of them corresponding to either a
streamflow gauge or a potential reservoir (Figure
3). Because of the limited information on groundwater levels, only one aquifer was established to
model infiltration from the river in the aquifer. Within each sub-catchment, supply and demand points
were linked to the river to model water extractions
and inflow.

Figure 3: Visualisation of the six modelled sub-catchments, the four streamflow gauges and the location of the three potential reservoirs
considered as adaptation measures in the scenarios. IDs according to Table 1.
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Calibration and Validation
For the calibration and validation of each sub-catchment the monthly mean interpolated values of hydro-climatic
station data (Table 1) was used. To account for the differing dominating multi-year patterns in local climate, we
selected two distinct calibration periods according to wetter and drier periods (e.g. Westra et al., 2014; Thirel et
al., 2015; Nauditt et al., 2017a; Gao et al., 2017). A key reason for this selection is that the catchment is characterised by a heavily fractured aquifer, which leads to a strong interdependency between groundwater levels
and streamflow during drought events. The baseflow component of the streamflow can therefore be expected to
decay quicker and hydrological droughts to evolve quicker than in aquifers with lower permeability (Stoelzle et
al., 2014).
Sub-period calibration of wet and dry periods were defined based on the SPI-12 analysis (Figure 4a). 2000 to
2012 represents a wetter period with an average SPI-12 of 0.46, while 2013 until June 2019 represents a drought
period with SPI-12 values lower than -1 (one exception), with a mean value of -0.89. Figure 4b illustrates the
model warm-up period (01/2000 - 12/2001),wet period (01/2001 - 12/2013) and drought period (01/2013 until
06/2019). The wet and drought periods are then divided for calibration and validation.

Figure 4: a) SPI-12 results for the period 1981 to 2019 with wet periods (blue) and drought periods (red) for three precipitation stations
located within the study area (station codes indicated in Table 1). b) The results of the SPI-12 analysis were used to define the warm-up,
wet and drought periods, as well as the division into calibration and validation periods, for the WEAP model.

The Parameter Estimation Tool (PEST) from the WEAP programme was used to calibrate the six sub-catchments against streamflow observations. The most relevant calibration parameters are the runoff-resistance-factor, root-zone-conductivity, soil-water-capacity and preferred-flow-direction. Furthermore, deep-zone-conductivity
and initial storage of the top and bottom soil layer were adjusted. Kc values for different land use classes were
adopted from results published by Allen et al. (1998) and de Oliveira et al. (2014).
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Scenario development
Scenarios
To estimate water availability under potential changes, six scenarios were developed using climate change projections and drought adaptation measures, entailing reservoir construction and land use changes towards SPS
(Table 3). The baseline scenarios (2.6_b and 8.5_b) only consider precipitation and temperature changes resulting from the climate change projections, without drought adaptation measures. Scenarios with the appendix “_r”
consider effect of potential reservoir storage on future water availability, while the “_s” scenarios study the effects
of potential land use change towards SPS Further information on the implementation of the adaptation measures
is provided below.
Table 3: List of development scenarios applied in the model

Name

RCP

Adaption measures

2.6_b

2.6

None

2.6_r

2.6

Reservoirs

2.6_s

2.6

Land use change to silvopasture

8.5_b

8.5

None

8.5_r

8.5

Reservoirs

8.5_s

8.5

Land use change to silvopasture

Climate projections
Many climate change impact studies focus on the changes in mean climate, meaning that they underestimate the
full impact of climate change, more specifically that of more intense droughts and floods (Thornton et al., 2014).
Therefore, to adequately assess the effect of drought adaptation measures, modelled future precipitation time
series and temperature time series should reflect natural climate variations. Mean monthly values for a total period of 30 years, as supplied by the climate change projections from CCAFS (2020), are considered insufficient
to obtain this goal.
To include the desired climate variations, the projected precipitation and temperature time series were generated
using the following steps (Figure 5):
1. Calculation of the mean monthly temperature and precipitation for the historical data (January 2000 to June 2019).
2. Calculation of the percentage deviation of the measured historical data from the historical mean value for
the 15 years 2004 to 2018. This period was chosen as it covers a normal period as well as a drought period
according to the SPI-12 analysis.
3. Linear interpolation between the historical mean calculated in Step (1) and the results of the climate projections.
I. For the RCP 8.5 scenario, mean values for the 30-year period 2020 to 2049 and 2040 to 2069 were available. The data was interpolated to meet the projected values.
II.For the RCP 2.6 scenario, only one projection (2020 to 2049) was available. The interpolation meets the
projected mean value after 15 years and is then extrapolated with the same slope.
4. To include natural variations in the time series, the historic deviations calculated in Step (2) were applied to
the linear interpolated values of Step (3).
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Figure 5: Example of the time series synthesis for the August precipitation values in the Upper Muriaé sub-catchment

Reservoirs as drought adaptation measure
To evaluate the effect of potential reservoir storage, we incorporated information for existing construction plans
for increasing reservoir storage. The construction of three reservoirs is planned in the basin to protect the large
cities against flooding (ANA, 2019). The planned locations of these reservoirs are indicated in Figure 3, with the
storage capacities listed in Table 4.
Table 4: Storage capacities and location of the three reservoirs planned in the study area

Municipiality

River

Storage capacity (hm³)

Latitude

Longitude

Carangola

Rio Carangola

20.3

-20.694

-42.094

Tombos

Rio Carangola

23.1

-20.869

-41.989

Muriaé

Rio Muriaé

104.4

-21.168

-42.231

Although the primary intention of the reservoirs is to limit the flooding hazard to cities located downstream,
they also have the potential to store water that can be released in order to maintain minimum levels of streamflow downstream. To prevent a lack of water availability for public supply and agriculture during drought, the
streamflow can be increased during the driest months of the year (Wanders and Wada, 2015). To ensure that
the increased streamflow is available for consumers, water allocation infrastructure would be required such as
distribution channels for irrigation and water supply.
WEAP does not offer an optimisation algorithm for reservoir operation. Water is only released from reservoirs in
the model if there is unmet demand downstream or to satisfy designated minimum flow requirements (e.g. for
ecological purposes) below the reservoir location.
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The minimum flow requirement was derived by applying a flow duration curve analysis of historic streamflow from
01/2000 until 06/2019 and using a 90 percentile flow (Q90) (HR Wallingford et al., 2003). 90% of the time the
observed streamflow was above 20.1 m3/s, hence this flow requirement (for simplification, 20 m3/s) was set at the
outlet of the study area to ensure water supply for both human and environmental demands during dry months.
Silvopastoral Systems as a land use related adaptation measure
Santos et al. (2018) studied the effect of SPS in Brazil’s Cerrado region, which exhibits climate conditions similar
to the study area. Eucalyptus urograndis (Eucalyptus grandis x E. urophylla) seedlings were planted with row
spacings of 12 and 22 meters. Because of the similar climate characteristics, the implementation of an equivalent
SPS is considered in the scenarios developed for this study area. Four years after planting, the areas converted
to SPS were considered equivalent in hydraulic parameters to sparse forest, because afforestation measures
deliver desired hydrological features quickly after implementation (Ilstedt et al., 2007). The implementation rate
was set to an annual increase of 2% of total grassland area available in the catchment, starting in 2025; thus, the
effects on the hydrological system are modelled from the year 2029 onwards. Kc values for the Eucalyptus trees
were set to 0.85 (Alves et al., 2013).

3. Results
3.1 Assessment of historical meteorological drought periods
The SPI-12 analysis reveals three meteorological drought periods over the period 1981 to 2019 (Figure 4a). The
first drought period commenced before 1981, hence the complete length of the drought could not be determined.
The second drought period lasted from 1987 until mid-1988. The third drought period took place from 2013 until
the end of the period analysed (mid-2019), making it the longest and most intense of the three drought periods,
with SPI-12 values nearing -3 for station H. During all three characterised drought periods, the SPI-12 values
for the three stations exhibit similar patterns and values, indicating that the meteorological droughts developed
similarly over the spatial extent of the catchment.

3.2 Estimated changes in Climate Change Projections compared to the historical mean
Table 5 shows the predicted changes in mean annual precipitation and temperature derived in the time series of
the RCP 2.6 and the RCP 8.5 scenarios compared to historical values (2000 – 2018). For the RCP 2.6 scenarios,
the average temperature is expected to be about 0.5 °C lower and the precipitation rate about 66 mm/a (+ 5.3%)
higher than the historical period. In contrast, for the RCP 8.5 scenario, the average temperature is about 0.4 °C
higher and the mean annual precipitation drops by around 85.2 mm (- 7.1%).
Table 5: Mean precipitation and mean temperature change calculated for the generated time series compared to the historical period 2000
to 2018

Precipitation change

Temperature change

RCP 2.6

+ 66 mm/a

- 0.5 °C

RCP 8.5

- 85.2 mm/a

+ 0.4 °C
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3.3 Model Calibration and Validation
Figure 6a shows scatter plots comparing the monthly observed and simulated streamflow at the four streamflow
measurement stations, showing results for both the calibration and validation periods. In general, there is a strong
agreement between modelled and simulated streamflow at all four streamflow gauges for both the calibration and
validation periods. Table 6 lists the NSE coefficients calculated at the four streamflow stations for the calibration
period and validation period for both the wet period and the drought period. For the wet period, the values for all
stations are above 0.70, whereas during the drought period, the lowest value is 0.62. In general, the NSE values
are higher within the wet period reaching up to 0.88 (Station L) with the exception for station I, which performs
better during the drought period. The most notable discrepancies between modelled and simulated data are
during the low flow months, where the simulated streamflow tends to be higher than the observed streamflow, as
seen in the bottom left of the separate plots for each station. Figure 6b plots the flow hydrographs of simulated
and observed streamflow at the outlet of the study area (Station L), also showing a strong agreement. The largest
differences are visible during two high streamflow events observed in 2007 and 2012, where the model simulates
lower values than the observed data.

Figure 6: a) Scatter plots of observed and simulated streamflow for the four streamflow gauges. b) Flow hydrograph at the outlet of the
modelled catchment (Station L: Cardoso Moriera), showing the observed data and simulated streamflow.
Table 6: NSE coefficient calculated at each streamflow gauge located in the study area

Streamflow gauge

Wet period

Drought period

Validation

Calibration

Calibration

Validation

I: Porciúncula
(Lower Carangola)

0.73

0.73

0.70

0.87

K: Patronício de Muriaé
(Upper Muriaé)

0.75

0.80

0.62

0.67

B: Itaperuna
(Mid Muriaé)

0.87

0.82

0.67

0.65

L: Cardoso de Moreira
(Lower Muriaé)

0.88

0.81

0.72

0.62
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3.4 Scenario Analysis
As an increased water availability is suggested by RCP 2.6 scenarios with increased precipitation rates and lower
temperature compared to the historical values, only the RCP 8.5 scenarios are evaluated to test the potential
effect of the adaptation measures under drier conditions. In Table 7 the mean streamflow at the catchment outlet
is displayed for the historical period and the RCP 8.5 baseline scenario (8.5_b). During all seasons, lower streamflow was simulated for the future scenario, with the percentage reduction in streamflow more pronounced over
the simulated drought event 01/2044 – 12/2049. In particular simulated dry season flow (JJA) resulted in a mean
reduction of 42% compared to the historical drought period.
Table 7: Mean streamflow (m3/s) at the outlet of the study area for the historical period and the RCP 8.5 baseline (8.5_b) scenario divided
in 3-monthly periods.

DJF

MAM

JJA

SON

01/2001 – 12/2018
(historical complete)

180.8

105.9

43.3

56.2

01/2013 – 12/2018
(historical drought)

87.0

60.2

26.1

33.6

01/2020 – 12/2049
(8.5_5 complete)

155.1

86.7

34.1

47.0

01/2044 – 12/2049
(8.5_b drought)

55.2

38.1

15.1

19.2

Figure 7a shows the flow hydrographs (2020 – 2050) for the three scenarios under RCP 8.5. The years 2044 to
2049 show the most severe hydrological droughts in the simulated streamflow values for the low flow months
during this period and are presented in Figure 7b. With the modelled reservoir storage volume and reservoir operations (8.5_r), streamflow of 20 m3/s can be maintained at the outlet of the most downstream sub-catchment
during the majority of the dry months. However, from the year 2047 onwards, the streamflow drops below 20 m³/s
at the end of winter because the reservoirs run empty after a series of dry months. While the 8.5_s (i.e. silvopasture) scenario suggests only a very minor increase in streamflow by 2.8% compared to the baseline scenario
8.5_b, the reservoir based scenario shows an increase in downstream flow by 6.4% in the low flow months from
2044 to 2049.
The land use change towards SPS resulted in a higher simulated streamflow in almost every month observed.
To evaluate the effects of the land use change on the hydrological system, the monthly deviations of streamflow
compared to the baseline scenarios were calculated (Figure 7c). The results show that the land use change resulted in lower streamflow in the high-precipitation months during summer, with maximum flow reduction of 4%
to 8% in January and December in all sub-catchments. In the months May to October, the streamflow deviation
varies between the different locations; the catchments Upper Muriaé and the three Rio Carangola catchments
tend to have higher streamflow deviations with the maximum rise happening in August and September of up to
+15%. In the catchments Mid Muriaé and Lower Muriaé, the maximum streamflow increase is simulated for the
drier winter months June, July and August and is between +2 and +4%.
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Figure 7: a) Flow hydrograph at the outlet of the study area showing the scenarios 8.5_b, 8.5_r and 8.5_s; b) Zoomed-in section of the
area marked in 7a for the drought period 2044 to 2049 and the reservoir storage as a percentage of full capacity; c) Mean monthly streamflow deviation per catchment in the 8.5_s scenario compared to the 8.5_b scenario over the drought period 2044 to 2049.

4. Discussion
4.1 Model calibration and validation based on dry and wet periods
The calibration of rainfall-runoff models can be challenging in regions of strong seasonality and prone to extreme
events (Gao et al., 2017). South America is additionally exposed to a strong long term climate variability with
multi-year periods of consecutive dry and wet years.
A priori calibration of the entire record period resulted in poor NSE values (>0.43). As suggested by Nauditt et al.
(2017a), sub-period calibration is a common approach to take into account such seasonal or even multi-year dry
and wet periods. By using separate calibration periods for wet and dry periods, the adapted calibration criteria increased model performance for both periods. All NSE coefficients are within the acceptable range of >0.5 as defined by Moriasi et al. (2007) for monthly streamflow. For the wet period, the values for all stations are above 0.70
(good). During the drought period, the lowest value is 0.62 (satisfactory). Regarding the spatial performance of
the model, the NSE coefficients calculated in catchments further downstream (Mid Muriaé, Lower Muriaé) show
better performances, particularly during the wet period, with NSE coefficients ranging between 0.81 and 0.88.
The lower NSE values of the downstream station can be attributed to the strong immediate streamflow and baseflow response to meteorological drought due to the heavily fractured aquifer and alluvial characteristics of the
downstream river bed (Nauditt et al., 2019b), meaning that reduced precipitation would lead to a quick reduction
in groundwater levels. Baseflow is often considered to be the groundwater recharge component of the streamflow (Partington et al., 2012), hence it contributes a significant part of the streamflow during drought events and
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streamflow will show an immediate response during drought events. Future work on streamflow separation in this
catchment could help improve our understanding of important aquifer-stream interactions in this basin and how
they affect hydrological drought.

4.2 Scenario Development: how Climate Change might affect streamflow in the catchment
One objective of the study was to establish development scenarios for the catchment considering climate change
projections. Results of a downscaled global climate model (RCP 2.6 and RCP 8.5) were incorporated into the
WEAP model. These RCPs represent the lower and upper bounds of expected climate change scenarios.
Uncertainties when using climate models result from the complex dynamics of the climate system itself (response
of the climate system to increases in greenhouse gas concentrations, including sensitivity and feedback processes) as well as the uncertainties associated with climate modelling for regional analysis (parameterisation, resolution and boundary conditions) (Foley, 2010). As the purpose of the incorporation of climate change projections is
to provide input data to test adaptation measures under a wide range of conditions, rather than to provide actual
forecasts, we assumed that the modelled scenarios adequately represent the effects of the bounding RCPs.
The mean values for monthly precipitation and temperature provided by the adopted climate change projections
were compared with the historical data observed in the study area during the two calibration and validation periods (01/2001 to 06/2019). For the RCP 2.6 scenario, mean temperatures were slightly lower than the historical
values. Unfortunately, downscaled results of the climate model using hindcast data were not made available by
CCAFS, meaning that the forecast data could only be compared against the historical data calculated from the
hydro-climatic stations.
The results of the RCP 8.5 scenarios are consistent with other studies, which suggest an increase in mean temperature and decrease in precipitation in the region (Vera et al., 2006; Marengo et al., 2012; Spinoni et al., 2020).
Climate change projections with a finer temporal resolution would be required to improve the forecasting ability
of the established model (Wang et al., 2009), because mean values over a thirty-year period are not sufficient to
represent climate variation to test the adaptations measures in drought and wet periods.
The scenarios cover projected impacts of climate change and cover wet and drought periods, suggesting that the
developed model provides valuable information to decision makers. The applied methodology can therefore be
considered as a transferable approach to deliver climate change projections and hence a baseline to analyse the
effects of various adaptation measures in terms of available water throughout a river basin.

4.3 Effect of Potential Adaptation Measures on Water Availability
Increase of reservoir storage
During the drought of 2014/2015, municipalities in the catchments declared a state of emergency and experienced drought damages in agriculture (Prefeitura do Município de Italva, 2017; Prefeitura Municipal de Itaperuna, 2017). However, the results of the baseline scenario modelling show that a combination of comparable
drought events under climate change and substantial growth in water demands still results in no unmet demand.
This suggests that water was available in the main river system, but the catchment lacks a distribution system to
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supply water to where it is needed or that unmet demand occurred on a time scale smaller than the monthly time
step that we modelled. In tropical catchments, just a few days without rain can lead to water deficits that affect
livestock and rain-fed agricultural production (Nauditt et al., 2020).
A drought risk map published for the catchment indicates that the highest drought risk is present in the meteorologically drier downstream area, where most economic activities are concentrated (Nauditt et al., 2020). The
introduction of reservoirs has the potential to significantly increase streamflow during the dry months and provide
downstream water supply. In the scenarios with modelled reservoirs, the summer precipitation was sufficient to
refill the reservoirs every year. Only the extended dry period from 2047 to 2049 resulted in streamflow values
at the catchment outlet below 20 m³/s in the end of winter because the reservoirs run empty and are unable to
provide enough water to maintain this designated minimum flow requirement. Modelling reservoir operations to
serve both flood protection and that of drought adaptation management is not possible in WEAP. Such operations require ensuring sufficient refill in the wet months and maintaining free volume for water retention in the wet
season, the latter of which should involve an analysis at either the daily or hourly temporal scale. The definition
of optimal operation rules for multi-purpose reservoirs aiming to maximise utilisation under the condition of flood
control has been subject of ongoing research (e.g. Liu et al., 2011; Anand et al., 2018) and is outside the scope
of this work.
Silvopastoral measures
According to Bruijnzeel (2004), no-well documented cases exist where afforestation measures produced a corresponding increase in streamflow. Compared to the planned reservoirs, the modelled widespread implementation
of SPS appears to have marginal effects on coping with drought for users downstream of the reservoirs. In the
SPS scenarios, the converted areas are associated with a higher Kc value compared to the grassland areas,
which in general results in higher evapotranspiration. The applied model in this study does not provide direct information on evapotranspiration and baseflow, but the simulated land use changes do not result in lower streamflow than in the baseline scenario during low-flow periods and thereby do not worsen the drought propagation in
the catchment. The conceptual model character of WEAP does not distinguish between the relevant processes
resulting in higher streamflow despite reduced evapotranspiration.
Multiple studies have demonstrated that afforestation measures can attenuate streamflow peaks (Bhave et al.,
2016; Bhattacharjee and Behera, 2017; Johnen et al., 2020), as was reflected in the outputs of the WEAP model.
An intensified effect can be observed in the upstream catchments characterised by higher topography and slopes
compared to the downstream catchments. Conversely, the implementation of SPS increased streamflow in all
modelled catchments during the dry winter months, when the drought risk is the highest. Our results support the
hypothesis that land-use changes have relatively little effect on the overall water yield but can modify streamflow
in terms of timing and magnitude during extremes (Birkel et al., 2012), and suggest that SPS can increase water
availability for streamflow abstractions and provide a valuable service against the depletion of water resources.
Further positive effects of the implementation of SPS are the reduction of soil degradation and erosion (de Aguiar
et al., 2010). In particular, reduced erosion would be a beneficial effect because it decreases sedimentation load
reaching the reservoirs (Schleiss et al., 2016) in the event that both adaptation measures were to be adopted.
Furthermore, SPS work as a decentralised solution compared to the centralised solutions offered by reservoirs.
No large catchment-scale implementation of SPS was conducted so far in Brazil. Determining factors in the
potential success of a potential widely applied introduction would be the level of response from farmers and the
considerations of costs of implementation and labour (Fischer et al., 2018).
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5. Conclusion
The historic drought in 2014/2015 and the accompanying damage have shown that the Muriaé catchment in
South-east Brazil requires appropriate plans for drought adaptation. Considering climate change projections and
socio-economic development projected for the study area, an increased risk of drought can be expected in the
future.
A WEAP model at the monthly temporal scale was established to evaluate the water supply potential of adaptation measures. The model, which was calibrated using two sub-periods, sufficiently manages to reproduce the
historical measured streamflow data and therefore was considered suitable to obtain reliable results for a scenario analysis. In total, six scenarios were modelled, with climate projections based on RCP 2.6 and RCP 8.5 for
the HadGEM2-ES GCM, representing the lower and upper bound of greenhouse gas emission projections, and
adaptation measures based on reservoir construction and land-use change towards SPS as the input variables.
During no time step was unmet demand simulated for any of the six development scenarios. An adaptation based
on reservoirs has the potential to almost always maintain the required streamflow for ecological purposes (20 m3/s)
in the low-flow months during drought events. In comparison, the land use change towards SPS only led to minimal increase of a maximum of 4% in the low-flow period.
For the stakeholders in the catchment, the planned reservoirs in the catchment could have beneficial effects on
the water availability in the catchment during droughts, but sufficient infrastructure would be required to make
this water available in the locations where it is needed. Further research is required to derive optimal reservoir
operation to ensure that both the purposes of flood protection and drought adaptation can be simultaneously met.
SPS can be considered a “no-regret” option for nature-based drought adaptation, particularly because it functions
as a decentralised measure, and can be implemented in addition to reservoir construction. The additional benefits of SPS would be limited erosion and sedimentation of the newly established reservoirs, and also increased
streamflow during drought periods.
The established methodology is a valuable approach as a first assessment of the effect of adaptation measures
on streamflow in this data-scarce catchment.
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Supplemental Material A
Figure A1 shows the downscaled results for different GCMs (five for RCP 2.6 and seven for RCP 8.5) provided by
CCAFS for South East Brazil. For the RCP 2.6 scenario no downscaled results were provided for the 2050 time
period. Looking at precipitation, the results for RCP 2.6 of HadGEM-2-ES provide the second lowest data point
while for the RCP 8.5 values build the median of the ensemble. Whereas for temperature, the HadGEM-2-ES
model results are found at the upper bound of the ensemble for both, RCP 2.6 and 8.5.

Figure A1: Boxplots indicating the range of results of an ensemble of different climate models downscaled by the CCAFS.
Column a): Ensemble for RCP 2.6 (CESM1-CAM5, MIROC-ESM, HadGEM2-ES, MPI-ESM-MR, NCAR-CCSM4) –
Column b): Ensemble for RCP 8.5 (CESM1-CAM5, MIROC-ESM, HadGEM2-ES, MPI-ESM-MR, NCAR-CCSM4, IPSL-CM5B-LR, HadGEM2-CC). The results show the mean values over all of south-east South America (labeled as C3 area by CCAFS) for the 2030 period
(P30, T30) and 2050 period (P50, T50). The model HadGEM2-ES used in this study is marked with black dots.

