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Abstract

Southeastern Brazil is characterized by seasonal rainfall variability. This can have a

great social, economic, and environmental impact due to both excessive and deficient

water availability. During 2014 and 2015, the region experienced one of the most

severe droughts since 1960. The resulting water crisis has seriously affected water

supply to the metropolitan region of São Paulo and hydroelectric power generation

throughout the entire country. This research considered the upstream basins of the

southeastern Brazilian reservoirs Cantareira (2,279 km2; water supply) and

Emborcação (29,076 km2), Três Marias (51,576 km2), Furnas (52,197 km2), and

Mascarenhas (71,649 km2; hydropower) for hydrological modelling. It made the first

attempt at configuring a season‐based probability‐distributed model (PDM‐

CEMADEN) for simulating different hydrological processes during wet and dry sea-

sons. The model successfully reproduced the intra‐annual and interannual variability

of the upstream inflows during 1985–2015. The performance of the model was very

satisfactory not only during the wet, dry, and transitional seasons separately but also

during the whole period. The best performance was obtained for the upstream basin

of Furnas, as it had the highest quality daily precipitation and potential evapotranspi-

ration data. The Nash–Sutcliffe efficiency and logarithmic Nash–Sutcliffe efficiency

were 0.92 and 0.93 for the calibration period 1984–2001, 0.87 and 0.88 for the val-

idation period 2001–2010, and 0.93 and 0.90 for the validation period 2010–2015,

respectively. Results indicated that during the wet season, the upstream basins have

a larger capacity and variation of soil water storage, a larger soil water conductivity,

and quicker surface water flow than during the dry season. The added complexity

of configuring a season‐based PDM‐CEMADEN relative to the traditional model is

well justified by its capacity to better reproduce initial conditions for hydrological

forecasting and prediction. The PDM‐CEMADEN is a simple, efficient, and easy‐to‐

use model, and it will facilitate early decision making and implement adaptation mea-

sures relating to disaster prevention for reservoirs with large‐sized upstream basins.
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1 | INTRODUCTION

Large intra‐annual rainfall variability is one of the main climate charac-

teristics in southeastern Brazil (Figure 1 in Grimm, 2011), where

around 80% of annual rainfall occurs during the period from Novem-

ber to March; and, as a consequence, around 68% of annual river dis-

charges are produced during the period from December to April.

Interannual rainfall variability is also considerable; annual rainfall may

oscillate between 0.6 and 1.4 times the climatological mean; as a

result, annual river discharges may range between 0.3 and 2.0 times

the mean. The large intra‐annual and interannual variability has posed

great challenges for an appropriate water resources management

strategy (Fan, Collischonn, Meller, & Botelho, 2014; Nobre, Marengo,

Seluchi, Cuartas, & Alves, 2016). Furthermore, rainfall and river dis-

charges within the region have decreased significantly over the last

30 years, which has had a great impact on hydroelectric generation

and agricultural production (Rao, Franchito, Santo, & Gan, 2016).

According to Rao et al. (2016), rainfall of the region has decreased

around 5 mm/year (or 165 mm in total) for both the annual and

wet seasons in the period 1979–2011; and inflows to most hydro-

electric dams of the region have decreased around 20% for the same

period. Since the austral summer of 2014, the region has suffered

from one of the most severe droughts in the most recent five decades

(Coelho, Cardoso, & Firpo, 2016; Getirana, 2016; Nobre et al., 2016).

The Cantareira reservoir system reached its lowest historical storage

levels in January 2015 with only 5% of its 1.3 billion m3 capacity

and 15% at the end of the rainy season in March 2015 (Nobre

et al., 2016).

The probability‐distributed model (PDM; Moore, 2007; Moore

& Bell, 2002) has been widely tested all over the world for its

capacity for short‐term flood forecasting (up to 10 days; Liu et al.,

2015; Moore, 1999) and long‐term runoff prediction (up to 1 year;

Cabus, 2008; McIntyre, Lee, Wheater, Young, & Wagener, 2005) at

a catchment scale. By coupling it with an atmospheric model, Best

et al. (2011) developed the Joint UK Land Environment Simulator,

for a continental scale, for both operational weather forecasting

and climate change simulations. The potential application of the

model to Brazilian catchments for natural disaster purposes is very

interesting due to its characteristic of being simple, efficient, and

easy to use, with a low demand on input data, parameters, and

computational resources. It makes possible effective and efficient

runoff forecasting and prediction, which means that potential eco-

nomic, social, and environmental losses can be avoided or substan-

tially reduced by appropriately made and timely implemented

adaptation measures. However, considering the lumped nature of

the model, there are tremendous challenges to its reliability in

reproducing the large intra‐annual and interannual hydrological var-

iability for large basins.

Traditional hydrological simulations consider a unique parameter

set for the entire simulation period. Hydrological variation is then cap-

tured by the input variables such as precipitation and potential evapo-

transpiration (PET) and model formulation. However, hydrological

model parameters can be time varying, which may be a result of catch-

ment change (such as land use/vegetation change), climate variability,

and climate change (such as change of precipitation/
evapotranspiration dynamics of vegetation due to higher or lower

temperatures; Kim & Han, 2017). So hydrological variation can be cap-

tured in models by time‐varying model parameters and nonstationary

hydrological model structure and catchment characteristic changes

such as land use and vegetation variations (Merz, Parajka, & Blöschl,

2011). Paik, Kim, Kim, and Lee (2005), de Vos, Rientjes, and Gupta

(2010), Luo, Wang, Shen, Zheng, and Zhang (2012), Seiller, Anctil,

and Perrin (2012), Kim and Lee (2014), Zhang, Chen, Yao, and Lin

(2015), and Kim, Kwon, and Han (2016) demonstrated that subannual

calibration can improve simulations of the temporal variations of the

varying catchment conditions within the year over a traditional cali-

bration scheme, because the time‐varying model parameters can con-

sider nonstationary climate and land use conditions. Kim and Han

(2017) recommended the use of an optimal calibration period with a

trade‐off between model performance and parameter settings vari-

ance for subannual calibration; as well, they suggested the selection

of a calibration method (e.g., in series or in parallel) based on the pur-

pose of model usage.

This study intends to test the hypothesis that different hydrolog-

ical responses during wet and dry seasons can be reproduced by using

different parameter sets in the PDM. Our research objective is to con-

figure the season‐based PDM for southeastern Brazilian basins with

size up to ~70,000 km2 and obtain the optimal subannual PDM hydro-

logical simulations for runoff forecasting and prediction for five impor-

tant southeastern Brazilian basins (Figure 1). For the sake of simplicity,

the basins are named in the paper by the respective upstream reser-

voir as Cantareira (2,279 km2), Emborcação (29,076 km2), Três Marias

(51,576 km2), Furnas (52,197 km2), and Mascarenhas (71,649 km2).

The study was carried out in the context of providing scientific sup-

port for the critical water crisis that occurred in 2014 and 2015 in

southeastern Brazil. The Cantareira reservoir system is the main

source of water supply for the metropolitan region of São Paulo; and

Emborcação, Três Marias, Furnas, and Mascarenhas reservoirs are

important for hydropower generation in Brazil along with other pur-

poses such as irrigation and water supply. However, during 2014

and 2015, Cantareira reached its lowest volume over the last 35 years;

from November 2014 to February 2015, the other basins reached

their respective lowest values over the last 15 years. The useful vol-

ume was approximately −20% to 0% for Cantareira from June 2014

to December 2015 and was ~3–10% for Três Marias from July 2014

to January 2015. We selected the period 1985–2015 for study due

to data availability. To achieve the objective, three model calibration

configuration schemes are considered on the basis of previous studies

of Bekele and Nicklow (2007), Zhang, Moreira, and Corte‐Real (2016),

Muleta (2012), Kim and Lee (2014), and Zhang et al. (2015). First, the

PDM is automatically calibrated by using the genetic algorithm for

multiple objective function optimization called the nondominated

sorting genetic algorithm II (Deb, Pratap, Agarwal, & Meyarivan,

2002). We also test whether the automated calibration is satisfactory,

or if there is also merit in performing some manual calibration. Second,

the calibration is carried out with the objective of obtaining the best

model performance for both high and low flows. Finally, different

parameter settings are considered for the wet and dry periods of sim-

ulation, and seasonally dependent parameter settings are calibrated

simultaneously (in series). The PDM parameters configured in this



FIGURE 1 Map of location for the Cantareira, Emborcação, Três Marias, Furnas, and Mascarenhas basins in southeastern Brazil, showing the
climatological stations from INMET (Brazilian National Institute of Meteorology); rain gauges from ANA (National Water Agency of Brazil),
INMET, CEMADEN (Brazilian National Center for Monitoring and Early Warning of Natural Disasters), and DAEE (Brazilian Department of Water
and Electric Energy); hydroelectric stations from ONS (Brazilian National Electric System Operator); dams from SABESP (São Paulo state water and
waste management company); principal rivers; and reservoirs. BA, DF, ES, GO, MG, RJ, and SP represent states of Bahia, Distrito Federal, Espírito
Santo, Goiás, Minas Gerais, Rio de Janeiro, and São Paulo
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study are to be used in runoff forecasting and prediction for south-

eastern Brazilian large basins.
2 | DATA AND METHODS

2.1 | Study area and data

Figure 1 displays the location (16°S–24°S, 41°W–48°W) of the study

area. Plateau and mountain are the main landforms; flood plains are

also an important landform for Três Marias (43%) and Mascarenhas

(17%). For Cantareira, Emborcação, Três Marias, Furnas and

Mascarenhas, respectively, elevation varies in the ranges of 745–
2,027, 548–1,262, 561–1,546, 756–2,407, and 65–2,575; and the

mean value is around 1,119, 883, 796, 1,002, and 608 m. The principal

soil types are Oxisols, Inceptisols, and Ultisols (Figure S1 and Table

S1); the main land use types are pasture, livestock and agriculture,

and forest (Figure S2 and Table S2). The region is characterized by a

humid subtropical climate with dry winters and hot summers, which

has been classified as Cwa or Cwb by Peel, Finlayson, and McMahon

(2007), with the classification details described by Alvares et al.

(2013). Daily rainfall and PET are inputs to the PDM hydrological

model. The precipitation and climatological stations' distribution are

shown in Figure 1. Data source and availability period are shown in

Table 1. For each climatological station, daily PET was calculated by

the Hargreaves–Samani 1985 method (Hargreaves & Allen, 2003)



TABLE 1 The origin and periods of data for the study area

Basin

Data sourcea,b

PeriodRainfall Runoff Temperature

Cantareira DAEE, CEMADEN SABESP INMET From January 1, 2004, to January 1, 2016

Emborcação ANA, CEMADEN, INMET ONS INMET From January 1, 1983, to October 29, 2015
Três Marias From January 1, 1983, to October 12, 2016
Furnas From January 1, 1983, to October 29, 2015
Mascarenhas From January 1, 1983, to August 15, 2015

Note.
aANA (National Water Agency of Brazil, http://www.ana.gov.br/), CEMADEN (Brazilian National Center for Monitoring and Early Warning of Natural Disas-
ters, http://www.cemaden.gov.br/), DAEE (Brazilian Department of Water and Electric Energy), ONS (Brazilian National Electric System Operator, http://
www.ons.org.br/), INMET (Brazilian National Institute of Meteorology, http://www.inmet.gov.br/), and SABESP (São Paulo state water and waste manage-
ment company, http://www.sabesp.com.br/).
bPrecipitation stations of CEMADEN were installed between April and May 2014.
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using daily maximum and minimum 2‐m air temperature. For each

basin, daily rainfall and PET were determined by the arithmetic mean

of all available stations. Although other methods such as weighting

for elevation or Thiessen polygons can be better alternatives, the

arithmetic mean was used for its simplicity.

During the period 1985–2015, the average annual precipitation,

PET, and runoff of the basins varied in the range of 1,200–1,500,

1,500–1,600, and 400–500 mm, respectively (Table 2). The flow vari-

ability was similar among them, but it was the smallest for Cantareira,

Emborcação, and Furnas; largest for Três Marias; and second largest

for Mascarenhas (Figure S3a–b). During 2005–2015, the mean daily

discharge was ~1.3 mm/day for Cantareira, Emborcação, and Furnas;

~1.0 mm/day for Três Marias; and ~0.9 mm/day for Mascarenhas

(Figure S3c).
2.2 | PDM‐CEMADEN hydrological model

The PDM is a lumped rainfall–runoff model, transforming catchment‐

scale rainfall and PET into flow at the catchment outlet (Moore, 1985;

Moore, 2007; Moore & Bell, 2002). Apart from a small handling

charge, PDM (Moore, 2007) is available for free for academic educa-

tional use. However, due to its nonfree access for commercial use,

Cuartas (2008) developed the PDM‐CEMADEN model based on the

PDM of Moore and Bell (2002) and Moore (2007). In this study,

PDM‐CEMADEN was operated at a daily time step; it reproduced

hydrological processes by considering the following: (a) Actual evapo-

transpiration (AET) as the product of the Hargreaves–Samani 1985

PET and percentage of available soil moisture storage capacity (Equa-

tion 8 in Moore, 2007). The AET/PET was set to be linearly related to

the soil moisture deficit,
AET
PET

¼ 1−
Smax−S tð Þð Þ

Smax

� �
, where S(t) is
TABLE 2 The observed annual mass‐balance components of the study a

Statisticsa Precipitation (mm/year) Runoff (mm/year)

Emborcação 1,469 475

Três Marias 1,386 383

Furnas 1,458 512

Mascarenhas 1,219 374

Note. CV = coefficient of variation showing interannual variability of precipitat
aThe statistics are derived from the observation during the period 1985–2015.
available soil moisture and Smax is soil moisture storage capacity; (b)

soil moisture storage of a soil column at any point within a river basin

represented by a Pareto distribution (Moore, 2007); (c) groundwater

recharge, which is linearly related to the available soil moisture con-

tent and routed through a subsurface storage by using a cubic storage

reservoir specified by the Horton–Izzard equation (Dooge, 1973). A

recursive solution scheme of the subsurface storage was obtained by

applying the approximate solution provided by Smith (1977); (d) direct

runoff, which is derived from the principle of conservation of mass

involving rainfall, AET, groundwater discharge, change of soil moisture

storage, and direct runoff and routed through surface storage by using

a cascade of two linear reservoirs (O'Connor, 1982).

2.3 | Seasonal calibration

2.3.1 | Seasonality

Quantitatively, the intra‐annual variability of rainfall was measured

by the rainfall seasonality index (SI; Walsh & Lawler, 1981), precip-

itation concentration index (PCI; Oliver, 1980), and modified

Fournier index (MFI; Arnoldus, Boodt, & Gabriels, 1980; Fournier,

1960), such that

SIi ¼ ∑12
j¼1

Xij−Xi j
12Xi ;

���� (1)

PCIi ¼ 100×∑12
j¼1

X2
ij

∑12
j¼1Xij

� �2
2
64

3
75; (2)

MFIi ¼ ∑12
j¼1

X2
ij

∑12
j¼1Xij

 !
; (3)
rea

PET (mm/year) Runoff coefficient (%) CV (−)

1,620 32 0.16

1,605 28 0.16

1,558 35 0.13

1,535 31 0.19

ion.

http://www.ana.gov.br/
http://www.cemaden.gov.br/
http://www.ons.org.br/
http://www.ons.org.br/
http://www.inmet.gov.br/
http://www.sabesp.com.br/
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where X is the mean daily precipitation; the subscripts i and j are

the year and month of the examined precipitation; and Xi is the

mean value over the year i.

The intra‐annual and interannual variability of rainfall was evalu-

ated by the coefficient of variation (CV; Dingman, 2015), defined as

CVi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

12−1
∑12
j¼1

Xij−Xi Þ2
Xi ;

 vuut (4)

CV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n−1
∑n
i¼1

Xi−XÞ2
X;

 vuut (5)

where CVi is the intra‐annual variability of the year i, CV is the interan-

nual variability over the n years, and X is the mean daily precipitation

over the n years.

A year was considered seasonal if there was a dry season, and

markedly seasonal when there was a long dry season (Table S3). Sea-

sonal years were defined to have SI in the range of 0.60–0.79, PCI of

15–20, and CV of 0.80–0.99; markedly seasonal years have SI in the

range of 0.80–0.99, PCI of 20–50, and CV of 1.00–1.19. Rainfall ero-

sivity was considered high if MFI was in the range of 120–160 and

very high when MFI was larger than 160. Larger CV, SI, PCI, and

MFI indicate larger rainfall variability. CV expresses the extent of var-

iability in relation to the mean. SI, PCI, and MFI measure the distance

of observed rainfall from uniform distribution. MFI evaluates the

effect of erosion by rainwater: Higher (lower) values indicate larger

(smaller) rainfall erosivity.

2.3.2 | Seasonal calibration of the PDM‐CEMADEN
model

According to Moore (2007), Cabus (2008), and Vleeschouwer and

Pauwels (2013), the calibration parameters of PDM‐CEMADEN were

selected as follows: maximum (cmax) and minimum (cmin) soil moisture

storage capacity, exponent of Pareto distribution controlling spatial

variability of storage capacity (b), and time constants of groundwater

recharge (kg), baseflow (kb), and two linear reservoirs (k1 and k2). Other

parameters were set as follows: Exponent of the AET function (be) was

set to 1, exponent of the recharge function (bg) was 1, and exponent

of the baseflow non‐linear storage (m) was 3; soil tension storage

capacity (St) was set to 0.45 times total available storage Smax, initial
TABLE 3 Parameter settings of the PDM‐CEMADEN hydrological simula

Parametersa Cmax (mm) Cmin (mm) b (−)

Cantareira Max 200 60 0.10
Min 2,700 170 1.50

Emborcação Max 200 60 0.10
Min 2,700 170 1.50

Três Marias Max 200 60 0.10
Min 2,700 170 1.50

Furnas Max 200 60 0.10
Min 2,700 170 1.50

Mascarenhas Max 200 60 0.10
Min 2,700 170 2.00

Note. Max = maximum; Min = minimum.
aThese parameter ranges apply to both seasonal and traditional calibrations.
soil moisture storage (S(t)ini) was set to 1.25 times St, and initial

groundwater storage (Sg(t)ini) was set to 6.0 mm; constant of flow addi-

tion (qc) was set to 0 m3/s.

The indicators SI, PCI, MFI, and CV were not used for the defini-

tion of wet and dry seasons because they only reflect the seasonality

of rainfall and so do not include the influences of soil and other cli-

matic conditions of a catchment. Like Muleta (2012), this study used

a monthly runoff coefficient to separate wet and dry seasons. The run-

off coefficient was defined as the ratio of total runoff at the basin out-

let to the total rainfall. For each month, the ratio to mean of the runoff

coefficient was derived from the ratio of the climatological mean of

runoff coefficient over the month to that over the entire year. A year

was divided into wet, dry, and transitional seasons, which had the ratio

to mean values of >1.0, <1.0, and ~1.0, respectively. Different model

parameter settings were assumed for each season, and they changed

linearly from one to another season. Table 3 displays the parameter

ranges for the five basins. The nondominated sorting genetic algo-

rithm II method (Deb et al., 2002) with the configuration recom-

mended by Zhang et al. (2016) was applied for automatic calibration

of PDM‐CEMADEN; and the package “DEAP 1.1.0” written in the

Python programming language (http://deap.gel.ulaval.ca/doc/dev/)

was used to implement the optimization. Each optimization was

repeated 30 times to consider the random seed effects. The automatic

calibration intended to maximize both the Nash–Sutcliffe efficiency

(NSE; Nash & Sutcliffe, 1970) and the logarithmic transform (NSElog;

Krause, Boyle, & Bäse, 2005) for wet, dry, and transitional seasons,

defined as

NSE ¼ 1−
∑n
i¼1 Qo ið Þ−Qs ið Þ½ �2

∑
n

i¼1
Qo ið Þ−Qo �2;
h (6)

NSElog ¼ 1−
∑n
i¼1 log10 Qo ið Þð Þ− log10 Qs ið Þð Þ½ �2

∑n
i¼1 log10 Qo ið Þð Þ− log10 Qo Þ

� 	2
;

h (7)

where Qo and Qs represent the observed and simulated daily

mean discharges at basin outlet, respectively; n is the number of days;

and Qo is the mean observed daily discharge. According to Moriasi

et al. (2007), model performances can be judged as very good if both

NSE and NSElog are in the range of 0.75–1.00, good if the values

are in 0.65–0.75, and satisfactory if they are in 0.50–0.65.
tions

kg (days) kb (days·m2) k1 (days) k2 (days)

100 1,000 0.01 0.01
1,000 5,000 5.00 5.00

100 1,000 1.00 1.00
1,000 5,000 30.00 30.00

100 1,000 1.00 1.00
1,000 5,000 30.00 30.00

100 1,000 1.00 1.00
1,000 5,000 30.00 30.00

100 1,000 1.00 1.00
1,000 5,000 50.00 50.00

http://deap.gel.ulaval.ca/doc/dev/
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For Cantareira, PDM‐CEMADEN was calibrated for the period

from October 1, 2005, to September 30, 2010, and validated from

October 1, 2010, to January 20, 2016. For Emborcação, Três Marias,

Furnas, and Mascarenhas, the validation period was split into two, in

which the second period represents a dry period, to test the capacity

of PDM‐CEMADEN in reproducing hydrological processes under such

conditions. The calibration was from October 1, 1984, to September

30, 2001, for Emborcação, Três Marias, and Furnas and from October

1, 1986, to September 30, 2001 for Mascarenhas; the validation was

from October 1, 2001, to September 30, 2010, and then from October

1, 2010, to the end of data availability.
3 | RESULTS AND DISCUSSION

3.1 | Hydrological seasonality of southeastern Brazil

We found distinct seasonality in rainfall, runoff, and runoff coefficient

for the study area under mean climate of 1985–2015 (Figures 2 and

S4). The mean rainfall divides a year into four parts: (a) January and
FIGURE 2 Plots of annual cycles of (a) mean daily rainfall DP and (b) runo
monthly ratio to mean of daily rainfall DPR, runoff DQR, runoff coefficien
the boxplots show the monthly variation of DP and DQ during the period
or DQM) over the month; and the bold grey line shows the climatological
and upper whiskers represent the 5th and 95th percentiles, and the bottom
The line inside the boxplot shows the 50th percentile. In plot (c), the ratio to
mean of daily value over the month to that over the entire year
December; (b) February, March, and November; (c) October; and (d)

April to September. And each division has respective monthly rainfall

of ~2.5, ~1.5, ~0.8, and ~0.3 times the mean climatological annual

total. Monthly runoff has a similar pattern of variation as rainfall but

with a lag of 1 month. The mean runoff partitions a year into three

parts: (a) January, February, March, and December; (b) April and

November; and (c) May to October. And each division has a respective

monthly runoff of ~2.0, ~1.0, and ~0.5 times the mean climatological

annual total. Compared with rainfall and runoff, monthly PET varies

moderately, in the range of 0.7–1.2 times the climatological mean,

throughout a year. On the basis of the runoff coefficient values, we

divided a year into (a) October to February as the wet period, (b)

March and September as the transitional period, and (c) April to

August as the dry period, for hydrological simulations using the

PDM‐CEMADEN model.

We classified the study area as seasonal in normal years and

highly seasonal in occasional years. The SI mainly varies in the range

of 0.6–0.8 and sometimes between 0.8 and 1.0 (Figure 3a), which indi-

cates the precipitation regime is mainly seasonal and sometimes mark-

edly seasonal with a long dry season according to Walsh and Lawler
ff DQ for theTrês Marias basin; plot (c) represents the river regime by
t (DQ/DP) R, and potential evapotranspiration DPETR. In plots (a)–(b),
1985–2015; the bold black line displays the climatological mean (DPM
mean over the entire year (DPA or DQA). For each boxplot, the lower
and top of the box display the 25th and 75th percentiles, respectively.
mean for a specified month is defined as the ratio of the climatological



FIGURE 3 Plots of the (a) seasonality index (SI), (b) precipitation concentration index (PCI), (c) modified Fournier index (MFI), and (d) coefficient
of variation (CV) during the period 1983–2015
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(1981; Table S3a). The PCI mostly varies in the range of 15–20 and

occasionally between 10 and 15 (Figure 3b), which means that the

precipitation concentration is mostly seasonal and occasionally

moderately seasonal according to Oliver (1980; Table S3b). The MFI

mainly varies between 160 and 260 except for the years 1990 and

2014 (Figure 3c).

Overall, the intra‐annual variability of hydrological variables is

larger than the interannual variability, and seasonality of the five study

basins is characteristic of a Mediterranean climate. The CV is of ~0.8–

1.1 (Figure 3d and Table S4) and ~0.16 (Table 2) for intra‐annual and

interannual rainfall variability, respectively. On the basis of the data

from land gauge precipitation records of the Global Historical Clima-

tology Network, Version 2, and reanalysis, Fatichi, Ivanov, and

Caporali (2012) found that CV ranges from 0.1 to 0.6 for interannual

variability of precipitation at global scale, and it is ~0.1, which is rela-

tively small, for southeastern Brazil. For the monthly climatological

rainfall, for Cantareira, Emborcação, Três Marias, Furnas and

Mascarenhas, respectively, the SI is ~0.5, ~0.7, ~0.7, ~0.6, and ~0.6;

the PCI is 11.3, 14.1, 14.3, 13.0, and 14.2; and the MFI is 173.9,

202.0, 192.5, 185.1, and 168.3. These values are comparable or higher

than those obtained by García‐Marín, Ayuso‐Mu oz, Cantero, and

Ayuso‐Ruiz (2017) for western Andalusia, which is in a Mediterranean

climate region with a high potential risk of soil erosion by rainfall, dur-

ing the period 1945–2005. The SI of the study area is comparable with

that of western Andalusia (~0.3–0.8, Figure 5b in García‐Marín et al.,
2017); the PCI is larger than most parts of western Andalusia

(~10.0–14.0, Figure 7b in García‐Marín et al., 2017); and the MFI is

larger than that of western Andalusia (~60~160, Figure 10b in

García‐Marín et al., 2017). Due to the characteristics of the precipita-

tion being seasonal and with large totals, southeastern Brazil, com-

pared with other regions of the world, has a large rainfall erosivity

(Table S3c). Nevertheless, the erosivity is much smaller than that of

the Amazon region (Figure 2b in da Silva, 2004). The larger intra‐

annual variability, compared with the interannual variability, justifies

the partition of the study period into wet, dry, and transitional seasons

according to the monthly runoff coefficient values. The seasonality is

similar among the basins, although Furnas and Cantareira have a

smaller seasonality than the others. Therefore, we used the same divi-

sion of seasons for hydrological simulation of the five basins. The clas-

sification methodology is in accordance with Muleta (2012).
3.2 | Calibration and validation

Considering different parameter setting for each season, the PDM‐

CEMADEN model was successfully calibrated and validated for the

five study basins. This is demonstrated in Figure 4 by performance

indicators NSE and NSElog for the nondominated solutions, which

were obtained by the optimization process of the model calibration.

The nondominated solutions are equally good; neither NSE nor

NSElog can be improved in value without degrading the other



FIGURE 4 (a)–(l) Plots of PDM‐CEMADEN performance for simulating the daily mean discharges at outlets of the Cantareira (CT), Emborcação
(EB), Três Marias (TM), Furnas (FN), and Mascarenhas (MC) basins. T and S represent traditional and seasonal calibration of the PDM‐CEMADEN
model. NSE and NSElog represent Nash–Sutcliffe efficiency and logarithmic Nash–Sutcliffe efficiency. The wet season is October to February; the
dry season is April to August; the transitional season is March and September. (f) The small window zooms in on the performance points located
outside the plot window
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objective value. Solutions, which are located at the upper and right

parts of each plot, are the preferable ones. For the calibration period

(Figure 4a, d, g, and j), the results for the seasonal calibration of the

PDM‐CEMADEN model are very good for all the five basins. The

nondominated solutions reproduced daily mean discharges at the

basin outlet not only during the wet, dry, and transitional seasons sep-

arately but also during the whole period. For the whole calibration

period, NSE and NSElog of the optimal solutions are ~0.92 and

~0.92 for Furnas, ~0.90 and ~0.90 for Três Marias, ~0.87 and ~0.86

for Mascarenhas, ~0.83 and ~0.83 for Emborcação, and ~0.78 and

~0.82 for Cantareira, respectively. For the validation period 2001–

2010 (Figure 4b, e, h, and k), the results for the seasonal calibration

are very good for Furnas, Três Marias, Mascarenhas, and Emborcação.

For the whole validation period 2001–2010, NSE and NSElog of the
optimal solutions are ~0.87 and ~0.87 for Furnas, ~0.84 and ~0.90

for Três Marias, ~0.85 and ~0.83 for Mascarenhas, and ~0.87 and

~0.90 for Emborcação, respectively. For the validation period 2010–

2015 (Figure 4c, f, i, and l), the results for the seasonal calibration

are very good for Furnas, Três Marias, and Emborcação; good for

Cantareira; and satisfactory for Mascarenhas. For the whole validation

period 2010–2015, NSE and NSElog of the optimal solutions are

~0.93 and ~0.90 for Furnas, ~0.88 and ~0.87 for Três Marias, ~0.85

and ~0.81 for Emborcação, ~0.80 and ~0.70 for Cantareira, and

~0.66 and ~0.68 for Mascarenhas, respectively.

The season‐based PDM‐CEMADEN model was capable of repro-

ducing hydrological processes under both wet and dry conditions,

which is demonstrated by the very good model performances for

Furnas and Três Marias during the calibration and validation periods
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(Figure 4). Overall, for the five study basins, PDM‐CEMADEN per-

formed better for the wet season than for the dry season; and for both

wet and dry seasons, the performances for high flows are better than

those for low flows. The model performed less well for Emborcação,

Cantareira, and Mascarenhas, compared with Furnas and Três Marias,

and the performance differences are larger for the dry period from

2010 to 2015. Throughout the full period 2010–2015, PDM‐

CEMADEN performed less well in reproducing low flows at the outlet

of Cantareira; during the dry season of 2010–2015, the model per-

formed less well for Emborcação and Mascarenhas. This may be a

result of a problem with PET estimates from the three basins. Due

to a lack of data availability, the daily PET of Cantareira was derived

from nearby meteorological stations located outside the drainage area,

which has inevitably caused uncertainties in the estimation of daily

AET; for Emborcação and Mascarenhas, the data quality problem

may be associated with the sparse location of the climatological sta-

tions. During the dry period or particularly low flow period, the uncer-

tainties of PET may be a dominant cause of the modelling errors

because AET is the main water flux in the daily water balance (Samain

& Pauwels, 2013).

The successful calibration and validation of PDM‐CEMADEN is

also indicated in Figures 5, 6, S5, and S6 by displaying the capacity

of the selected optimal solution in reproducing annual, seasonal, daily,

and monthly mean discharges at the basin outlet. For the whole of the

calibration period, NSE and NSElog values are 0.79 and 0.81 for

Cantareira, 0.81 and 0.83 for Emborcação, 0.90 and 0.89 for Três

Marias, 0.92 and 0.93 for Furnas, and 0.85 and 0.86 for Mascarenhas

(Tables 4 and 5), respectively. The selected optimal solutions have

reproduced well the annual (Figure 5a), seasonal (Figure 5b), daily (Fig-

ures 6 and S5), and monthly (Figure S6) discharges at the outlets of the

five study basins, for both the calibration and validation periods. Over-

all, the model performances are considered very satisfactory according

to Moriasi et al. (2007). At the annual scale, errors of the simulated

runoff, at interquartile ranges and a probability level between 5%
FIGURE 5 Plots for evaluating the PDM‐CEMADEN performance in re
comparisons between the observed (Qobs) and simulated (Qsim) daily mea
the simulated discharges during the wet, dry, and transitional (TST) season
and 95%, are in the ranges of approximately −10% to 15% and approx-

imately −22% to 30%, respectively; during the wet season, the errors

are in the ranges of approximately −12% to 18% and approximately

−25% to 25%, respectively; during the dry season, they are in the

respective ranges of approximately −11% to 22% and approximately

−20% to 39%; and during the transitional season, they are in the

respective ranges of approximately −21% to 14% and approximately

−24% to 42%. Extreme errors in the simulated runoff are mainly in

years with less precipitation (Figure 5b). The error of simulated annual

runoff for the hydrological year 2013/2014 for Cantareira, Três

Marias, and Furnas is approximately −21%, ~22%, and ~22%, respec-

tively; the error for 1986/1987 and 1994/1995 for Emborcação is

~30% and approximately −28%, respectively; the error for 2014/

2015 for Mascarenhas is ~46%. As displayed in Figure 4, the model

performed less well in the simulation of the dry or low flow period.

This is evident for Cantareira (Figures S5(1) b and S6(1)b), Emborcação

(Figures S5(2) a, c, and S6(2) a, c) and Mascarenhas (Figures S5(4)b–c

and S6(5)b–c) by comparing the observed and simulated discharges.

In addition, underestimations of peak discharges are also identified

(Figures 6 and S5), which are particularly obvious for Três Marias

(Figure 6b) and Mascarenhas (Figure S5(4)a–c). Further studies are

required for clarification.
3.3 | Seasonal versus traditional calibration

To illustrate the effect of seasonal calibration, PDM‐CEMADEN was

also calibrated considering a unique set of parameters throughout

the simulation period (traditional calibration). The nondominated solu-

tions from the seasonal and traditional calibrations were compared in

terms of performance indicators NSE and NSElog (Figure 4). The

selected optimal solutions for the two calibrations were also compared

in terms of reproducing monthly and daily mean discharges at basin

outlet (Figures 6 and S5–S8). We found that, in general, the seasonal

calibration produced better results than did the traditional calibration
producing annual and seasonal runoffs: (a) Scatter plot showing the
n discharges at basins outlet; (b) boxplots showing errors (Qerr) of
s and the entire year



FIGURE 6 Plots for comparison of the simulated and observed daily discharges for theTrês Marias basin (seasonal calibration) during the periods
(a) from October 1, 1984, to September 30, 2001; (b) from October 1, 1988, to September 30, 1992; (c) from October 1, 2001, to September 30,

2010; and (d) from October 1, 2010, to October 12, 2016. (b) A zoomed‐in hydrograph of (a)

TABLE 4 Optimal parameter settings of the PDM‐CEMADEN hydrological simulations (seasonal calibration)

Parametersa Cmax (mm) Cmin (mm) b (−) kg (days) kb (days·m2) k1 (days) k2 (days)

Cantareira Wet 1,784.5 85.5 0.27 342.3 1,202.3 0.01 3.18
Dry 1,541.0 169.7 0.17 428.6 1,042.5 0.01 2.44

Emborcação Wet 2,168.3 169.7 0.30 428.3 4,871.7 1.01 6.72
Dry 2,117.6 168.1 0.29 528.2 4,937.1 1.00 9.95

Três Marias Wet 1,548.4 168.3 0.34 731.4 4,912.3 1.00 9.13
Dry 1,434.6 169.8 0.22 739.3 4,660.1 1.00 11.28

Furnas Wet 2,028.1 170.0 0.57 423.6 4,703.0 1.80 7.12
Dry 1,431.2 169.3 0.23 479.8 4,980.6 1.02 8.93

Mascarenhas Wet 2,699.6 165.6 0.34 573.6 4,197.1 1.50 5.27
Dry 2,637.7 161.6 0.31 676.6 4,994.0 1.27 7.30

Note.
aThe wet and dry periods are defined on the basis of their runoff coefficients; the wet season is October to February; and the dry season is April to August.
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for the wet, dry, transitional, and whole periods of both calibration and

validation periods. The performance differences are mainly in NSE for

the wet period, and NSE and NSElog for the dry period. This means

that the seasonal calibration has improved model performance in high

flow simulation for the wet period, and both high and low flow simu-

lation for the dry period. The results indicate that seasonally depen-

dent parameter settings can be used in PDM rainfall–runoff

modelling for the simulation of hydrological processes during different

seasons. Together with input variables of rainfall and PET, seasonally

dependent parameter settings are used to capture the seasonal
behaviours in a more realistic way. Their use reproduces the influ-

ences of seasonality on physical processes such as infiltration, surface

water flow, subsurface water flow, and baseflow. This is not the case

for the use of seasonally independent parameter setting by traditional

calibration, as only the input variables are used to consider the sea-

sonal behaviours. The use of seasonally independent parameter set-

tings may produce inaccurate or erroneous soil moisture conditions

and runoff as initial conditions of a hydrological forecast or prediction.

Therefore, seasonal calibration provides a better preparation of the

PDM than does traditional calibration for the purpose of hydrological



TABLE 5 Performance of the optimal PDM‐CEMADEN hydrological simulations

Performance indicatorsa,b CT EB TM FN MC

Calibration NSEWET 0.76 0.85 0.90 0.92 0.86
NSElogWET 0.83 0.86 0.90 0.94 0.88
NSEDRY 0.81 0.78 0.89 0.92 0.85
NSElogDRY 0.78 0.80 0.87 0.92 0.82
NSETST 0.80 0.78 0.90 0.92 0.86
NSElogTST 0.87 0.86 0.93 0.95 0.89
NSEWHOLE 0.79 0.81 0.90 0.92 0.85
NSElogWHOLE 0.81 0.83 0.89 0.93 0.86

Validation1 NSEWET 0.87 0.85 0.89 0.85
NSElogWET 0.90 0.92 0.90 0.85
NSEDRY 0.88 0.81 0.85 0.83
NSElogDRY 0.88 0.88 0.84 0.79
NSETST 0.86 0.83 0.87 0.91
NSElogTST 0.92 0.94 0.93 0.90
NSEWHOLE 0.87 0.83 0.87 0.85
NSElogWHOLE 0.90 0.90 0.88 0.83

Validation2 NSEWET 0.84 0.89 0.91 0.95 0.87
NSElogWET 0.67 0.81 0.86 0.92 0.81
NSEDRY 0.79 0.77 0.86 0.90 0.40
NSElogDRY 0.69 0.75 0.87 0.88 0.51
NSETST 0.72 0.96 0.90 0.96 0.78
NSElogTST 0.64 0.95 0.91 0.92 0.76
NSEWHOLE 0.80 0.85 0.89 0.93 0.66
NSElogWHOLE 0.67 0.81 0.87 0.90 0.68

Note.
aThe performance indicators were calculated from comparisons between observed and simulated daily discharges at the outlet of the Cantareira (CT),
Emborcação (EB), Três Marias (TM), Furnas (FN), and Mascarenhas (MC) basins.
bNSE is the Nash–Sutcliffe efficiency and NSElog is the logarithmic Nash–Sutcliffe efficiency. The subscripts WET, DRY, TST, and WHOLE mean that the
evaluation of performance indicators are carried out only for the wet, dry, transitional, and whole periods, respectively. The definitions of wet, dry, and
transitional periods can be found in Figure 4, and the calibration and validation periods can be found in Section 2.3.
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forecasting and prediction. The added complexity of seasonal calibra-

tion relative to traditional calibration is well justified. Also, the division

of seasons by the mean climatological monthly runoff coefficient

makes possible the consideration of the overall influence from a com-

bination of factors, such as soil, land cover, elevation, and mean clima-

tological condition, on rainfall–runoff processes. The seasonal

calibration of this study is the first attempt at capturing seasonal

behaviours of hydrological process using seasonally dependent PDM

parameters. Due to the data availability, seasonal changes in land

use and vegetation were not explicitly included in the PDM hydrolog-

ical simulation. And the AET estimation was simplified by using the

same linear relation between AET/PET and soil moisture deficit for

different seasons. Therefore, further improvements may be expected

by taking a better account of evapotranspiration, considering its

importance in the water balance of humid regions (Samain & Pauwels,

2013). For example, different relations between AET/PET and soil

moisture deficit can be assigned by using different values of be, for dif-

ferent seasons; and seasonal changes in land use and vegetation can

be included, in form of the leaf area index (LAI), in the rainfall–runoff

modelling. Further investigations are required for clarifying how sea-

sonal changes in land use and vegetation impact evapotranspiration

as a function of weather variables and soil moisture (Brown, Zhang,

McMahon, Western, & Vertessy, 2005).
3.4 | Model parameter analysis

The calibrated parameter settings are shown inTable 4 for the wet and

dry seasons of the five basins. The parameters cmax, b, kg, and k2 are
seasonally different, although the differences vary among basins.

Except for the value of k2 in the Cantareira basin, the cmax and b (kg

and k2) values during the wet season are larger (smaller) than those

during the dry season. This means that during the wet season, the

basin has a larger capacity and variation of soil water storage, larger

soil water conductivity, and quicker surface water flow. During the

wet season, rainfalls generally have larger amounts, higher intensity,

longer duration, and higher frequency, which facilitate the occurrences

of wetter soil moisture conditions, higher depth of surface water flow,

and consequently larger soil water conductivity and quicker surface

water flow; and the spatial heterogeneity in soil property, land cover,

elevation, and climate promotes the larger variation of soil water stor-

age. In addition, land cover in the wet season has a different LAI rela-

tive to dry season, which further influences the effective rainfall,

infiltration rate, and soil water storage. Model parameters of different

seasons may be different in order to produce the appropriate nonsta-

tionary climate and land use conditions. Comparing the seasonal dif-

ference of parameters among basins, we found that the differences

of cmax and b(kg) are smaller for Emborcação and Mascarenhas (Três

Marias). The differences of k2 for Cantareira from the others may be

explained by the parameter adjustment resulting from the deficiencies

of rainfall and PET input. The seasonal calibration parameters (Table 4)

are consistent or comparable with those obtained from previous stud-

ies. Cabus (2008) configured PDM for the 443.5‐km2 Grote Nete

catchment with cmax, cmin, b, kg, kb, k1, and k2 of 1,000 mm, 70 mm,

0.75, 366.7 days, 2,400 days·mm2, 0.58 days, and 1.67 days, respec-

tively; Samain and Pauwels (2013) set PDM for the 88.4‐km2

Bellebeek catchment with cmax, cmin, b, kg, kb, k1, and k2 of 400 mm,



2228 ZHANG ET AL.
0 mm, 0.3, 215.6 days, 1.3 days·mm2, 0.17 days, and 0.42 days,

respectively. This study obtained seasonal cmax in the range of

1,431.2–2,699.6 mm for the five basins with areas in the range of

2,279–71,649 km2. The larger soil moisture storage capacities than

those of Grote Nete and Bellebeek may be explained by the larger

area and different properties of soil and land use of the five basins.

Grote Nete is characterized by sandy soil, which holds less water than

other soil textures. The study area is dominated by soil types (for

example, Oxisol) with substantial clay content, which can hold large

soil water content even at wilting point (Tomasella, Hodnett, &

Rossato, 2000). Bellebeek land use is dominated by agriculture (64%)

and pasture (23%), whereas the five study basins are dominated by

pasture (~40%), agriculture (~25%), and forest (~10%). The land use

of Bellebeek may enable less field capacity than that of the study

basins. The seasonal kg is in the range of 342.3–739.3 days, which is

comparable with that of Grote Nete and Bellebeek. For the Pareto dis-

tribution of storage capacity, the total storage capacity of the basin,

Smax = (bcmin + cmax)/(b + 1), is in the range of 1,195.2–2,056.6 mm

for the study basins, which is larger than that of Grote Nete

(611 mm) and Bellebeek (308 mm). The seasonal k2 of the study basins

is in the range of 2.44–11.28 days, which is larger than that of Grote

Nete and Bellebeek due to their larger runoff volume. For each basin,

the parameters obtained from traditional calibration (Table S5) are

located near or inside the ranges defined by the calibrated values for

the wet and dry seasons. It implies that the traditional calibration

results in parameters with values compromised to the varying season-

ality. For example, cmax is 1,603.1 mm for the traditional calibration of

Furnas, which is inside the range 1,431.2–2,028.1 mm, defined by the

calibrated cmax for wet and dry seasons; kb is 5,000 days·mm2 for the

traditional calibration of Furnas, and is near the range 4,703.0–

4,980.6 days·mm2, defined by the seasonal calibration. Furthermore,

the total available storage (Smax) changes from 1,195.2 to

2,056.6 mm across the five basins and with season, which is compara-

ble with 1,213.8 to 2,043.1 mm without seasons.
3.5 | PDM‐CEMADEN and basin scales

This study applied the seasonal PDM‐CEMADEN model to basins with

areas up to 71,649 km2, which is larger than previous PDM hydrolog-

ical simulations (up to ~3,500 km2) by Cabus (2008), Vleeschouwer

and Pauwels (2013), and Bennett, Robertson, Ward, Hapuarachchi,

and Wang (2016). In general, we found satisfactory results (Figures 4–

6 and Table 5) for PDM‐CEMADEN in reproducing hydrological pro-

cesses of the study area, which confirms its potential use in hydrolog-

ical forecasting and prediction for middle‐ and large‐sized basins. We

found different model performances for the five basins, of which the

rank from high to low is Furnas, Três Marias, Emborcação, Cantareira,

and Mascarenhas. Although there are scale differences among the

study basins, conclusions about the relationship between model per-

formance and basin scale cannot be established. It is not only due to

the small number of samples but also because of the differences in

the quality of input data. The PDM‐CEMADEN simulations obtained

better model performances for basins with better input data. For

example, among the study basins, there are large differences in spatial

heterogeneity of rain gauges and climatological stations' distribution.
The rain gauge distribution is not dense enough, particularly for

Cantareira and Emborcação. Likewise, the climatological station distri-

bution is not dense enough, particularly for Cantareira, Emborcação,

and Mascarenhas. Overall, Furnas and Três Marias have better spatial

distribution of rain gauges and climatological stations. Their better

model performances have demonstrated the capacity of PDM‐

CEMADEN in reproducing seasonal hydrological processes in large‐

sized basins.
4 | CONCLUSIONS

This research made the first attempt at configuring different parame-

ter settings of the PDM‐CEMADEN model (Cuartas, 2008) for simulat-

ing different hydrological processes during wet and dry seasons.

Considering the parameters cmax, cmin, b, kg, kb, k1, and k2 as seasonally

dependent, the model successfully reproduced the intra‐annual and

interannual hydrological variability during the period 1985–2015 for

five basins in southeastern Brazil with sizes up to ~70,000 km2. The

performances are very satisfactory not only during the wet, dry, and

transitional seasons separately but also during the whole period. Over-

all, they are better for the wet season than for the dry season; and for

both wet and dry seasons, the performances for high flows are better

than those for low flows. The low performance for the dry season and

low flows may be a result of data input quality problems with PET and

the use of an inaccurate be value in AET estimation. The season‐based

PDM‐CEMADEN model performed best for the Furnas basin

(~50,000 km2) where the input data of precipitation and PET are of

the best quality.

Compared with the traditional PDM‐CEMADEN model, the sea-

son‐based model obtained better performance, because along with

input variables of rainfall and PET, the seasonally dependent parame-

ter sets enabled the model to capture seasonal behaviours of the

hydrological process in a more realistic way. The use of seasonal

parameters considered the influence of seasonality on a simplified

model structure and physical processes such as infiltration, surface

water flow, subsurface water flow, and baseflow. This made possible

a better reproduction of soil moisture condition and runoff as initial

conditions of a hydrological forecast or prediction. Therefore, sea-

son‐based PDM‐CEMADEN is better than the traditional model for

the purpose of hydrological forecasting and prediction. An effective

and efficient hydrological forecasting and prediction is highly impor-

tant for optimal decision making by stakeholders. For example, the

PDM‐CEMADEN model was applied weekly for hydrological predic-

tion of the Cantareira reservoir system from the water crisis in 2014

to the recovery of dead volume at the end of 2015 (Figure S9). Con-

sequently, the added complexity of the season‐based PDM‐

CEMADEN relative to the traditional model is well justified.

This study identified a distinct seasonal difference in calibration

parameters of the season‐based PDM‐CEMADEN, although the dif-

ference varied among the study basins. During the wet season, the

study basins have a larger capacity and variation of soil water storage,

larger soil water conductivity, and quicker surface water flow than

those during the dry season. The seasonality is evident in the larger

values of the cmax and b parameters, and smaller values of the kg and
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k2 parameters, for the wet season. Seasonal differences in climate, soil,

land use, vegetation, and simplified model structure are the main con-

ceptual/physical reasons for the routing parameters being seasonally

dependent. The season‐based PDM‐CEMADEN parameters are com-

parable with the previous PDM hydrological simulations from Cabus

(2008) and Samain and Pauwels (2013). However, compared with sea-

son‐based PDM‐CEMADEN, the traditional model obtained parame-

ters with values compromised to the varying seasonality.

Further research should be dedicated to producing a better estima-

tion of the AET for an improved season‐based PDM‐CEMADEN simu-

lation. Seasonal calibration should consider different relations between

AET/PET and soil moisture deficit through the use of different values of

be for different seasons. If available, the LAI should be included in the

rainfall–runoff modelling to consider the effects of seasonal changes

in land use and vegetation. The model is to be tested in other Brazilian

basins under different conditions of climatology, land use, soil, geology,

and size. Then, regionalization of the derived parameters makes possi-

ble its application to ungauged basins (McIntyre et al., 2005;

Vleeschouwer & Pauwels, 2013). For the ungauged river flow forecast-

ing problem, the PDM principles can be used in its grid‐based formula-

tion and strong spatial data support on terrain, land cover, soil, and

geology properties to shape the flood response everywhere across a

catchment or countrywide model domain (Cole &Moore, 2009; Moore,

Cole, Bell, & Jones, 2006). Finally, data assimilation promotes its appli-

cation for real‐time runoff forecasting and medium‐term runoff predic-

tion of all Brazilian basins (Alvarez‐Garreton, Ryu, Western, Crow, &

Robertson, 2014), which facilitates stakeholder decision making for

both water resource management and natural disaster prevention.
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