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Keywords: Study region: South America large basins (>5000 km?)
Seasonal streamflow forecast Study focus: This work represents a first assessment of seasonal streamflow forecasts in South

Bias correction

America based on a continental-scale application of a large scale hydrologic-hydrodynamic model
South America

and ECMWF’s seasonal forecasting system precipitation forecasts (SEAS5-SSF) with bias correc-
tion. Seasonal streamflow forecasts were evaluated against a reference model run. Forecast skill
was estimated relative to the Ensemble Streamflow Prediction (ESP) method.

New hydrological insights: We observed that bias correction was essential to obtain positive skill of
SEAS5-SSF over ESP, which remained a hard to beat benchmark, especially in regions with high
seasonality, and highly dependent on initial conditions. SEAS5-SSF skill was found to be
dependent on initialization month, basin and lead time. Rivers where the skill is higher were
Amazon, Araguaia, Tocantins and Parana.

1. Introduction

Seasonal streamflow forecasts (SSF) provide estimates of river discharges up to 6-9 months in advance. This information finds
special demand where long term hydrological planning plays an important role. For instance, it can be used to improve the efficiency of
reservoir operation (Lee et al., 2020; Penuela et al., 2020), to help water allocation decisions (Chiew et al., 2003; Crochemore et al.,
2021; Kaune et al., 2020), to create flood mitigation strategies (Kompor et al., 2020; Paiva et al., 2013) and as a drought management
tool (Carrao et al., 2018; Sutanto et al., 2020).

A Hydrological Ensemble Prediction Systems (H-EPS) is considered the state of the art of rivers streamflow prediction (Troin et al.,
2021). It typically combines hydrological models with ensemble Quantitative Precipitation Forecasts (QPF), resulting in probabilistic
estimates of future streamflow (Cloke and Pappenberger, 2009), and the QPF are the source of information on the future water input.
This method has been widely used in different works (Buizza et al., 2005; De Paiva et al., 2020; Delorit et al., 2017; Demirel et al.,
2015; Hersbach, 2000; Van Dijk et al., 2013; Van Hateren et al., 2019).
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In the seasonal hydrological prediction scale, the traditional approach known as Ensemble Streamflow Prediction (ESP) produces
ensemble forecasts by using a hydrological model with appropriated initial conditions forced with future precipitation scenarios
resampled from historical observations (Day, 1985). In other words, the method project historical observation into the seasonal future
as the ensemble precipitation forecasts, resulting in a tough to beat streamflow forecast benchmark (Harrigan et al., 2018; Penuela
et al., 2020), therefore being an adequate comparison to evaluate forecasts skill (Pappenberger et al., 2015; Yuan, 2016; Yuan et al.,
2015).

One of the major sources of streamflow forecasts predictability is the rainfall forecast. This is especially true for tropical regions,
where the snowfall plays a less important role (Fan et al., 2015). However, rainfall forecasts are strongly dependent on its initial
conditions due to the chaotic nature of the atmosphere (Lorenz, 1993), turning precipitation forecasts also a major source of SSF
uncertainty. The use of ensembles instead of deterministic precipitation data was one of the advances developed to quantify uncer-
tainty of the forecast (Buizza et al., 2005; WMO, 2008), besides the forecasts remaining systematic errors inherited from the mete-
orological model (Crochemore et al., 2016; Pechlivanidis et al., 2020).

In addition to Lorenz, Shukla (1998) observed that rainfall and tropical atmosphere large scale seasonal circulation are almost
completely determined by the sea surface temperature (SST) conditions. Therefore, the precipitation could be better predicted not only
considering the atmospheric initial conditions that produce useful forecasts up to 1 month, but also considering SST as a determining
factor. This observation influenced meteorological centers to invest in improving the ability of models to predict large-scale climate
phenomena, such as the El Nino Southern Oscillation (ENSO), a phenomenon featured by SST anomalies and one of the major sources
of seasonal predictability in South America (Weisheimer et al., 2020). In 2019, ECMWF published the ECMWF fifth generation seasonal
forecasting system (SEAS5) (Johnson et al., 2019a). ECMWF is among the best models capable of predicting ENSO phenomena
(Barnston et al., 2012; Johnson et al., 2019a), and with both retrospective and operational forecasts available. SEAS5 data were found
to have significant biases (Gubler et al., 2020; Wang et al., 2019) and the use of raw data is not encouraged (Wang et al., 2019).

One can find in the literature various works that investigate monthly to seasonal streamflow forecasts at basin scales (Collischonn
et al., 2005; De Paiva et al., 2020; Delorit et al., 2017; Demirel et al., 2015; Kompor et al., 2020; Mahanama et al., 2012; Penuela et al.,
2020; Tucci et al., 2003; Van Hateren et al., 2019). These works raised important conclusions at the basin level, ranging from 1000 to
1.3 M km?. However, at a continental level, generally they represent fragmented information and do not allow a comprehensive and
comparative evaluation of forecasts performance. Hydrological events are not necessarily originated outside the catchment borders
(Emerton et al., 2016) and may impact multiple basins and sites (Fleischmann et al., 2020). Thus, it is valuable to have a multi-basin
modelling approach to give profound understanding on the dynamics of hydrological processes and to assess the forecasts spatial
consistency (Pechlivanidis and Arheimer, 2015). Global or continental scale forecasts can contribute to the spatial understanding of
hydrological predictabilities while providing information for regions where no other forecasting system exists, due to its ability to
cover different geographic and climatic regions (Emerton et al., 2018; Gupta et al., 2014).

Scientific and technological advances, as well as the integration of research communities, are required to produce large to global
scale forecasts (EMERTON et al., 2016). In Yossef et al. (2013). published a study on the skill of global seasonal streamflow forecasting
system. More recently, one of the first attempts in producing and providing seasonal hydro-meteorological forecast products openly at
global scale was released, the GloFAS-Seasonal V1.0 (Emerton et al., 2018). However, global-scale forecasts still face many challenges,
such as the lack of available data in the temporal and spatial scales required for application, the communication of forecasts to end
users across the globe (Emerton et al., 2016) and the limited ability of global models to simulate streamflow at local scales (Archfield
etal., 2015). Especially at the continental level, most studies in the topic of seasonal streamflow forecast were developed over Europe,
for instance Greuell et al. (2019), Pechlivanidis et al. (2020), Sutanto et al. (2020) and EFAS-Seasonal (Arnal et al., 2018); and on a
country scale with continental dimensions, there are some studies in the United States of America (Koster et al., 2010; Mahanama et al.,
2012; Najafi et al., 2015) and China (Liu et al., 2021). One recent work for South America presents a seasonal runoff forecast with a
simplified approach for the continent (Greuell and Hutjes, 2023).

In South America (SA), Siqueira et al. (Siqueira et al., 2018) developed a continental-scale version of the MGB (Modelo de Grandes
Bacias) hydrologic-hydrodynamic model (Pontes et al., 2017), which has been applied and consolidated in large tropical basins in
South America (Bréeda et al., 2020; Collischonn et al., 2007, 2005; Fan et al., 2016; Fleischmann et al., 2020; Lopes et al., 2018; Petry
et al.,, 2022; Pontes et al., 2017; Quedi and Fan, 2020; Siqueira et al., 2016). Expanding regional models to continental scale is
considered a viable alternative to overcome some global scale models limitations, bridging gaps between the modelling approach and
the better use of local expert knowledge and country-specific datasets (Siqueira et al., 2018). The South American MGB has already
been used in medium-range streamflow prediction, through the forecast module that runs Ensemble Streamflow Predictions (ESP) and
Hydrological Ensemble Prediction Systems (H-EPS) (Siqueira et al., 2021, 2020).

Given this scenario and motivated by the recent advances of continental hydro-meteorological modelling in South America, this
work aimed to verify the following hypothesis: (i) seven months lead time seasonal precipitation forecasts, when used to feed a
continental hydrological-hydrodynamic model, can outperform the ESP benchmark forecasts in South America; (ii) the performance of
continental forecasts varies, particularly with respect to precipitation, the seasonal changes in streamflow, and the characteristics of
the basin; and (iii) bias correction of precipitation forecast improves the intended result. Besides, we analyzed the performance of an
operational seasonal streamflow forecast issued in the South American context.

For this, we will assess the current performance and skill of seasonal streamflow forecasts produced with continental application of
a regional hydrodynamic-hydrological model (MGB-SA) and SEASS5 precipitation forecasts (SEAS5-SSF) with bias correciton. With
MGB-SA, results are issued for natural flows of rivers in large basins (>5000 km?) with daily time steps and are analyzed at monthly
time steps. The skill assessed was the “theoretical skill”, the added value from the H-EPS by neglecting the errors in the hydrological
models by comparing results with the ESP benchmark from the same hydrological model. Streamflow performance thresholds
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representing low flows are adopted considering that a few months in advance can benefit a variety of sectors in the continent, by
allowing sufficient lead time for drought preparedness and mitigation efforts (Carrao et al., 2018).

2. Methodology

The methods adopted in this study are summarized in the flowchart of Fig. 2. Seasonal streamflow forecasts are obtained by forcing
the MGB-SA model with raw and bias-corrected SEAS5 predicted precipitation. Forecast performance is evaluated against a reference
MGB-SA run (MSWEP precipitation as input) by using deterministic and probabilistic metrics and the Ensemble Streamflow Prediction
approach (ESP) is used as a benchmark to evaluate the added skill of SEAS5-based streamflow forecasts (SEAS5-SSF). The streamflow
forecast analysis was from 2007 to 2016 for the hindcast data and from 2017 to 2021 for precipitation forecast, totalizing 14 years
streamflow forecast results. These methods are further detailed in the following sections.

2.1. Study area: South America (SA)

Situated between the Atlantic and Pacific Oceans, South America (SA) is a continent with an area of approximately 17.8 million
square kilometers and 90% of its lands are in the Southern Hemisphere. The continent’s outline is drawn by the Andes Mountain
Range, the North-Amazonian residual plateaus and plateaus and mountains of the Atlantic-East-Southeast. Among them, there are
lowland areas where the three main hydrographic basins in South America are located: Amazon, Orinoco and La Plata. The elevation
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Fig. 1. a) South America elevation map, wetlands and countries’ borders; b) SA river’s upstream area, important river sites of SA and great SA
basins delimitation; c) Rate between the maximum and the minimum monthly Q95; and d) average annual precipitation in South America according
to the season, extracted from the MSWEP database (Beck et al., 2017).
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Fig. 2. Methodology flowchart, in grey the SEAS5-SSF elements, green the reference discharge and blue ESP.

map of South America and its humid areas can be seen in Fig. 1a. Fig. 1b shows rivers’ upstream area and other important rivers of
South America, such as Araguaia, Tocantins, Parana, Uruguay and Sao Francisco.

Most of the territory (~80%) is under the influence of a tropical climate, typically characterized by a rainier (and hotter) season and
a drier season. However, the precipitation regime isn’t homogeneous. Precipitation regimes in SA exhibit large spatial variability due
to its wide meridional extent (12°N-55°S), complex topography (e.g., Andes), particular vegetation features (Amazon rainforest) and
influence of the adjacent Atlantic and Pacific oceans (Ferreira and Reboita, 2022; Garreaud, 2009). Seasonal mean precipitation is
presented in Fig. 1d. During the austral summer (DJF), the maximum precipitations are concentrated in the central-west region of
Brazil, migrating to the north of the equator during the austral winter (JJA). The North of SA is a region of abundant precipitation
throughout the year, while the South of SA is much drier. Another exception is the southeastern SA, where one can verify precipitations

all over the year.
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Fig. 1c presents the rate between the maximum and the minimum monthly Q95 (streamflow that is exceeded 5% of the time).
Greater values indicate stronger seasonal patterns of streamflow throughout the year.

2.2. MGB-SA model

MGB-SA is a continental-scale version of the MGB model (Modelo de Grandes Bacias) developed specifically for the South America
region (Siqueira et al., 2018). The model was selected as the main tool for continental hydrological-hydrodynamic modelling from its
capacity of representing the continent main hydrological process, popularity and added value in producing prognostic results in prior
researches in the continent (Breda et al., 2020; Fan et al., 2014; Fan et al., 2016; Fleischmann et al., 2019, 2020; Petry et al., 2021;
Quedi and Fan, 2020; Siqueira et al., 2021, 2020, 2016).

It is a conceptual, semi-distributed hydrologic-hydrodynamic model that discretizes the spatial domain into unit-catchments and
further into Hydrological Response Units (HRUs), which are categorized by combinations of land use and soil type information (Paiva
et al., 2013). Soil is depicted as a bucket model with a single layer. Water budget and energy balance are computed at the HRU level
with a daily time step, and the HRU values are interpolated to each unit-catchment centroid. Each unit-catchment has a unique river
reach, where the river routing processes are performed.

The model uses the Penman-Monteith equation to calculate evapotranspiration and produces surface runoff using the variable
contribution area concept following the Arno model. Groundwater and subsurface flows are computed using linear and nonlinear
functions according to water availability in the soil layer. Runoff from each component is propagated to the stream network using
linear reservoirs. The MGB-IPH model can be used with different flow routing methods, including the Muskingum-Cunge method, a
one-dimensional full hydrodynamic method, or the local inertial method (Pontes et al., 2015). The routing structure of MGB is similar
to that described by Yamazaki et al., (2013, 2011). In addition, the model accounts for evaporation in floodplains and infiltration from
flooded areas to the unsaturated soil.

We used state of art daily precipitation data from (i) the Multi-Source Weighted Ensemble Precipitation v1.1 (MSWEP) (Beck et al.,
2017) until the year of 2014 and (ii) the Integrated Multi-satellite Retrievals for GPM — Global Precipitation Measurement (GPM-I-
MERG, Version 06) final run from 2015 to 2021, following the same modelling datasets as (Alves et al., 2022; Petry et al., 2022).
MSWEP (v1.1) is a gridded database with 0.25° spatial resolution and global coverage that combines precipitation from satellite,
reanalysis and in situ gauges. IMERG combines data from the GPM satellite constellation and provides gridded precipitation estimates
with spatial resolution of 0.1° for the entire globe between latitudes 60°N and 60°S (Skofronick-Jackson et al., 2017). The GPM data
was adjusted to the MSWEP database using the parametric quantile method (Piani et al., 2010), which fits a gamma distribution to the
cumulative distribution of both precipitation databases. A bias correction was applied to reduce systematic differences in relation to
MSWEDP, as the MGB-SA was calibrated with the MSWEP database.

Climate data used to calculate evapotranspiration (temperature, sunshine, relative humidity, pressure and wind speed) were the
Climate Research Unit (CRU) v.2 monthly means, which are ground-based, relative to the 1961-1990 period and are provided at a 10’
resolution (New et al., 2002). For each simulated/forecasted day we used the monthly average of the respective month. MSWEP and
CRU data were interpolated to the MGB-SA unit-catchments by using the inverse-distance-weighted and nearest neighbor methods,
respectively. Table 1 present all the datasets that were used on MGB-SA.

The MGB-SA was manually calibrated with hundreds of in situ observations upstream to downstream of the rivers in large basins
(>1000 km?) in SA. For the period of (1990 - 2010) the model showed satisfactory performance (KGE > 0.6 in more than 70% of the
gauges evaluated) and an improvement of around 20 days regarding flood timing in large rivers (e.g., Amazon, Paraguay) when

Table 1
Description of the datasets of MGB-SA and SSF experiments.
Information Data description Spatial resolution Reference
Digital elevation Bare-Earth SRTM v 1.0 DEM Resampled from 3" to O’Loughlin et al. (2016)
model (DEM) 15" (~90 m to
~500 m)
Flow directions map Global HydroSHEDS Flow Direction map, 15" 15" Lehner and Déll (2004)
Meteorological Climatological monthly averages from Climate Research Unit - New et al. (2002)
forcing (CRU Dataset v. 2.0)
Global Multi-Source Weighted Ensemble Precipitation v 1.1 0.25 degrees 0.25 degrees
(MSWEP)
Streamflow ground In situ observations - ANA (Brasil), Naturalized flows of in situ -
data reservoirs (ONS - Brasil), INA (Argentina), IDEAM (Colombia),

DGA (Chile), SENAMHI (Peru and Bolivia), ORE-HyBAM
(International), Global Runoff Data Centre (International)
Soil data Map of Hydrological Response Units in South America - Fan et al. (2015)
Hydrographic regions ~ Brazilian hydrographic divisions (ANA): http://metadados.ana. - -
gov.br/geonetwork/srv/ pt/main.home
Mapa Aquastat: http://www.fao.org/geonetwork/srv/en/meta
data.show?id= 37174

Width / Depth of full Geomorphological relationships from regional studies, - Andreadis et al. (2013), Paiva et al.
river channel Amazonia, Prata, Lagoa dos Patos Basin (RS) (2013), Pontes (2016), Lopes (2017),
Global bankfull width and depth database (other locations) Beighley and Gummadi (2011)
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compared to individual global models (Siqueira et al., 2018). Regarding the stations with poorer KGE results, most of these stations are
in regions with a semi-arid climate, or close to the Andes where the orography is quite complex and rainfall estimates have greater
uncertainties, as Fig. 3 shows. In some areas further south of the continent, there are also limitations in rivers influenced by melting
snow from the Andes, since the model does not have the capacity to simulate such processes.

When considering factors that may have influenced the performance of the MGB model during the calibration phase, it is pertinent
to note that water withdrawals are not incorporated into the model’s simulations. Despite this, significant impacts on observed dis-
charges are not usually expected at most gauge stations, especially those with an upstream drainage area exceeding 10,000 km?.
However, it’s likely that model performance was somewhat diminished in gauges located within drier regions due to such human-
induced influences. Reservoir operations represent another factor that can markedly affect observed flows, and this remains true
even for substantial rivers. We want to highlight that during the calibration process, we intentionally removed those gauge stations
that exhibited a high degree of regulation due to reservoirs. This was accomplished through careful visual inspection. Moreover, we
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made use of naturalized flows at reservoir locations, which were kindly provided by the Brazilian National Electric System Operator
(ONS), as additional data for refining our model. For a more thorough insight into the model’s configuration, we suggest reviewing the
study conducted by Siqueira et al. (2018).

2.3. Precipitation hindcasts and forecasts

We used the fifth generation of the ECMWF seasonal forecasting system (SEAS5) (Johnson et al., 2019a) as the source of predicted
precipitation. The data is made available by the Copernicus Climate Change Service (C3S), a platform that provides unrestricted access
to forecast data to its users (Buontempo et al., 2020).

The SEASS system has a forecast horizon of 215 days (~7 months), spatial resolution of approximately 36 km (we used 100 km)
and temporal resolution of 24-h accumulation interval. Seasonal forecasts are issued on the first day of each month, for a given year
(Johnson et al., 2019a). ECMWEF’s SEAS5 provides both Hindcasts (retrospective forecasts for multiple years in the past), and real-time
operational Forecasts. Real-time Forecasts have 51 ensemble members for which data is available from 2017 onwards and we obtained
real-time precipitation forecasts from the C3S for the period between Jan/2017-Dec/2021. In turn, Hindcasts are available from 1981
to 2016 and are produced with a forecast system that is as close as possible to that used operationally, having a reduced ensemble of 25
members. As Hindcasts are consistent with the operational forecasts and are available for a longer period (35 years), they were used to
correcting biases for both evaluated periods (2007-2016 and 2017-2021, see section 3.2.3).

2.3.1. Bias correction of SEAS5 predicted precipitation

Meteorological forecasts are found to have systematic errors (bias) inherited from meteorological models (Crochemore et al., 2016;
Kim et al., 2012; Yuan et al., 2015), and the SEASS5 precipitation product is no different (Gubler et al., 2020; Pechlivanidis et al., 2020;
Wang et al., 2019). To reduce existing bias in SEAS5, the widely used Quantile Mapping method (Bardossy and Pegram, 2011) was
applied as follows:

Ze(x, 1) = Fo ' (Fr(Zg(x,1),x), %) @

where Zc is the bias-corrected SEAS5 precipitation at location x and day t simulated by ECMWF, Fo'! is the inverse form of the cu-
mulative distribution function (CDF) of the observed precipitation, Fr is the CDF of the SEAS5 raw precipitation and Zr is the raw
precipitation at location x and day t.

Parametric gamma distributions were adjusted for hindcasts, forecasts and MSWEP precipitation estimates to apply the quantile
mapping in each unit-catchments separately. To obtain the parameters of gamma distributions regarding the predicted precipitation,
we created subsets of data by separating SEAS5 daily precipitation hindcasts of each month along the forecast horizon (7) and each
forecast initialization month (12). All 25 ensemble members were considered to increase the sample size, assuming the equiprobability
of the ensemble members from the SEAS5 description (Johnson et al., 2019b).

The corresponding MSWEP data of each forecast subset were then used to obtain the parameters of gamma distributions for ob-
servations. The data used to obtain SEAS5 raw precipitation parameters was the hindcast from 1981 to 2006 for the hindcast ex-
periments and hindcast from 1981 to 2016 for the forecast experiments, a similar approach as used by Yuan et al. (2015). Fig. 4
presents a summary on the periods of precipitation Forecasts and Hindcasts used on bias correction and experiments analysis, as well as
the observed precipitation used for model initialization and reference run. Bias correction was performed after the precipitation data
(both observed and predicted) had been interpolated to the MGB-SA unit-catchment centroids using the inverse distance weighting
method.

Forecast analysis
Parameters for bias correction 2017 - 2021
of predipitation Forecasts
A
r Hindcast 1981 - 2016\

Hindcast (1981-2006)

\ J
Y
Parameters for bias correction .l.......l
of predpitation Hindcasts Hindcast analysis
2007 - 2016

Observed precipitation used on reference run and model initialization

MSWEP (1981-2014) GPM (2015-2021)

Fig. 4. Precipitation Forecasts and Hindcasts periods used on bias correction and experiments analysis.
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2.4. Generation of seasonal streamflow forecasts

Seasonal streamflow forecasts were produced with the MGB-SA model by following the steps presented in Siqueira et al. (2020).
First, a long-term simulation run was performed from 1980 to 2021 and model initial conditions (e.g., soil moisture content, volume of
water in rivers and floodplains, etc.), were sequentially saved for the first day of each month along the forecast evaluation periods
(between Jan/2007 and Dec/2021, considering both the hindcast and forecast evaluation periods). Next, raw and bias-corrected
SEAS5 predictions were used to force the MGB-SA using the updated model states that were saved for each forecast/hindcast
initialization day.

MSWEP v1.1 precipitation data and the climate data from the global CRU database used on the calibration period are the same used
to initialize the model in the evaluation period of the Hindcasts (except for the last two years, 2015 and 2016, but the data used here
were bias corrected). The data used to initialize the model for the Forecasts experiments were the GPM v6.

For the skill assessment of SEAS5-SSF, the ESP approach was used as a benchmark. The ESP builds meteorological forecast scenarios
resampled from past observations and uses them as inputs to a hydrological model with updated initial conditions (Day, 1985; Wood and
Lettenmaier, 2008). This method has been commonly used to assess the added skill of seasonal streamflow forecasts based on dynamic
forecasting systems (Alfieri et al., 2014; Arnal et al., 2018). To generate the predicted precipitation ensemble for the ESP benchmark, we
resampled the historical rainfall data (MSWEP/GPM-IMERG) from all years between 1979 and 2020 for the same calendar date (i.e., same
day and month) of the corresponding hindcast/forecast lead time, excluding the target year. This resulted in a precipitation ensemble
composed of 41 members, which was then used as input to MGB-SA (with updated model states) to produce the ESP.

2.5. Streamflow forecast assessment

For the assessment, seasonal streamflow forecasts were averaged from daily to monthly time step. The performance metrics applied
for the ensemble mean were, Relative Mean Error (bias) (%) and Kling-Gupta Efficiency (Gupta et al., 2009). For the ensemble, we
calculated the continuous ranked probability score (CRPS) (Brown, 1974; Hersbach, 2000) in terms of skill and Brier Score (BS) for
both performance value and skill (Brier, 1950).

The Kling-Gupta Efficiency (KGE) is a metric used in hydrology to summarize model performance:

KGE= 1= fir—17+ @21+ oy @

Oobs Hobs

where ris the linear correlation between observations and simulations, cobs is the standard deviation in observations,ssim the standard
deviation in simulations, usim the streamflow simulation mean and yobs the observation mean. KGE ranges from -oo to 1 and KGE = 1
indicates perfect agreement between simulations and observations.

The continuous ranked probability score (CRPS) is given as:
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Fig. 5. Scatter plot of Hindcast SEAS5-SSF of raw and bias corrected (BC) precipitation.
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1 N 00
cres, = > [ [Fr(Qr) - Folop,) Vaop,, ®
n=1 -

where N is the total number of forecasts, Fp is the CDF of the ensemble forecast QPp,, and Fo is a step function that equals one for QP ,
values greater than or equal to the observation and zero otherwise. CRPS is calculated as a mean value by averaging the individual
CRPS computed for each forecast n and a given lead time h.

The brier score (BS) is computed according to:

2
B = x5 (For,, (1) 1(Qo,, < 1)) @
where N is the total number of issued forecasts, h is the evaluated forecast horizon; L is a threshold that represents the occurrence of a
hydrological event; Fopp, n is the proportion of the ensemble members that exceeds the evaluated threshold and 1() is a function that
equals one when the observed streamflow Qop,, exceeds the evaluated threshold and is zero otherwise. Brier score indicates how good
the forecast members are in the detection of a streamflow threshold. The chosen BS threshold aimed to assess the accuracy of the
SEAS5-SSF in predicting a discharge lower than normal conditions and far below normal conditions. Thus, the threshold was the
reference monthly streamflow that is exceeded 66% of the year (the lower tercile) and 95% of the time (Qgs), both for the past
reference streamflow. These streamflows represent respectively low and very low flows (Liu et al., 2021).
H-EPS skill was calculated by evaluating both BS and CRPS of the SEAS5-SSF relative to that of the ESP benchmark:
BSseass—sr

BSS=1——"""— 5)
BSkgsp

CRPSSEASS*SF

CRPSS = 1—
CRPSgsp

(6)

Skill scores are calculated upon their previous performance (BS and CRPS). Their interpretation is very similar: results range from
-oo to 1, where positive values indicate that the SEAS5-SSF outperforms the ESP and vice-versa.

MSWEDP streamflow simulations were used as reference simulations, since streamflow observations are not available to all the river
reaches of South America. In this case, the predictability obtained is a theoretical skill, which may be greater than the actual skill, if
observations were used. It occurs because the model and the precipitation are assumed to be perfect, which is not true. However, as in
this work we aim to understand the potentials of seasonal streamflow forecast in South America from the MGB-SA model, this approach
is acceptable. In the case of a forecast to a hydropower plant, a model bias correction would be applied considering the observed
streamflow data.

2.6. Conducted experiments

To accomplish the objective of evaluating the performance and the skill of seasonal streamflow forecasts in the South American
large rivers, the following experiments were conducted using the explained framework:
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Fig. 6. SEAS5-SSF performance metrics for SA rivers with drainage area > 5000 km?, for the Hindcast experiments. Raw stands for no bias
correction and BC for bias corrected precipitation streamflow forecast results.
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Fig. 7. Percentage bias and KGE for bias-corrected SEAS5-SSF according to lead time, considering rivers with drainage area > 5000 km?. Blue
presents the Hindcast data results and Red the Forecast results.
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Fig. 8. Absolute Bias (%) in SEAS5-SSF (bias-corrected Hindcasts) according to season and lead time.

(i) A verification of the impact of the bias correction on seasonal streamflow forecasts.
(i) An evaluation of the proposed forecasting framework based on SEAS5-SSF performance considering deterministic ensemble
mean and full ensemble metrics, without comparing with the ESP results.
(iii) As Skill assessment comparing the forecasting framework based on SEAS5-SSF performance with the traditional ESP approach
as a benchmark.
(iv) A visual more detailed analysis of the forecasting framework based on SEAS5-SSF with focus in a specific place during the
2020-2021 drought, to aid the kind of results generated.

3. Results
This section is divided in: (a) the impact of bias correction on seasonal streamflow forecast; (b) the SEAS5-SSF performance

(ensemble mean and full ensemble); (c) SEAS5-SSF skill; and (d) detailed analysis of the SEAS5-SSF with focus on the Parana Basin
2020-2021 drought.
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Fig. 9. KGE performance for SEAS5-SSF (bias-corrected Hindcasts) according to season and lead time over South American rivers.
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Fig. 10. Brier Score (Q66 and Q95) for bias-corrected SEAS5-SSF according to lead time, considering rivers with drainage area > 5000 km?. Blue
presents the Hindcast data results and Red the Forecast results.

3.1. Impact of precipitation bias correction on seasonal streamflow forecast

Seasonal streamflow forecasts from raw and bias corrected precipitation Hindcasts are presented in Fig. 5 as scatter plots for the
horizons 1, 3, 5 and 7 months. In the plots, each color represents a different target month and are presented for the Parana River (Itaipu
Dam) and Amazon River (Maracapuru). The figure shows the difference of streamflow values distribution according to the lead time
and the target month, highlighting the importance on bias correcting the precipitation Hindcasts based on these two factors.
Furthermore, we observe the reducing correlation of raw and bias corrected Hindcasts SEAS5-SSF with the increasing lead time. The
same behavior was observed on precipitation Forecasts.

When bias correction is applied, the median performance of all evaluated metrics improves in the entire forecast horizon and the
interquartile range of the boxplots is largely reduced. In particular, bias correction has a relevant impact on streamflow forecast skill,
as CRPSS and BSS mostly change from negative to around zero or positive values. Fig. 6 shows boxplots of performance metrics
(outliers suppressed) for bias-corrected and raw SEAS5-SSF, considering only river segments with drainage area greater than 5000 km?
and results from the Hindcast experiments.
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Fig. 12. CRPSS and BSS (Q66 and Q95) for bias-corrected SEAS5-SSF SA according to lead time, considering rivers with drainage area > 5000 km?2.
Blue presents the Hindcast data results and Red the Forecast results.

3.2. Evaluation of SEAS5-SSF performance in South American rivers

In this section, the performance of bias-corrected SEAS5-SSF from both Hindcast and Forecast experiments is presented. Results are
given for large SA rivers (drainage area > 5000 km?) and are summarized in (1) boxplots, which refer to the entire data periods (i.e.,
2007-2016 for hindcast and 2017-2021 for forecast) and (2) maps, which display the spatial distribution of SEAS5-SSF performance
according to the season of the year. Only the Hindcast results are presented in map format due to the longer data availability. Spatial
maps were produced considering January, April, July and October as target months, i.e., results for July with a 2-month lead time refer
to hindcasts issued on June 1st, for example.

In general, Hindcasts results present better performance metrics values than Forecasts. This occurs because not the exact same data
is used, and from a slightly different data source, a similar pattern is expected, but with differences in magnitudes. As an example, for
the shorter period, the statistical analysis result is more subject to extreme events. The forecast has also less data, and its initialization
has fewer observations that were eventually not available when the seasonal meteorological model was operational. This generated the
similar pattern between hindcasts and forecasts, but not with the same numerical results.

3.2.1. Ensemble mean metrics

Fig. 7 presents the percentage Bias (relative mean error) and KGE for the bias-corrected SEAS5-SSF. Median Bias ranges from near
zero to 5% for Hindcast and 10% for Forecast, while median KGE range from around 0.9-0.7 over the lead times. In the three boxplots,
interquartile range increases with lead time, showing that the SEAS5-SSF performance decreases with lead time.
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Fig. 13. CRPSS for SEAS5-SSF (bias-corrected Hindcasts) relative to the ESP benchmark, according to season and lead time.

Fig. 8 shows the percentage Bias for January, April, July and October for the lead times of one, two, four and six months. Results
range from lower bias (yellow) to higher (pink). Streamflow forecast biases are lower in the main river reaches of the great rivers of SA,
with a slightly bias increase with lead time. Bias is also very similar for months of different seasons, with only a few regions with higher
bias, such as the Northeast and Central Brazil for January forecasts issued with a 4-7-month lead time, north Amazon basin for the
forecasts issued in January.

KGE maps (Fig. 9) show that SEAS5-SSF performance decreases with lead time. KGE values are close to unity for the lead time of one
month in all seasons, except for rivers near the Andes region. For longer lead times, KGE remains close to unity, mainly in extensive
floodplain areas of SA: the Pantanal, the Amazon Delta and Tocantins River Delta.

3.2.2. Full ensemble metrics

Fig. 10 presents the Brier Score (Q66 and Q95 thresholds) for the bias-corrected SEAS5-SSF from Hindcasts. Median BS Q66 range
from around 0.03-0.07 and BS Q95 range from around 0.01-0.025 throughout the lead times. In both Fig. 10 boxplots interquartile
range increases with lead time, showing unit-catchment general forecast performance decreases with lead time. Q95 Brier Score is
lower than BS Q66.

Fig. 11 shows the lower tercile Brier Score for January, April, July and October for the lead time of one, two, four and six months.
The assertiveness of low flow occurrence by forecast members is positive related to the precipitation patterns of South America: greater
the precipitation, better the brier score (values close to zero). This is the opposite behavior of the CRPS, that shows that greater the
precipitation (and greater the rivers), greater are the streamflow errors. In general, the detection of occurrence of low flows by the 25
hindcast members varies spatially within the seasons, but varies very little spatially and in terms of magnitude within the horizons.

Hindcasts Q95 Brier Score maps results are available at the supplementary material.

3.3. Assessment of SEAS5-SSF skill against ESP

The results presented in this section indicate whether the bias-corrected SEAS5-SSF have higher or lower skill than the ESP. Fig. 12
presents the results of CRPSS and BSS (Q66 and Q95) for the Hindcast experiment. In general, the median skill is slightly above zero for
c xthe three skill scores, with the lead time of one month showing a higher skill compared with the other lead times. However, the
boxplot range indicate that the SEAS5-SSF may outperform the ESP in many rivers while in others do not, presenting skill scores above
and below zero for CRPS and BS (Q66 and Q95). Above the 1-month lead time, we observe that all metrics indicate a relatively constant
skill over the lead times.

Fig. 13 shows the spatial distribution of CRPSS in SA rivers. Although patterns of skill are not easily noticeable, in some regions the
SEAS5-SSF exhibits high (blue) CRPS Skill. SEAS5-SSF issued for the austral summer (January) exhibit consistent positive skill for
Northeastern and Southeastern Brazil, more specifically in the Araguaia, Sao Francisco and upper Parana River for the first lead time.
For longer lead times, positive skill values are lower and are observed near the Amazon River mouth. For April, the Northeast of Brazil
and the La Plata Basin showed the higher CRPSS for the lead times of one and two months. The 4th to 6th lead time forecasts to January
and April showed high CRPSS only in the Amazon River. In the austral winter (July), SEAS5-SSF presented better skill for the lead times
of four and six months (issued in April and February) for the Northeastern Brazil. Streamflow forecasts issued for October, in turn,
showed positive CRPSS only for the 1-month lead time.

Seasonal streamflow forecasts issued in February, March and April (Summer/Autumn) seems to have higher skill than those issued
in the austral winter months. This may occur because forecasts issued in the Summer (wet season) are predicting discharges for the dry
season, and the dry season is consistently easier to predict. Regions such as the Southern Brazil, where precipitation is relatively well
distributed throughout the year, consistently showed CRPSS around zero.

Figs. 14 and 15 present the BSS maps for the event thresholds of Q66 and Q95, respectively. The white areas on the maps are infinite
and not a number BSS results. These BSS values are originated from the division between the H-EPS Brier Score with the ESP BS when
ESP BS is too small (near zero). Besides, these inconclusive BSS results are more frequent in the Q95 results, due to event rarity in-
fluence that Q95 commonly represents.

Regarding Fig. 15, we can observe that positive values for BSS do not follow a spatial or temporal pattern. The SEAS5-SSF is skillful
in southern Brazil for all horizons and initialization month, except in the Uruguay River regarding October forecasts (all lead times).
Besides, for January forecasts, the lower portion of Amazon basin shows high skill for the lead time of one month, whereas in the upper
Amazon skill is observed for longer lead times. In other parts of South America, skill is positive in some river reaches of SA during July
and October from the 4th to the 7th lead time.

3.4. Analysis of SEAS5-SSF for the Parana Basin 2020-2021 drought

Fig. 16 shows bias-corrected seasonal streamflow forecasts issued for the Parana River at the [taipu Dam in April 2020 and July
2020 at daily timestep (before monthly aggregation) and the Q95 streamflow. By the end of the 2020 and 2021 rainy season, the
Brazilian hydropower generation system was under critical regime, with many hydropower plants operating at a fraction of their total
capacity (Cuartas et al., 2022). According to Cuartas (2022), the Standardized Precipitation Index (SPI), Standardized Precipitation
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Fig. 14. BSS of SEAS5-SSF (bias-corrected Hindcasts) relative to the ESP benchmark, according to season and lead time. The lower tercile of long-
term monthly streamflow (Q66) is used as the event threshold.

<

Evapotranspiration Index (SPEI) and Standardized Streamflow Index (SSFI) values started to decline in 2019, changing from values
around zero and reaching — 2 until 2021 (negative values represent streamflow below the climatological average).

At the Itaipu Dam, April is in the transition between the wet and dry seasons (Autumn) and July is the middle of the dry season
(Winter). The forecast members predicted future streamflow below Q95, not only in the forecast issued in July, but also in April, a few
months before the dry season (Fig. 16). In addition, Fig. 17 presents the ensemble coverage (i.e., the interval between the lower and
upper member) and the ensemble mean for lead times of one, two, four and six months. We observe that the predicted streamflow for
the 2020 dry season is below Q95 and somewhat below the previous year (winter of 2019). We also observe that the ensemble spread is
much smaller for the 1-month lead time (i.e., forecasts issued for day 1-30), which reflects the increase in uncertainty of the forecasts
for longer lead times.

Fig. 18 presents the performance metrics of six different seasonal streamflow forecast experiments for the location of the Itaipu
Dam. These include the raw and bias-corrected SEAS5-SSF as well as the ESP, considering both forecast and hindcast periods.

The Hindcast experiments present consistently a better performance than those of Forecast for all metrics. Performance decreases
with lead time for all metrics and the performance for the 1-month lead time is visibly better. In addition, bias correction improves
SEAS5-SSF performance in all metrics and results become closer to the ESP performance (Fig. 18 continuous line is always near the
dotted line). It shows not only the added value of bias correction but also the better performance of ESP in comparison to the raw
SEASS5-SSF, for this location.

In a closer look at the H-BC results, both CRPSS and BSS are positive for the first lead time, indicating better performance of bias-
corrected SEAS5-SSF in predicting low and very low flows than the ESP. However, for the other lead times, the skill is around zero. A
relatively good performance of the Brier Score (Q95) can be observed for all forecast experiments at the H-BC results. From the BS
formula, one can see that itis a metric that is sensitive to the climatological frequency of the event, in that the rarer an event the easier it
is to achieve a good BS without having any real forecast skill.

4. Discussion

The proposed framework based on SEAS5-SSF performance, calculated by ensemble mean metrics (Bias and KGE), indicated better
forecast performance for the lead time of one month than the other lead times, with similar behavior for the different seasons of the
year. The SEAS5-SSF higher skill in the first lead time is due to the model’s dependence on the initial conditions, especially in the
bigger basins (e. g. Amazon basin), and near the main river reaches of SA when compared to the river reaches that contribute to them
and headwater reaches i.e. Rivers with greater upstream drainage area, commonly showing better predictability due to larger basin
size, and thus longer response time (Ghimire et al., 2020; Li et al., 2009; Petry et al., 2022). In smaller and faster basins, such as
Uruguay and Iguacu basins, the skill is due to the higher precipitation prediction performance, attributed to strong ENSO tele-
connections (Gubler et al., 2020).

On the lead times greater than one month, the degradation on skill occurs mostly on semi-arid and tropical regions, when we are
predicting streamflow for the wet months (e. g. January). These regions present high seasonality (see Fig. 1, ¢), and such behavior can
be seen in the basins Sao Francisco, headwater reaches of the Parana Basin and Tocantins/Araguaia. On small basins (most of the
headwater reaches), this effect is even stronger, once the initial conditions play a less important role in predictability.

The SEAS5-SSF issued for months typically dry on the tropical region of South America does not lose significant skill on the lead
times 2-4 months. This occurs because the model is predicting null precipitation, which is easier, and contrast to the forecasts issued
for the wet months on the sub-tropical portion of South America, that presents significantly reduced skill. On the sub-tropical region of
SA, even with reduced performance on the lead times greater than 1 month, the SEA5-SSF presents skill, due to the low seasonality of
this region (see Fig. 1, ¢), and so low predictability of the methos ESP. The rainfall observed in South American sub-tropics (excluding
the mountains region of the Andes) are typically frontal systems originated on the South Pole and are apparently more predictable by
the ECMWF model but less by the ESP.

In the Amazon, the biggest basin on Earth, SEAS5-SSF skill is not always present. The Amazon basin is strongly dependent on the
initial conditions (Greuell and Hutjes, 2023; Paiva et al., 2012; Petry et al., 2022), and due to the flat relief of the basin, the water time
travel is long. Besides, precipitation regimes and streamflow have significant seasonality (see Fig. 1). These both sources of predict-
ability are also present in the ESP method, explaining the lack of skill of SEAS5-SSF on the Amazon.

Regarding the importance of bias correction, the verification metrics showed added value in removing ECMWF SEASS5 bias to
improve streamflow forecast performance: without bias correction, most of the MGB-SA river segments presented negative skill. After
bias correction, the median performance of SEAS5-SSF became closer to that of ESP or, in a smaller proportion, outperformed the
benchmark. Other authors have already observed the importance of bias correction SEAS5 precipitation forecasts, such as Wang
(2019) and Gubler (2020).

5. Conclusions

The results presented comprehends a first assessment of continental-scale seasonal streamflow forecasts in South American (SA)
large rivers using a continental hydrologic-hydrodynamic approach.
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Fig. 15. BSS of SEAS5-SSF (bias-corrected Hindcasts) relative to the ESP benchmark, according to season and lead time. The 95th percentile of long-

term monthly streamflow (Q95) is used as the event threshold.
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Fig. 16. Bias-corrected SEAS5-SSF issued for April 1st 2020 and July 1st 2020. The SEAS5-SSF ensemble
and Q95 discharge threshold are shown in grey, black and red colors, respectively.

100
Lead time (days)

150 200

members, MGB-SA reference simulation

" x10% Lead time: 1 month
E 2
K Q95
Jan 2019 Jul 2019 Jan 2020 Jul 2020 Jan 2021 Jul 2021

" x10% Lead time: 2 months

(m3/s)

Jan 2021

Jul 2019 Jan 2020 Jul 2020 Jul 2021

x10% Lead time: 4 months

Vo
et

0 . . ‘ . .
Jul 2019 Jan 2020 Jul 2020 Jan 2021  Jul 2021

e

%104 Lead time: 6 months

1

ANt

0
Jul 2019 Jan 2020 Jul 2020 Jan 2021  Jul 2021

(m?¥s)

~—

Q95

Q95

Q95

Jan 2022

Fig. 17. Bias-corrected SEAS5-SSF issued from January 1st 2019 to January 1st 2022 to the Itaipu Dam. The SEAS5-SSF ensemble members,
ensemble mean, MGB-SA reference simulation and Q95 discharge threshold are shown in grey, blue, black and red colors, respectively. The dark

gray areas the total ensemble coverage and light grey area 50% prediction interval.

18



I Petry et al.

Journal of Hydrology: Regional Studies 49 (2023) 101487

o BIAS (%) 1 KeE BS - Q66 BS - Q95
40 - MNA_,J
30 -
05 o=
20 -
10}, == ‘
) —— 0
1 3 4 5 1 3 4 5 6 7
CRPS Skill BS Skill - Q66 BS Skill- Q95
05 05 05 /\
\ B f
R —— =
0 = — 0 ———— = O ]
05 . Toes ==z 05 05
1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7

Lead time (months) Lead time (months) Lead time (months)

Fig. 18. SEAS5-SSF performance metrics for the Parand River at the Itaipu Dam. F means Forecast data, H means Hindcast and BC means
bias corrected.

We forced the MGB-SA hydrologic-hydrodynamic model with bias-corrected ECMWF SEAS5 predicted precipitation to produce
seasonal streamflow forecasts (SEAS5-SSF) and forecast performance was evaluated against a reference simulation run. We also
assessed the relative performance of SEAS5-SSF using the Ensemble Streamflow Prediction (ESP) as benchmark, thus providing in-
sights on the added skill of using SEAS5 forecasts for predicting monthly discharges (up to 7 months) in large SA basins.

From the initial hypothesis, we verified that SEAS5-SSF based hydrologic-hydrodynamic forecasts presented the best skill values
(for both CRPSS and BSS) on the first month lead time, but ESP was a hard to beat benchmark for SEAS5-SSF in most of South American
regions after the 2 months lead-times, mostly in regions with high seasonality, and highly dependent on initial conditions.

Regarding variability associated with the performance of continental forecasts, SEAS5-SSF based forecasts skill varies according to
season, initialization month, basin and forecast lead time. In this sense, we understand that our spatial skill results are suited to be used
as a tool in the aid to find the best streamflow forecast method (among ESP and H-EPS) for each study area and objective. The rivers
where SEAS5-SSF presented the best annual BSS over ESP were the Amazon, Araguaia, Tocantins and Parana.

The bias correction of SEASS5 predicted precipitation improved the performance of the seasonal streamflow forecasts, frequently
turning negative skill results into near null to positive skill.

Future works should address the evaluation of the real skill of the forecasts, including comparison with observed discharges
distributed over the continent and especially in the hydroelectric power plant’s locations. We expect to investigate techniques on ESP
sampling to increase the approach performance based on climatic indicators.
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