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Abstract: Water conflicts have been a significant issue in Brazil, especially in the Sao Francisco River basin.
Subseasonal forecasts, up to a 60-day forecast range, can provide information to support decision-makers in
managing water resources in the river basin, especially before drought events. Predictability in the subseasonal
forecasts range is a research topic as this range contains mixed dependence on weather and seasonal
phenomena. Numerical models may inherit this mixed dependence on their skills. The objective of this paper
is to evaluate the Eta Model simulations to reproduce the drought events between the years 2011 and 2016.
Two sets of 60-day simulations were produced; one started in September (SO) and the other in January (JF)
each year. These months were chosen to evaluate the model skill to reproduce the onset and the middle of the
rainy seasons in Central Brazil, where the Upper Sao Francisco River is located. The SO simulations reproduced
the observed spatial distribution of precipitation but underestimated the amounts. Precipitation errors exhibit
large variability across the subbasins. The JF simulations also reproduced the observed precipitation
distribution but overestimated it in the Upper and Lower subbasins. The JF simulations better captured the
interannual variability of precipitation. The 60-day simulations were discretized in six 10-day accumulations
to assess the intra-monthly variability. They showed that simulations can capture the onset of the rainy season
and the small amounts of the rainy months that occurred in these severe drought years.

Keywords: climate extremes; transition season; rainy season; model errors; extended range

1. Introduction

The Sao Francisco River in Brazil plays an important socioeconomic role due to its long north-
south extension and the high water demand for the various activities in the basin. Major hydropower
plants and intensive agriculture activities are established in the basin. However, the basin is located
in a region with remarkable climate variability, directly affecting its hydrological regime and water
availability. The occurrence of climatic extremes requires constant monitoring of the water levels of
the basin and the management of water access. Accurate information on water availability is
fundamental for implementing actions to reduce conflicts in water usage.

The numerical atmospheric models are essential for producing information for managing water
resources. Using these models at subseasonal ranges may provide information, such as precipitation,
temperature, radiation, humidity, wind, and evapotranspiration, helpful in planning actions in
various socioeconomic sectors such as energy, agriculture, and water supply. However, these model
simulations may have limitations related to the dependence on the boundary conditions. It is known
that after approximately two weeks, the predictability of the individual weather systems is
significantly reduced and that the predictability at the seasonal scale of average weather conditions
can only increase in the presence of forcing from the boundary conditions [2]. Model simulations are
more likely to have higher skill in situations of high predictability. Therefore, investigating the level
of the forecast skill is crucial for making the model information useful. For this reason, it is necessary
to evaluate the subseasonal forecasts so that they can be applied in different research.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Atmospheric General Circulation Models (AGCM) are generally used in weather and climate
forecasts. However, it may need to be improved for the coarse grid and the discrepancy between the
climate and hydrological modeling. Higher spatial resolution information is more suitable for dealing
with local problems [1]. The Regional Climate Models (RCMs) aim to refine the coarse grid of the
AGCMs for a specific region of interest. The Eta model ([4-7]) has been applied in the category of
weather, seasonal climate forecasts, paleoclimate studies, and climate change projections in Brazil,
producing information for several applications.

This paper aims to evaluate the 5-year mean subseasonal simulations of the Eta regional model
from 2011 to 2016 and assess the usefulness of the information to support decision-making in water
resources conflicts in the Sao Francisco River basin.

2. Materials and Methods

2.1. Study area

The study area is the region of the Sao Francisco River basin (SF) (Figure 1). The SF river basin
is one of the major rivers in Brazil. It is approximately 2,700 km long and discharges an average flow
of 2,810 m3/s into the Atlantic Ocean [8]. Its watershed has an area of 639.219 km?, with different
topographic and geomorphic features, and a population of about 13 million. The basin is commonly
divided into four subbasins: Upper, Middle, Sub-Middle, and Lower (Figure 1). The lowest two river
courses are located in the Semiarid region, where dry periods can be prolonged and become
droughts.

Sdo Francisco river basin, Brazil
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| Medium |

“~Medium
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Figure 1. Sdo Francisco river basin (Brazil) and its four subbasins: Upper, Middle, Sub-Middle, and
Lower.

The Sao Francisco River basin allows multiple water uses, such as hydroelectricity, agriculture,
navigation, fishing and aquaculture, human and industrial supplies, flood control, recreation, and
tourism. However, the wide variation in water availability throughout the basin and through the
seasons makes it difficult to plan an efficient water allocation. Interannual variability in water
availability may be partly related to climate variability, characterized by extremely rainy and dry
years. Potential conflicts in this basin between the energy and agricultural sectors have been alerted
[10], such as the allocation of water from the Sobradinho reservoir for power generation and irrigation
practices. The conflicts were aggravated, especially in the Semiarid between 2011 and 2016, with
rainfall below normal levels in the basin.

Although water availability in the basin generally meets multiple uses, the increasing demand
for water resources leads to significant and occasional conflicts. According to [12], variability in the
river flows and lake levels depends on precipitation variability in accumulated volume and intensity.

Different climate regimes are found in the Sao Francisco Basin (SF) due to its long north-south
extension and the topographic differences. In the Upper SF, the climate varies from subtropical
humid with dry winter and hot summer and temperate summer, Cwa and Cwb in Koppen's
classification. In the Middle SF, the tropical climate with dry winter, Aw, predominates. The Lower
SF is predominately semiarid with some small patches of tropical, dry summer (Alvares et al., 2013)
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2.2. Eta model

The Eta model is a grid point limited area model, which represents the topography in steps,
using the eta vertical coordinate [4]. The approximately horizontal surfaces of the eta coordinate
reduce the errors in calculating the horizontal derivatives near topography, which are errors
commonly found in terrain-following coordinates, as the gradient force, resulting in a better
representation of regions of steep topography. The Eta is a comprehensive model with full dynamics
and physics.

The model has received updates [5] since the operational version used at the National Centers
for Environmental Prediction (NCEP) [6] [7] as the cut-cells. The model equations are solved on the
Arakawa E-grid. The time integration is split-explicit, using the forward-backward and Euler-
backward schemes modified by [14]. The horizontal advection follows the Arakawa approach [15],
and the vertical advection uses the piecewise linear scheme, which makes it a full finite volume
model. The model physics package of this version applies the Betts-Miller scheme [16] to produce
convective precipitation and the Zhao scheme [17] for grid-scale precipitation. The longwave
component of the radiation is solved by [18], and the shortwave component is solved by [19]. The
surface layer is based on the Monin-Obukhov similarity theory and Paulson’s [20] stability functions.
Land surface processes are treated using the NOAH scheme [21].

Several studies evaluated the Eta model skills in different configurations [1,22-30]. Some works
have investigated the Eta model skills over some parts of the Sao Francisco River basin on a seasonal
scale [31-33]. [31] used seasonal forecasts of the Eta model between November and February from
2001 to 2010. The authors concluded that the model presented difficulties in reproducing the
precipitation interannual variability in the Upper SF basin. Some studies also evaluated the Eta model
in Southeast Brazil, which is known for its low predictability. The recent studies of [24] presented the
Eta model skills in subseasonal forecasts. In this context, it is essential to evaluate the climatic
variability of the Eta prediction to promote management that includes the investigation of climatic
variability and its effects on the water availability of the basin. Results from the Eta model
subseasonal forecast can assist in decision-making on water use allocation based on 1 to 2-month lead
time. Therefore, early knowledge of periods of deficit or excess rainfall allows better planning on the
use of water resources.

Eta model simulations on the subseasonal time range were generated for the 60-day integration,
with 20-km horizontal resolution. The model's initial conditions were obtained from the Climate
Forecast System Reanalysis (CFSR) reanalysis [36]. The integrations start on September 1% and
January 1st to evaluate the model's accuracy at the onset and the middle of the rainy seasons in Brazil,
respectively. These two simulation runs will be referred to as SO (September-October) and JF
(January-February) runs. The first run contains the onset of the rainy season and the second, the
middle of the rainy season.

2.3. Observational data

The evaluation compares the Eta precipitation simulation against the Climate Prediction Center
Morphing (CMORPH) precipitation data. The CMORPH [37] data presents a horizontal resolution
of 8 km.

Despite the advantages of details provided by regional model simulations, systematic errors
persist. These systematic errors may be associated with the forcing of the global climate model added
to those inherent in the regional model's representation of physical processes. The performance of
subseasonal simulation was evaluated with metrics such as linear correlation, mean absolute error
(MAE), and mean error (ME).

3. Results and discussion

The simulations of precipitation variability over the 5-year mean are assessed. The mean of the
60-day simulation was discretized into 10-day simulations to evaluate intra-monthly variations: from
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dry-to-wet transition (SO) and the middle of the rainy seasons (JF), and referred to as D1, D2, D3, D4,
D5, D6 periods.

3.1. Precipitation pattern

In SO, the Eta generally simulates less precipitation compared to CMORPH in the SF (Figure 2).
However, in the Lower SF, Eta simulates precipitation in the Northeast Brazil coastal areas, where
CMORPH indicates little or no precipitation. This region is known as a region of high predictability.
In the Upper SF, the model introduces precipitation in D5, while CMORPH shows precipitation from
D2.

D1 D2 D3 D4 D5 D6

1A (1S6P - 10567 / 2011 0 2015)  €TA (11SEP - 205€P / 2011 0 2015)  CA (21SEP - 30SCP / 2011 0 2018)  €TA (O1OCT - 100CT / 2011 0 2018)  €TA (110CT - 200CT / 2011 0 2015) €A (210CT - 300CT / 2011 o 2015)
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- 30JAN / 2012 o 2016)CMORPH (2150° ~ 30SEP / 2011 o
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Figure 2. 10-day accumulated precipitation, starting from September 1%, averaged over 2011 and 2015:
(a) Eta model simulation (b) CMORPH observed data. The 60-day simulations are discretized in 10
days and referred to as D1, D2, D3, D4, D5, Dé.

Over the Sao Francisco (SF) River basin, the JF simulations reproduce the CMORPH
precipitation pattern, with larger accumulated amounts in the Upper SF and Lower SF (Figure 3). The
JF simulation reproduce the precipitation pattern better than the SO simulation.

The presence of precipitation simulated in the Northeast Brazil coast may suggest an
overestimate by the model. However, Lima et al. (2012) showed the poor performance of satellite
precipitation estimates over Northeast Brazil, especially in estimating stratiform rainfall, which
occurs frequently over Northeast Brazil. Lima et al. (2012) the CMORPH products against other
rainfall estimation methods in the summer (from December to February) between 2009 and 2011 in
South America. They concluded that the models with the best performances were 3B42RT and
CMORPH, mainly for the South and Southeast of Brazil. Due to the CMORPH limitation in estimating
precipitation in Northeast Brazil, other sources of data will be considered for validating precipitation
in this coastal area, especially in June and July, its rainy season.

Precipitation - January (2012-2016)

D1 D2 D3 D4 D5 D6

CTA (14N = 10N / 2012 0 2016)  CTA (113AN = 200AN / 2012 0 2016) €A (210N = JAUN / 2012 0 2016)  CTA (310N - OWEB / 2012 0 2016)  ETA (1OFEB - 197D / 2012 2 2016)  CTA (20ED - OINAR/ 2012 o 201

EtaCFSR

CMORPH


https://doi.org/10.20944/preprints202310.0704.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2023 doi:10.20944/preprints202310.0704.v1

Figure 3. 10-day accumulated precipitation, starting from January 1%, averaged over 2011 and 2015:
(a) Eta model simulation (b) CMORPH observed data. The 60-day simulations are discretized in 10
days and referred to as D1, D2, D3, D4, D5, Dé.

3.2. Interannual variability

The Eta simulation performance is evaluated over the 4 major sub-basins of the Sao Francisco
(SF) river: the Upper SF, Middle SF, Sub-Middle SF, and Lower SF. Figure 4 shows the precipitation
for SO simulations, starting in September (2011 to 2015), and JF simulations, starting in January (2012

to 2016).
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Figure 4. 60-day accumulated precipitation (mm/60 days)starting in September(left) and starting in
January( right). The Eta simulations are in solid lines and full dots. The CMORPH data are in dotted
lines. Green lines indicate the average rainfall for the Upper SF subbasin, red for the Middle subbasin,
blue for the Sub Middle subbasin, and black for the Lower Sao Francisco subbasin.

In the SO simulations, the model approximately reproduces the decrease and increase in the
magnitude of the 60-day accumulated total precipitation. The simulation of the interannual
variability could be improved. The small amounts of precipitation in 2014 and 2015 hinted at the
delay in the onset of the rainy season in these years. Both the Eta model and the CMORPH indicate
that the subbasin of the smallest rainfall volume is the Sub-Middle SF. In the Lower subbasin,
CMORPH data show no precipitation, but the runs show amounts of about 100 mm/60 days. This
overestimate is partly due to CMORPH limitations as discussed in the previous section.

Both SO runs and the CMORPH data indicate that the highest precipitation volumes occur over
the Upper SF and the Middle SF, and the lowest volumes occur over the Sub-Middle SF.

In the JF simulations, large precipitation volumes occur in the middle of the rainy season. The
JF simulations generally reproduce the interannual variability shown in the CMORPH estimate. The
JF simulations captured the strong reduction of precipitation in 2014 when the rainfall was extremely
below the climatology [40] [41]. The Eta simulations captured well the precipitation decrease in 2014
and 2015 and the increase in 2016. The Upper subbasin receives the highest rainfall, while the Sub
Middle receives the lowest.

In a 60-day accumulation, the simulations perform better for rainy months JF than for the
transition from dry to wet months SO. In addition, these results show the different precipitation
regimes across the sub-basins. These differences impose some difficulties on the model simulations
over the SF basin.

3.3. Intra-monthly variability


https://doi.org/10.20944/preprints202310.0704.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2023 doi:10.20944/preprints202310.0704.v1

The intra-monthly variability is shown through boxplots of every 10-day accumulated
precipitation from the SO (Figure 5) and JF (Figure 6) simulations Clearly, the JF simulations have
higher precipitation amounts than SO.

In the Upper SF, the SO simulation showed some limitations in representing the intra-monthly
variability of the first three 10-day simulations, D1, D2, and D3. On the other hand, these simulations
captured correctly the variability of the last three 10-day simulations, D4, D5, and Dé6. The increase
of the precipitation median in D5 and D6 in the Upper and Middle subbasins, shown by the
CMORPH data, is the indication of the onset of the rainy season, which was captured by the Eta
simulations. The simulations also captured the lack of precipitation in all 10-day accumulations in
the Sub-Middle subbasin. However, at the Lower subbasin, the simulation overestimated the
precipitation, which may be a partial error from CMORPH data as discussed previously.

In the Middle SF, the JF simulations captured the large spread in precipitation between the 25t
and 75% percentiles in the D1-D3 and a decrease in the spread and in the amount of 10-day
accumulated precipitation. However, in Sub-Middle SF, the simulations generally underestimated
the accumulated precipitation, except for the D3, when they overestimated the precipitation. The
CMORPH data places D2 as a rain peak, while the Eta simulations peak in D3, which indicates a
slight delay. Finally, despite underestimating the precipitation in the Lower SF, the Eta presented
consistent values when compared to CMORPH.
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Figure 5. Boxplot of the 10-day accumulated precipitation (D1, D2, D3, D4, D5, and D6), averaged
over 2011-2016, for September and October period, in the different sub-basins of the Sao Francisco
River. The Eta simulations are in grey to the left and CMORPH in blue to the right.

Precipitation (mm/10day) - January (2012-2016)

' 2074 gra . Upper cwonen | 20 7« ETa T CMORPH
. Angm =

T— e — —T1—

2 o

-

vvvvvvvvvvv

b.ofl s

3 8833885 38283 - 3 8 8 8 5 883 8 8
201 era cvoren| X0 = ETa Su.b cumonpn| 20 T u era e CMORPH
150 150 - Medium 150 4

3

E 100 £ 100 4 100 -

vvvvvvvvvvv

Figure 6. Boxplot of the 10-day accumulated precipitation (D1, D2, D3, D4, D5, and D6), averaged
over 2011-2016, for January and February period, in the different sub-basins of the Sao Francisco
River. The Eta simulations are in grey to the left and CMORPH in blue to the right.

3.4. Simulations” skill
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The evaluation of the Eta model skill to simulate precipitation in the Sao Francisco basin was
evaluated using Linear Correlation (Figure 7), Mean Absolute Error (Figure 8), and Mean Error
(Figure 9).

The highest correlations between Eta and CMORPH precipitation are shown in JF than in SO
(Figure 7). In SO, correlations become small or even negative from D2. In JF simulations, it can also
be seen that the Eta and CMORPH precipitation series are strongly to moderately correlated from the
D1 up to D4. In both SO and JF runs, the highest correlations are found in the Middle SF. The model
indicated difficulty representing the Lower SF, especially during the SO runs, this may be partly due
to CMORPH limitations in this subbasin.

September (2011-2015) January (2012-2016)

SF

Upper

Medium

Sub Medium

Lower

8 ] 8 3 8 8 8 8 8 3 3 8
Color Ki
O Weak e O Weak
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@ Strong B Strong

1 05 0 05 1
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Figure 7. Linear Correlation between the Eta model simulations and CMORPH precipitation, in each
sub-basin of the SF basin and for each 10-day precipitation. Red colors indicate negative correlation
and blue colors positive correlation. Correlations are divided into weak (0 to 0.4), moderate (0.4 to
0.7) and strong (0.7 up to 1).

Although the correlation was low in SO simulations, the mean absolute errors (MAE) of
precipitation are smaller in SO than in JF, given that the accumulated precipitation is smaller in SO
than in JF (Figure 8). D5 is the 10-day simulation with the highest MAE and the most significant
rainfall in most of subbasins. Considering the entire SF basin, the MAE reaches 16.56 mm and up to
27.05 mm in the Upper SF. In JF, the highest MAE are found in D2 and D3, the periods with the most
significant rainfall. For example, the highest MAE reaches about 39.14 mm in the Upper SF, in D2.
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Figure 8. Mean Absolute Error (MAE) of the Eta model precipitation simulations in each sub-basin
of the SF basin and for every 10-day precipitation.

The Mean Error (ME) estimates help to indicate whether simulations overestimate or
underestimate precipitation in each sub-basin and at different simulations (Figure 9).

Considering the entire SF basin, the SO simulations overestimate precipitation in the D1 and D2
and underestimate in the D3, D4, D5, and Dé6. The precipitation simulations in the Middle SF
contribute mostly to the underestimation of the SF basin, whereas the precipitation simulations in the
Sub-Middle and the Lower SF contribute to the overestimation of the basin from D1 to D6, in general.
Generally, the largest ME in the SO simulation occurs in D5 in the Sub-Middle SF. However, in D6,
errors decrease, indicating usefulness in this range of the simulation.

In JF simulations, ME indicates an underestimation of precipitation over the SF basin, except in
D1. As in SO, in JF, the Middle SF contributes significantly to the underestimation. In the Upper SF,
precipitation is generally overestimated, especially in D1, with errors that reach 34.53 mm.
Precipitation is mostly underestimated in the Sub-Middle subbasin, and slightly less in the Lower SF.
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Figure 9. Mean Error (ME) of the Eta model simulations, in each sub-basin of the Sao Francisco River
basin. Red colors indicate negative biases and blue colors positive biases.

From the results presented, the subseasonal simulations for the SF basin show some limitations
in the transition months. Some aspects that may contribute to the model errors are the complex
topography, heterogeneous vegetation, and general climate conditions in the river basin. In general,
precipitation in the Upper and Middle SF subbasins were better simulated, although still exhibiting
relatively large errors.

4. Conclusions

5-year mean subseasonal simulations were generated from the Eta model driven by CFSR
conditions. The 60-day simulations started in September, SO, from 2011 to 2015 and January, JF, from
2012 to 2016, and were assessed the discretized six 10-day precipitation outputs.

In the SO runs, the Eta model simulated lower precipitation volumes than CMORPH. However,
Eta simulated precipitation in Lower SF, coastal regions, where CMORPH indicated little or no
precipitation. In the Upper SF, the Eta model produced rain from D3 and CMORPH from D1, which
shows a model's difficulty in representing precipitation in transitional months.

The 10-day simulations show that Eta produced higher precipitation rates in the Upper and
Lower SF, while CMORPH showed higher precipitation rates in the Upper and Middle SF. Both Eta
and CMORPH showed maximum rainfall at D5 as an indication of the onset of the rainy season.
Considering the entire SF basin, the simulations reproduced the rainfall distribution over the 60 days
of simulations.

Despite the low correlation, the SO runs have a small MAE due to the small precipitation
volume. Considering the entire SF basin, the Eta overestimates D1 and D2 and underestimates D3,
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D4, D5, and D6. However, errors vary strongly along the basin. In Middle SF, precipitation is
underestimated, while in Lower SF, it is overestimated.

In the JF simulations, precipitation is overestimated in the Lower SF, on the northeast coast,
while CMORPH shows no precipitation. However, in the Upper SF, the Eta simulations show a
similar rainfall distribution as CMORPH, with higher precipitation values. The JF simulations
reproduce the annual variability better than the SO simulations.

Both Eta and CMORPH indicate that in the SF basin, the highest rainfall occurs in the first three
10-day simulations, D1, D2, and D3. In the Upper SF, the model has limitations in the first three 10-
day simulations and then simulates well in the last three. In Middle SF, Eta reproduces the CMORPH
precipitation distribution pattern well, with the highest precipitation values in the first three 10-day
simulations. In the Lower SF, although underestimated, the precipitation simulated by Eta was
consistent with CMORPH. The highest correlation values are found in the JF simulations. The highest
correlations and the smallest MAE are generally found in D1 and D4. A variable error pattern is
identified at the Upper SF, with overestimation and underestimation according to the 10-day
simulation, while in the other three subbasins, underestimation is identified. The largest ME is found
in JF simulations, which are the months of higher rainfall compared to SO simulations.

The present research contributes to assessing subseasonal scale simulations using a Regional
Climate Model. This type of assessment has been more extensively applied to Global Climate Models.
The Eta Model simulations showed good performance at this scale. However, there are some
limitations in the assessment applied that should be kept in mind. The evaluation was based on the
CMORPH data, whose resolution is higher than the simulations model. For this reason, some extreme
events may not be simulated. In addition, the study region where the SF basin is located has low
predictability.

Further modeling studies are required, including updates of soil maps, vegetation, and
adjustments to rainfall production. Future studies will incorporate these improvements, and bias
removal may also be included. Therefore, this research is a critical step to indicate subbasins where
the model simulation needs to be improved and provide initial information to support water
allocation in the region.
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