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The ability of the Artificial Neural Network (ANN) and the Multiple Linear Regression (MLR)

in reproducing the area-average observed daily precipitation during the rainy season

(Feb–Mar–Apr) over the north of the Northeast of Brazil (NEB) is examined. For the present

climate of Dec-Jan-Feb from 1963 to 2003 period these statistical models are developed

and validated using the observed daily precipitation and simulated from the historical

outputs of four models of the fifth phase of the Coupled Model Intercomparison Project

(CMIP5). The simulations from all the models during DJF and FMA seasons have an

anomalous intensification of the ITCZ and southward displacement in comparison with

the climatology. Correlations of 0.54, 0.66, and 0.66 are found between the simulated

daily precipitation of the CCSM4, GFDL_ESM2M, and MIROC_ESM models during

DJF season and the observed values during FMA season. Only the CCSM4 model

displays a slightly reasonable agreement with the observations. A comparison between

the statistical downscaling using the nonlinear (ANN) and linear model (MLR) to identify

the onemost suitable for the analysis of daily precipitation wasmade. The ANN technique

provides more ability to predict the present climate when compared to MLR technique.

Based on this result, we examined the accuracy of the ANNmodel in project the changes

for the future climate period from 2055 to 2095 over the same study region. For instance,

a comparison between the daily precipitations changes projected indirectly from the ANN

during Feb–Mar–Apr with those projected directly from the CMIP5 models forced by RCP

8.5 scenario is made. The results suggest that ANNmodel weights the CMIP5 projections

according to the each model ability in simulating the present climate (and its variability).

In others, the ANN model is a potentially promising approach to use as a complementary

tool to improvement of the seasonal numerical simulations.

Keywords: artificial neural network, multiple linear regression, Intertropical Convergence Zone, sea surface

temperature, precipitation, CMIP5 models

Introduction

The Intertropical Convergence Zone (ITCZ) is the main meteorological system in large scale
responsible for the rainy season over the north of the Northeast of Brazil (NEB) (Hastenrath et al.,
1984; Xie and Carton, 2004 and references therein). This system is a semi-permanent low-pressure
band of clouds that circle the globe near the equator on the confluence region of the southeast-
erly and northeasterly trade winds from the Southern and Northern Hemispheres, respectively.
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Climatologically the ITCZ follows the seasonal march of the sun:
the northernmost position occurs in July to September and the
southernmost position is observed during December to February
(Biasutti et al., 2003). As reported by Xie and Carton (2004) there
is an apparent lag in the meridional excursion of the continen-
tal precipitation band. The possible causes are the heat reservoirs
such as soil moisture and oceanic influences.

The rainy season over north of the NEB occurs due the merid-
ional position of ITCZ closest to this region. The seasonality
or persistence of warm waters over the Tropical South Atlantic
favors the transport of the moisture into the interior of the NEB.
In opposite, in periods in which the ITCZ is anomalously to
the northward are expected drought conditions over the north
of the NEB. As mentioned in Grodsky and Carton (2003) the
anomalous displacement to the northward occurs in the presence
of changes in inter-hemispheric Sea Surface Temperature (SST)
gradient over the Atlantic Ocean. The development of the equa-
torial cold tongue in June persisting through September month
maintains the ITCZ to the northward of the equator.

In general, the climate models show high degree skill in sim-
ulating the precipitation over the NEB region (Misra, 2004) in
comparison with others regions of Brazil. Such characteristic is
explained in part due the linear processes that dominate over the
nonlinear processes in this region. The linear processes are influ-
enced directly by the modifications in Hadley and Walker Cells
in response to interannual variability in SST field over the Equa-
torial Eastern Pacific and the local impact of the South Tropical
Atlantic Ocean. However, the nonlinear signal is influenced by
SST variability that is found over others oceanic basins as the
North Atlantic (Kayano and Andreoli, 2004) the North Pacific
(Kayano and Andreoli, 2004; da Silva et al., 2011) and the Indian
Ocean (Taschetto and Ambrizzi, 2012). The large SST anomalies
over these oceanic basins seem to influence indirectly the linear
impact and consequently the precipitation variability over the
NEB. As mentioned in Silva et al. (2014) the precipitation field
shows an inherent complexity determined by the global water
cycle in association with the behavior of many factors such as
moisture distribution over the continents, thermodynamics, and
dynamical aspects, among others. This variable has an extreme
relevance due the direct importance inmany sectors of the society
and environment. However, the spatial and temporal variability
of the precipitation are not yet reproduced satisfactorily by the
numerical models. This leads some questions that are addressed
in present study:

(i) Are the CMIP5 models able to reproduce the main rainy
season over the north of the NEB during the present cli-
mate?

(ii) What is the more adequate statistical downscaling approach
to improve the model simulations during the present cli-
mate: the Artificial Neural Network (ANN) or the Multiple
Linear Regression (MLR)?

(iii) Which one of these statistical models is more appropriate to
project future scenarios of climate change based on CMIP5
runs?

It is worth mentioning that the scope of this paper is simple but
efficient analyses relative to the performance of the ANN and

MLRmodels to improve the General CirculationModels (GCMs)
outputs. However, a brief discussion regarding the anomalous
structure of the simulated ITCZ by these models is described to
help in interpretation of the results. The statistical downscaling is
used in this study as a refinement method to bridge the complex
relationship between the large-scale and local atmospheric fea-
tures for the present climate. The captured relationships are also
designed to project regional climate change from direct outputs
of the GCMs. The MLR have been introduced into meteorol-
ogy and oceanography as a statistical model in a first stage in
comparison with the ANN that is more recent at ends of 1990s
approximately.

The ANN is able to learn and generalize the nonlinear rela-
tions between the predictor and predictand datasets. It also does
not require a priori knowledge of the process. The disadvan-
tage is that the relations learned are hidden in the structure not
described in mathematical expression. The MLR captures the
linear relations between these datasets that can be expressed in
mathematical terms. The limitation of this model is the priori
assumption about the consistency of this relationship.

The literature refers to the statistical downscaling through
the ANN as an alternative to minimize the deficiencies of the
GCMs (Gardner and Dorling, 1998). The technique allows the
establishment of statistical links between the observed large-scale
circulation and the precipitation or temperature fields by apply-
ing transfer functions to the GCMs outputs. Recently, Silva and
Mendes (2013) elaborated a ANN model using as predictand
variables the seasonal hindcasts of precipitation anomalies from
the Climate Forecast System v2 (CFSv2) model and the observed
dominant modes of anomalous SST over the South and North
Atlantic to reproduce the precipitation during the rainy sea-
sons over the south and north of the NEB region. The authors
obtained fairly success in using the ANN approach as a com-
plementary tool for the climate studies. However, there are few
studies that explore the temporal downscaling by using the ANN
method over the NEB region. The literature is focus mainly over
the Amazon Basin (Mendes and Marengo, 2010; Mendes et al.,
2014) and Southeast (Johnson et al., 2012) and South of Brazil
(Ramírez et al., 2006).

The main objectives of the present study are twofold: to com-
pare the performance of the temporal nonlinear (ANN) and
linear (MLR) downscaling methods in predict the area-average
observed daily precipitation during the rainy season over the
north of the NEB for the present climate; and to examine the
accuracy of the more adequate statistical method in project
changes for the future climate over the same region. To inves-
tigate the future climate we use the CMIP5 model outputs forced
by the Representative Concentration Pathways 8.5 (RCP8.5) sce-
nario that is derived directly from the A2r scenario (Riahi et al.,
2007). The choice for the RCP8.5 scenario is that in compari-
son with the others RCPs it corresponds to the pathway with
the highest greenhouse gas emissions and concentrations lead-
ing to radiative forcing of 8.5 W.m−1 at the end of the cen-
tury (Moss et al., 2010). The assumptions are summarized in
Riahi et al. (2011): high population and relatively slow income
growth with modest rates of technological change and energy
intensity improvements, leading in the long term to high energy
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demand and greenhouse gas emissions in absence of climate
change policies.

Section Materials and Methods describe the design of the sta-
tistical simulations. Section Results for the present and future
climate analyses and the Section Summary refers to the main
results.

Materials and Methods

The region of study is the north of the NEB that is detached
by the red box between 2 and 7◦S; 40 and 45◦W as displayed
in Figure 1. The 41 years of observed daily precipitation data
for the present climate of 1963–2003 period derived from the
South America 24 Gridded Precipitation dataset – SA24 (Lieb-
mann and Allured, 2005) is obtained over this region. For the
same period, we used the historical simulations of precipitation
derived from the Coupled Model Intercomparison Project phase
5-CMIP5/IPCC (http://cmip-pcmdi.llnl.gov/cmip5). The projec-
tions of changes in precipitation field for the future climate of the
2055–2095 periods are obtained from the CMIP5 models forced
with the high emission scenario RCP8.5 (940 ppm) as shown in
Table 1.

For the observations the area-averaged daily precipitation is
calculated over the study area during the rainy season from
Feb–Mar–Apr (FMA) and for two previous lag months from
Dec-Jan-Feb (DJF). The correlation between the observed daily
precipitation during DJF and FMA is also calculated. Also, the
differences between the normalized time series of the observed
daily precipitation and the CMIP5 simulations during FMA sea-
son are shown. To explain such differences is calculated the
anomalies of SST and precipitation over the Atlantic Ocean
using as observations the ERSST version3b (Smith et al., 2008)

FIGURE 1 | Location of the study region: North of the NEB delimited by

the red box between 2 and 7◦S; 40 and 45◦W. The location is similar as in

Silva and Mendes (2013). Adapted from http://mapas.ibge.gov.br.

and CAMS_OPI v0208 (Janowiak and Xie, 1999) datasets,
respectively. All dataset are interpolated to a 1◦ lat-lon grid as
in observations. Regarding the future climate period we also cal-
culated the area-averaged daily precipitation during FMA season
as derived from the CMIP5 runs.

The performance of the temporal downscaling through the
ANN and MLR is compared with emphasis in ability to predict
the tendency during present climate. Changes projected for the
future climate derived directly from the grid box daily precipi-
tation simulated by the CMIP5 models are compared with the
changes simulated indirectly through the ANN. For the ANN and
MLR methods the simulations are designed as in Table 2.

The ANN model is based in a learning technique in paral-
lel. Through a sequence of predictors variables designed as input
the network is trained to fit weights for those that can have con-
tributed to the variability of predicted variables (target dataset).
The learning technique has an advantages of generalization in
which the input dataset should be divided in training (used to
obtain the network weights), validation (used to obtain the accu-
racy of themodel), and test (used to obtain the realistic estimative
of the performance of the model). The network maps the predic-
tors in a second set of output variables that are compared with the
desired target and corrections are made until the model reaches
the lowest possible error. In our study the skill model is analyzed
through the Mean Squared Error (MSE), the linear correlation
coefficient (corr) and the bias. The ANN has a capacity to iden-
tify approximate nonlinear relations between the predictor and
predictand and their derivatives without a prior knowledge of a
specific nonlinear function (Ramírez et al., 2006).

As in Silva and Mendes (2013) the Multilayer Perceptron
architecture is used that is more adequate network for meteo-
rological applications because the weather and the climate can
repeat along the chronological time but never exactly in the same
way (e.g., Cardoso and da Silva Dias, 2004). The Figures 2, 3

TABLE 1 | Observed and CMIP5 models daily precipitation dataset.

Daily Precipitation (all datasets are interpolated to 1◦ resolution)

Observed Source Spatial resolution (◦)

SA24 NOAA/PSD/CIRES/CAB 1.0× 1.0

CMIP5 models Atmosphere Ocean

CCSM4 NCAR UCAR/USA 2.2× 1.9 1.0× 1.0

CNRM-CM5 CNRM-CERFACS/France 1.4× 1.4 2.5× 2.0

GFDL-ESM2M NOAA GFDL/USA 2.5× 2.0 1.0× 0.9

MIROC_ESM MIROC/Japan 2.8× 2.8 1.4× 0.9

TABLE 2 | Design of the statistical downscaling with the ANN model.

Predictors Predictand Forecast period

DJF CMIP5 runs and observed

daily precipitation

FMA observed daily

precipitation

1963–2003

FMA CMIP5 climate scenarios of

daily precipitation

FMA climate scenarios

of daily precipitation

2055–2095
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FIGURE 2 | ANN topology used for the present climate simulations.

represent the topology of the ANN used in the present study for
the present and future climate analyses, respectively. For both
simulations theMultilayer Perceptron topology is interconnected
in a feed-forward method. This method allows that the informa-
tion of one hidden layer with the eight tangent sigmoid neu-
rons be forward in direction of the input nodes to the output
nodes.

The resilient backpropagation is the training function with
a gradient descent, and the momentum weight and bias is the
learning function. The training function used allows eliminat-
ing the effect of the sigmoid transfer function in the hidden
layer. The effect surges when the input is large that forces to
their gradient must approach zero tending to very small mag-
nitude values favoring low changes in the weights and biases.
To estimate the accuracy and reduce the effect of over-fitting,

the cross-validation is applied. For instance, the training dataset
is divided in 60% for training; 20% for validation; and 20%
for test.

In Figure 2 the target dataset is the observed daily precipi-
tation during FMA season of 1963–2003 over the north of the
NEB. The input is the daily precipitation during DJF season of
the same period and region that are extracted from the obser-
vations and CMIP5 outputs. The result of the ANN model is the
output relative to the daily precipitation simulated for the present
climate during FMA season. In Figure 3 for the future climate
analyses the target is the daily precipitation during FMA season
of the 1963–2003 previously predicted through the ANN. The
input dataset are the values of precipitation for the FMA season of
the 2055–2095 periods and the output is simulation of the ANN
model relative to the precipitation scenario for the FMA season.
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FIGURE 3 | ANN topology used for the future climate simulations.

The Equation (1) express the MLR model in which a output
y (predictand) is dependent of a set of input (predictors) that are
independent variables x1, x2, ..., xp (p > 1). The values α is the y-
intercept, βk(k = 1, 2, ..., p) are the weights and ǫ is the forecast
error.

y = α +

∑

k

βkxk+ ∈ (1)

The idea in using the MLR is to adjust predictors that are a set of
daily precipitation during DJF season over the north of the NEB
derived from the CMIP5 models to a predictand, the observed
daily precipitation during FMA season over the same area. This
implies in identify the lagged influence of each CMIP5 model in

capture the most part of the variability in precipitation over the
study region.

For the ANN and MLR models the predictors and predictand
variables are normalized in interval [0, 1] by min-max formula
similar as Sajikumar and Thandaveswara (1999):

v′ (i) =
v (i) −miniv(i)

maxiv (i) −miniv(i)
(2)

A posterior normalization in interval [−1,1] is assuming that

v′′ = av′ + b (3)

So, when: v′ = 0, v′′ = −1;when v′ = 1, v′′ = 1 implying
that − 1 = b and 1 = a+ b′ resulting in:

v′′ = 2v′ − 1 (4)
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Results

Present Climate
The observed and simulated normalized time series of daily
precipitation for FMA season are displayed in Figure 4. The
observed anomalies in Figure 4A are calculated in relation to
the mean of 8.13mm.day−1. The median value of 8.21mm.day−1

suggests that the extremes in normalized time series do not
affect the mean value. The Figure 4B show high discrepancies
between the CMIP5 outputs in modeling the present-day pre-
cipitation for FMA season. The MIROC_ESM model simulates
the worst results overestimating the precipitation during the Feb–
Mar months and underestimating in April. The GFDL_ESM2M
model underestimates the daily precipitation amplitude along the
time series and the CNRM_CM5 model shows a higher vari-
ability an extreme values. The differences between the models in
modeling the large-scale precipitation patterns imply that is nec-
essary to considerer the use of statistical techniques to improve
the present simulation and future climate projections. In others,
is relevant to apply the refinement methods in the GCMs outputs
mainly in improving of their mean and variability.

The outputs from the CCSM4, GFDL_ESM2M, and
MIROC_ESM models during DJF season are most corre-
lated with the observed FMA season precipitation (Table 3).
The correlations values are of 0.54, 0.66, and 0.66, respectively.
However, only the CCSM4 model displays a slightly reasonable

agreement in terms of variability in the normalized series. The
considerable differences in the mean and the variability between
the observed and modeled daily precipitation values justify the
differences found in correlations observed in the Table 3.

In order to investigate these discrepancies we compare
the simulated mean SST and precipitation from each model
over the Equatorial Atlantic Ocean with the observed field
(Figures 5A,B, 6A,B, respectively) that results in the anoma-
lous fields (Figures 5C–J, 6C–J, respectively). The observed SST
for the DJF season shows a warm pool in a region extending
into the 5–8◦S with values of 26–28◦C and maximum magni-
tude on the eastern basin. The precipitation band is located
over the equator region, between 5◦S and 8◦N onto which

TABLE 3 | Lagged correlation between the normalized daily precipitation

time series derived from the CMIP5 models for the DJF season and

observed for the FMA season during the 1963–2003 period.

Precipitation–FMA season Precipitation–DJF season corr

Observation Observation 0.63

CMIP5 models

CCSM4 0.54

CNRM-CM5 0.27

GFDL-ESM2M 0.66

MIROC_ESM 0.66

FIGURE 4 | Observed (A) and simulated from the CMIP5 models (B) daily precipitation over the north of the NEB during FMA season from the

1963–2003 period.
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FIGURE 5 | On the left panel the DJFmean SST during 1963–2003

period along the equator area for the observation (letter A) and the DJF

anomalies for the CCSM4, CNRM_CM5, GFDL_ESM2M eMIROC_ESM

models (letters C, E, G, and I respectively).On the right panel the same

sequence as on the left panel except for FMA (the mean in B, and the

anomalies inD, F,H, J). All data are interpolated to a lat-lon grid with 1◦. The

respective maps were constructed from the IRI/LDEO Climate Data

Library.

the trade winds converge from the North and South Hemi-
spheres (Figures 5A, 6A, respectively). During FMA season
the warm pool intensifies along the central basin and coast
of the NEB and vicinity of the Equatorial Atlantic Ocean.
As response an intensification of the precipitation along these
regions is observed during FMA season with a notable max-
imum nucleus over the north of the NEB (Figures 5B, 6B,
respectively).

Siongco et al. (2014) analyzed 24 of the CMIP5 models
and found significant deficiencies in reproduction of the ITCZ
structure with either the west or the east Atlantic bias and

no model matches the observed precipitation distribution. Our
analysis for the DJF and FMA seasons shows that the CCSM4,
CNRM_CM5, GFDL_ESM2M,and MIROC_ESM models have
a cooling (warming) bias over the western (eastern) basin
with anomalies below −0.5◦C (above 0.5◦C). The more intense
values are found on the eastern Equatorial Atlantic Ocean
(Figures 5C–J, respectively). The anomalous precipitation fields
shows that all the models suffer with deficiencies in representing
the magnitude and mean position of the continental and oceanic
ITCZ that is displaced to southward in comparison with the
climatology (Figures 6A,B).
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FIGURE 6 | On the left panel the DJF mean precipitation during

1963–2003 period along the equator area for the observation (letter

A) and the DJF anomalies for the CCSM4, CNRM_CM5,

GFDL_ESM2M e MIROC_ESM models (letters C, E, G, and I,

respectively). On the right panel the same sequence as on the left panel

except for FMA (the mean in B, and the anomalies in D, F, H, J). All

data are interpolated to a lat-lon grid with 1◦. The respective maps were

constructed from the IRI/LDEO Climate Data Library.
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FIGURE 7 | Continued

Frontiers in Environmental Science | www.frontiersin.org 9 April 2015 | Volume 3 | Article 29

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


da Silva and Mendes Refinement of the daily precipitation over the NNEB

FIGURE 7 | Simulations of the ANN model during the present climate period (1963–2003). In y-axis is the performance of each simulation divided in train (blue

line), validation (green line), and test (red line) during different epochs (x-axis).

The CCSM4 model shows above mean precipitation in both
seasons as indicative of Atlantic Niño mode (Richter et al., 2014)
that may occurs in response to impact of inter-El Nino variabil-
ity on the Tropical Atlantic over the Northeast Brazil (Rodrigues
et al., 2011). The warmer SST anomalies in the eastern Equa-
torial and Tropical South Atlantic Ocean favor the southward
ITCZ displacement and consequently the above average precipi-
tation values over the NEB (Figures 6C,D). As seen in theTable 3
the observed precipitation during FMA is more correlated with
the outputs from GFDL_ESM2M, MIROC_ESM, and CCSM4
models. However, only the CCSM4 model displays a slightly
reasonable agreement with observation in terms of variability on
the daily precipitation.

In Figures 6E,F the CNRM-CM5 model simulates a more
elongated southward ITCZ structure with above mean precip-
itation over the eastern than central Equatorial Atlantic basin
in accordance with the simulated SST anomalies shown in

Figures 5E,F. This model shows the more intense SST anoma-
lous gradient along the Equatorial Atlantic Ocean in compar-
ison with the others in analysis. As consequence the north of
the NEB shows below average values mainly during FMA season
that is the rainy season on this region. The consequence of this
anomalous pattern is also noted in Figure 4B on the simulated
daily precipitation time series of the CNRM-CM5 model and
the low correlation value of 0.27, the lowest between the mod-
els, as shown in Table 3. In the GFDL-ESM2Mmodel simulation
there are two anomalous precipitation bands zonally elongated:
to the north and to the south of the climatological position of
the ITCZ that is considerably stronger than in observation lead-
ing above mean values over part of NEB (Figures 6G,H). The
MIROC-ESM model shows more longitudinal elongated distri-
bution of precipitation and above average values over the north
of the NEB that is reflected in simulated time series shown in
Figure 4B.
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The results obtained from the best of 10 simulations from the
ANN model are displayed in Figure 7 that illustrates the per-
formance of each simulation (y-axis) as function of the epochs
(x-axis). The term performance refers to the ability of the net-
work in generalize that is, the trained net is able to give correct
outputs dataset from the same class as the learning dataset that
it has never trained before. The epoch’s term refers to the num-
ber of iterations for the input dataset in training. There is no rule
to decide the number of simulations however 10 simulations are
suggested as appropriate to visualize the differences in curves.
The weights are reinitialized random in each simulation and the
training iteration is initiated using the new target vectors and set
of weights. The best simulation was chosen by analysis of the
minimum Mean Square Error (MSE) and the maximum corre-
lation coefficient between the predictors and predictand datasets.
In addition, a maximum likelihood between the train, validation,
test curves and their faster decay were also considered on choice
of the best simulation.

The simulation 2 shows the best performance and estimated
generalization error MSE = |0.05|and correlation coefficient of
0.83 (Figures 7, 8). Although the values of MSE= |0.05|and corr
= 0.84 in the simulation 6 it performance is not better than
the simulation 2 which compromises the downscaled values. The
explanation is that the purpose of training is to reduce the MSE
to a low value using the few epochs as possible. The performance
in simulation 6 is reached in 1426 epochs that is much long than
in simulation 2 and also the respective test set (red line) is worst.
Also, the variability of the output dataset obtained in the simula-
tion 2 is better learned than in the simulation 6 (not shown). The
Figure 8 shows the cross-validation used to validate the network
performance. This means that the network output with respect to
target (observed daily precipitation during FMA season of 1963–
2003 period over the north of the NEB) for training, validation
and test datasets. The equation Output = 0.7∗target + −0.051
indicates how close the output is the target dataset. The fitting is
reasonably good once the correlation coefficient is 0.83 and 70%
of variability in output is explained by the target dataset The value
of 0.051 represents the variability of the simulated output due the
error term.

The Equation 4 is the result of the MLR model used in the
prediction of normalized daily precipitation during FMA season
being represented by the relationship between the predictors: the
normalized daily precipitation for DJF season observed and sim-
ulated by the CMIP5 models. The MSE obtained is |0.09|and the
correlation between the predictors and predictand dataset is 0.70.
The equation of the MLR derived model is shown as follow:

PrecFMA = −0.17 + 0.22 ∗ PrecMIROC_ESMDJF

+0.22 ∗ PrecGFDL_ESM2MDJF + 0.20 ∗

PrecObs DJF − 0.07 ∗ PrecCCSM4 DJF

+ 0.06 ∗ PrecCNRM_CM5DJF (5)

This equation defines that −0.17 is the constant value at which
the fitted line crosses the y-axis representing the expected
response when the predictors are zero. Each predictor (out-
put of each one of the CMIP5 model) is weighted, and the

FIGURE 8 | Cross-validation result of the best fit obtained in the

Simulation 2 with MSE = 0.05 and corr = 0.83. The output simulated using

as target the observed daily precipitation during FMA season and input the

simulations of this variable from the four CMIP5 models in analysis during DJF

season of 1963–2003 period over the north of the NEB is: Output = 0.7*target

+ −0.051.

weights denote their relative contribution to the overall adjust-
ment. It is interpreted that the precipitation simulated from the
MIROC_ESM and GFDL_ESM2M models during DJF season
captures 22% of the variability of the observed daily precipita-
tion during FMA season over the study region. Additionally, the
observed daily precipitation during DJF season captures 20% of
the variability in precipitation during FMA season. Only a few
part of the observed daily precipitation during the rainy season is
captured by the simulations of DJF season from the CCSM4 and
CNRM_CM5 models. The equation indicates that MLR model
not represents the suitable adjustment between the observed daily
precipitation during the rainy season of FMA trimester and those
predicted in 2 months before during the DJF season.

A comparison between nonlinear x linear methods illustrates
that the downscaled values from the ANN model shows an
improvement of 13% in terms of correlations coefficient values in
comparison with the downscaled time series of the MLR model.
This result is analyzed by subtracting the correlation coefficient
value of 0.83 calculated between the observation and simulations
values of the ANN model with those of the MLR model that is
0.70. Also, the ANN simulates a lesser generalized error of 0.05 in
comparison with the obtained of the MLR model that is 0.09 and
shows an improvement in the amplitude of the simulated time
series.

The Figure 9 shows that ANN and MLR techniques exhibit
the same positive tendency as in observation however there are
deficiencies to predict the extreme values. Nevertheless, the best
prediction of these extremes is found in ANN time series. This
means that the MLRmodel is poorly suited to modeling the com-
plex nonlinear relationships inherent in climate variables. Also,
the ANN is more able to capture features of the interannual
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FIGURE 9 | Comparison between the observed (gray line) and simulated daily precipitation by the ANN (blue line) and MLR (red line) models during

FMA season of the 1963–2003 period over the north of the NEB.

FIGURE 10 | Bias comparison between the simulated daily precipitation by the ANN (A) and MLR (B) models during FMA season of the 1963–2003 over

the north of the NEB.

variability in the daily precipitation. In others, this is a useful
tool to understanding of the main features of the precipitation
in terms of large-scale atmospheric patterns.

The plot of the predictand bias (the simulated predictand
values minus the observed values) shows that the distribution of
errors with values close to zero beingmore frequent for nonlinear
method than linear method (Figures 10A,B, respectively). It sug-
gests that the ANN model is powerful to resolve the physical
processes that are nonlinear in the precipitation dataset. How-
ever, the refinement methods show a tendency to underesti-
mate high values of precipitation and to overestimate the low
ones.

Through the box-plots is shown that the median is similar in
the observed and the two downscaled times series (Figure 11).
However, the dispersion is best represented in the ANN than
in MLR model when compared to the observations. Also, the
MLR has a considerably lesser symmetric distribution of val-
ues in the predictand time series with a negative tail and
more outliers indicating values with an abnormal distance from

the other. The downscaled times series show a decreasing of
the variance compared to the observations that is also indi-
cated in Figure 9. According the previous results it suggested
that the MLR has no skill in simulating the present-day cli-
mate over the region probability due the non-linearity imposed
between the input and output data. Based on this, we decided
to use the ANN method in the next analyses for the future
climate.

Future Climate
In the simulations for the future climate scenario we used
the same ANN topology as those used in simulations for
the present climate. The details about the design of the
experiments are described in Section Results. We empha-
size that the network projections criteria is different from
those introduced in Boulanger et al. (2007). By comparing the
2055–2095 with the 1963–2003 periods is observed that all
models project a positive tendency of daily precipitation over
the north of the NEB (Figures 12A–C). An exception is found
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in the MIROC_ESM runs that projected a negative tendency
and change from positive to negative on the rainy pattern
(Figure 12D).

FIGURE 11 | Box-plots comparison between observed and simulated

daily precipitation by the ANN and MLR models during FMA season of

the 1963–2003 period over the north of the NEB.

The changes on the future climate projected by CMIP5models
for the 2055–2095 periods are validated with those obtained indi-
rectly through the ANN model. The baseline is the predictand
time series previously simulated for the present climate dur-
ing the 1963–2003 period as shown in Section Present Climate.
The best simulation results displayed in Figure 13 reached the
MSE = 0.02 and correlation of 0.88 between the predictors
and predictand datasets (Figure 13A). The result of the cross-
validation Output = 0.74∗target + −0.02 is interpreted as 74%
variability of the output dataset is captured by all models and the
uncountable part related to MSE= 0.02 is due the error in simu-
lation. It means that the ANNmodel performs well in calibrating
the climate model precipitation projections. The low MSE value
may represent the local forcing as topography and local atmo-
spheric processes that are smoothed in GCMs simulations due
their low-resolution grid. We suggest the linear response that
favors the relative high skill in predictability over the NEB in
comparison with others regions of Brazil as mentioned in Intro-
duction may be compromised when the models are forced by the
greenhouse gas forcing RCP8.5. This suggests the importance of
the RCP8.5 in change the large scale for the 2055–2095 periods.
In Figure 13B the changes projected by ANNmodel exhibits near
similar tendency as in GFDL_ESM2M model although the lower
amplitudes.

FIGURE 12 | Projections of the daily precipitation on the future climate during FMA season of 2055–2095 period over the north of the NEB simulated

by the CMIP5 models: (A) CCSM4, (B) CNRM_CM5, (C) GFDL_ESM2M, (D) MIROC_ESM.
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FIGURE 13 | Results of the future climate change scenario simulation

during FMA season of the 2055–2095 period of the ANN model: (A)

Cross-validation result from the best fit with MSE = 0.02 and corr =

0.84. The output simulated using as target the simulated daily precipitation

during FMA season from the ANN model and input the simulations of this

variable from the four CMIP5 models in analysis during FMA season of

2055–2095 period over the north of the NEB is: Output = 0.74*target +

−0.02. The letter (B) exhibits the respective time series.

TABLE 4 | Correlation between the future scenarios for the 2055–2095

period projected direct from the CMIP5 models and indirect from the ANN

model.

Correlation between future scenarios (2055–2095 period)

CMIP5 model ANN model

CCSM4 0.54

CNRM_CM5 0.36

GFDL_ESM2M 0.89

MIROC_ESM −0.44

The Table 4 shows the comparison through the correlation
coefficient among the projected pattern from the ANNmodel and
those from the CMIP5models. It is clear that the ANN projection
is more influenced by the GFDL_ESM2M response to RCP8.5
forcing. This model also shows a moderate correlation among
the normalized daily precipitation during DJF and FMA seasons
during the 1963–2003 period as seen in Figure 4 and Table 3.
However, in analysis of the Figure 6 the mean structure of the
ITCZ is better simulated in CCSM4 model that also show mod-
erate correlation as displayed in Table 3. It suggests that a model
may present a better simulation than another for the present-day
climate but poorly respond to greenhouse gas forcing.

The results reinforce that serious uncertainty are still persists
since the CMIP3 model version in projections of equatorial pre-
cipitation as an expected consequence of global climate change.
Ceppi et al. (2013) and some references therein explained that the
hemispheres not heat evenly: the north hemisphere warm more

swiftly than the south and this imbalance will have a consequent
effect on the structure of the ITCZ. This fact underscores the
importance of studies as the present here by applying statis-
tical downscaling approach to improve the estimation of the
variability to the GCMs outputs.

Discussions

Regarding the complex task that the numerical models in repro-
duce the precipitation some questions are addressed in this
study.

Are the CMIP5 Models Able to Reproduce the
Main Rainy Season Over the North of the NEB
During the Present Climate?
No, from the four CMIP5 models analyzed there is a high dis-
persion of the daily precipitation over the north of the NEB
justifying the use of downscaling methods. Overall, the dif-
ferences between the models are reflected mainly in the
mean and variability values of the daily precipitation over
this region. The simulated daily precipitation by the CCSM4,
GFDL_ESM2M, and MIROC_ESM models during DJF sea-
son are most correlated with the observed daily precipitation
during FMA season. The correlations are of 0.54, 0.66, and
0.66, respectively. These correlations are explained by deficien-
cies shown in configuration of the anomalies of SST along
the Equatorial Atlantic Ocean that result in anomalies in sim-
ulated daily precipitation over the north of NEB. Only the
CCSM4 model displays a slightly reasonable agreement with the
observations.
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Regarding this aspect a comparison between the nonlinear
(ANN) and linear method (MLR) to identify the one most suit-
able for the analysis of daily precipitation is made. No additional
post-processing is applied on the downscaled outputs and the
statistical methods show a decreasing of the variance in the pre-
dictand time series. Such feature is commonly encountered in
the results of the application of statistical downscaling in climate
research (Silva and Mendes, 2013; among others).

What is the More Adequate Statistical
Downscaling Approach to Improve the Model
Simulations During the Present Climate: The
Artificial Neural Network (ANN) or the Multiple
Linear Regression (MLR)?
We compared the relative performance of ANN andMLRmodels
in improve the normalized daily precipitation during FMA sea-
son over the north of the NEB derived from observed and the
CMIP5 outputs during DJF 1963–2003 period. The comparison
between the methods is based in analysis of the Mean Squared
Error (MSE), the linear correlation coefficient and the variability
of the downscaled time series.

The nonlinear downscaling with ANN is potentially promis-
ing method of improvement of the explained variance of dataset
than linear downscaling with MLR. The temporal downscaling
through the ANN appears relatively efficient in correct part of
the deficiencies in CMIP5 runs though the improvement of the
large scale observed patterns. In terms of correlation coefficient
values the improvement is of 13% between the predictors and
predictand values from the ANN model compared to those from
the MLR model. Also, the estimated errors and the amplitude of
downscaled time series is best performed by ANNmodel.

Which One of these Statistical Models is More
Appropriate to Project Future Scenarios of
Climate Change Based on CMIP5 Runs?
Excluding the MIROC_ESM model the others ones are relatively
coherent in comparing their 2055–2095 climate scenarios pattern
over the north of the NEB. They have a tendency of increase of
the daily precipitation projected. The projections for the FMA
season derived directly from themean grid box precipitation sim-
ulated from the CMIP5models are compared with those obtained
indirectly through ANN method. The baseline is the predic-
tand downscaled for FMA time series. The climate scenario pro-
jected by ANN model indicates that the unaccounted explained
variance is |0.02|that is the lower possible and corresponding
to local forcings that will not change in future warmer climate
(Trigo and Palutikof, 2001). This local forcing may be associated
with the topography and local convection that are not well incor-
porated in the numerical models but influence the occurrence of
precipitation. It may be suggested that the heavy-emission sce-
nario of CO2 in RCP8.5 is an important forcing of large-scale

circulation for the 2055–2095 period. A comparison of the pre-
cipitation change projected from the ANN and those from the
CMIP5 models indicated that the statistical model weights the
CMIP5 runs according to their skill in simulating present-day cli-
mate. Similar characteristic is also found by the Boulanger et al.
(2007) by comparing the 2076–2100 SRES A2 annual mean pre-
cipitation change projected by the ANN with those simulated by
the seven models from the IPCC AR4.

Through the obtained results we suggest that the ANN
method is an important tool to allow the establishment of com-
plex relationship between large-scale and local climate over the
north of the NEB. The complex relationship in the precipitation
pattern over this region refers to the influence of local and remote
forcing’s related to SST variability. The purpose of this study is to
emphasize that the ANNmethod that is used inmany operational
centers around the world in improvement of the predictabil-
ity of numerical models needs more studies and applications in
Brazil.

Furthermore the similar methodology as the present here will
be carry out in analysis of the temporal and spatial dependence
of these results with those for the east and south grid boxes
over the NEB. The east and south of the NEB are regions with
stronger nonlinearity compared with the north region and it is
possible that ANN results may vary according to the regions par-
ticularities. Another important feature that will be investigated
is the improvement when the local forcing, as the microclimate,
will be included as predictors in addition with the precipitation
simulated by the CMIP5 models.
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