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Abstract: Many natural disasters in South America are linked to meteorological phenomena. There-
fore, forecasting and monitoring climatic events are fundamental issues for society and various
sectors of the economy. In the last decades, machine learning models have been developed to tackle
different issues in society, but there is still a gap in applications to applied physics. Here, different
machine learning models are evaluated for precipitation prediction over South America. Currently,
numerical weather prediction models are unable to precisely reproduce the precipitation patterns
in South America due to many factors such as the lack of region-specific parametrizations and data
availability. The results are compared to the general circulation atmospheric model currently used
operationally in the National Institute for Space Research (INPE: Instituto Nacional de Pesquisas
Espaciais), Brazil. Machine learning models are able to produce predictions with errors under 2 mm
in most of the continent in comparison to satellite-observed precipitation patterns for different climate
seasons, and also outperform INPE’s model for some regions (e.g., reduction of errors from 8 to
2 mm in central South America in winter). Another advantage is the computational performance
from machine learning models, running faster with much lower computer resources than models
based on differential equations currently used in operational centers. Therefore, it is important
to consider machine learning models for precipitation forecasts in operational centers as a way to
improve forecast quality and to reduce computation costs.

Keywords: machine learning; climate precipitation prediction; neural networks; optimal neural
architecture; deep learning

1. Introduction

South America (SA) is located between 12°N and 55°S, covering lands in both low
and medium latitudes, and has a diversified geography with the presence of the Andes, a
narrow strip of mountainous region stretching from north to south on the SA west coast;
vast plains containing huge aquatic surfaces made up of rivers such as the Amazon and the
Orinoco; the largest tropical rain-forest in the world, the Amazonian equatorial forest; one
of the most arid areas on the planet, the Atacama desert, located in northern Chile; and the
Patagonia region at the southern end of South America, limited by the Pacific Ocean in the
west up to the Andes (Chilean part) and from the Andes up to the Atlantic Ocean to the
east (Argentinean part). The distribution of South American lands at different latitudes and
with different forms of relief enables the development of different atmospheric systems,
which contribute to the climatic inhomogeneity of this region [1].

Typically, climate prediction centers use general circulation atmospheric models
(GCAMs) by solving an initial value problem of partial differential equations, and some-
times employing a multi-model ensemble for seasonal forecasting. However, the effects of
the combination of the multi-models and the GCAMs vary greatly between geographical
areas, variables, and forecast models considered. In South America, for example, the
operational model for numerical forecasting of weather and climate on a planetary scale
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by the National Institute for Space Research (INPE) is the global circulation atmospheric
model, the Brazilian Global Atmospheric Model (BAM).

In recent years, the use of machine learning has been investigated for climate forecasts.
The use of artificial intelligence (AI) techniques coupled with meteorological science has
motivated researchers to apply Al methods to predict and classify events in different cli-
matic conditions. Krasnopolsky and co-authors [2] proposed an approach based on neural
networks for the development of a parameterization of stochastic convection for climate
models and numerical weather forecast. The authors tested their methods on the National
Center for Atmospheric Research (NCAR) Community Atmospheric Model (CAM), which
presented reasonably promising and reasonable climate simulations for a large tropical
region of the Pacific [2]. Zanna and co-authors used machine learning, support vector
machines, and convolutional neural networks to derive parameterizations from ocean
mesoscale swirls [3]. Dijkstra et al. [4] proposed the use of neural networks to predict El
Nifio events in the tropical Pacific, showing the potential for improving the skill of El Nifio
predictions. A multi-model cluster approach was proposed by Krasnopolsky et al. [5],
based on data learning using the neural network (NN) technique, to improve 24 h precipi-
tation predictions over the continental United States.

Several operational weather forecasting centers are implementing artificial intelligence
to improve their numerical forecasts. The National Oceanic and Atmospheric Adminis-
tration (NOAA), an important institution of the USA government, intends to expand the
use of Al in each NOAA mission, improving the efficiency, effectiveness, and coordination
of the development and opportunity of NOAA science, products, and services [6]. The
European Centre for Medium-Range Weather Forecasts (ECMWF) is making a significant
effort to support artificial intelligence and machine learning applications to improve nu-
merical weather forecasting at the Centre [7]. The Météo-France is using machine learning
to predict the probability of thunderstorm occurrence by blending multiple ensemble pre-
dictions. Several post-processing steps are used: spatial neighborhood smoothing, dressing
of probability density functions, adjusting sensitivity to model output, ensemble weighting,
and calibration of the output probabilities [8].

Accordingly, it is important to recognize the impact of Artificial Intelligence (AI) on
meteorology. This paper proposes a new approach to seasonal precipitation prediction
based on Al techniques, which can be used as an additional tool for monitoring and fore-
casting the climate over South America. The proposed forecasting system was developed
from a supervised neural network model. The predictions obtained with the neural model
were compared with the operational model BAM, which is the current global atmospheric
model of INPE for forecasting weather and climate. Seasonal climate prediction is impor-
tant for practical purposes in several economic sectors in society, e.g., agriculture, energy
production, transport, civil defense, environment, construction, tourism, and entertain-
ment. Therefore, operational centers for numerical weather and climate predictions have
dedicated routine activities for these purposes.

The literature has shown some limitations regarding seasonal climate prediction
for certain regions, even applying a multi-model ensemble [9]. In other words, models
cannot reproduce some observed climate patterns. The weather and climate forecasting
based on time integration of differential equations employs different grid resolutions
for the numerical models. The weather numerical models are executed under finer grid
resolutions than climate models. Therefore, some phenomena with smaller space scales
are not well represented by climate models [10]. The climate community is trying to
deal with finer resolution, improve the physical process representation (parametrization),
and calculate a better initial condition [11] to improve the climate prediction. According
to Robertson et al. [12], unlike weather models, where forecasting uncertainties can be
computed from the spread of the ensemble members, uncertainties in climate prediction
are linked to the unpredictable dynamics in the atmosphere.

There are at least two motivations to investigate new methods for seasonal climate
precipitation prediction. The first of them is to speed up the computational processing. The
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second is to produce a better—more precise—prediction. Both goals were reached here:
the prediction procedure with new methodologies was faster and more precise than the
forecasting computed from the BAM model. The operational procedure for the climate
prediction from the BAM model was applied here to facilitate a comparison.

Neural networks are widely used machine learning tools and can be found with
different architectures: simple ones and even very complex configurations. The choice of
architecture to be used is made by specialists on artificial intelligence, based on experience
and empirical analysis.

The performance of neural networks depends heavily on the analyzed data. For
example, researchers who are familiar with the data do not necessarily have the experience
of designing neural network architectures and vice versa. To this end, there is a great
demand for the development of algorithms allowing researchers without any knowledge
about machine learning to obtain models for describing their data in an automatic way.
The task of optimizing neural networks is very computationally expensive, compared to
other optimization problem solving tasks. Therefore, it is necessary to develop effective
methods for accelerating the assessment of the fitness of neural networks. Indeed, Anochi
and co-authors have shown a better performance for neural networks with architecture
found by an automatic configuration procedure than neural architectures designed by
experts [13], where two applications were analyzed: a data assimilation example and a
seasonal precipitation prediction for the South of Brazil.

The novelty of this paper is to introduce machine learning approaches for seasonal
climate precipitation prediction in South America, applying a self-organizing multi-layer
perceptron—the optimal architecture is identified by the Multi-Particle Collision Algorithm
(MPCA) meta-heuristic—and a deep learning neural network. Neural predictions are
compared with seasonal predictions performed by a climate atmospheric model based on
numerical integration of partial differential equations.

The paper is structured as follows: Section 2 describes the methods for climate precip-
itation prediction; Section 3 presents the methodology adopted in this work; in Section 4,
results and discussions are expressed; and some final remarks are stressed in Section 5.

2. Neural Networks for Climate Precipitation Prediction

Artificial intelligence (AI) encompasses computational methods that perform tasks
that normally use human intelligence. One type of Al is machine learning, which develops
algorithms to allow computers to learn from existing data without being programmed
explicitly. Many classification algorithms form part of this area, such as logistic regression,
support vector machines, and Neural Networks (NNs).

Machine learning methods can be divided into supervised and unsupervised. In
supervised learning, the input data (training and test set) has known data, provided
commonly by human experts. However, in unsupervised learning, the algorithm itself
must discover relationships, patterns, regularities, or categories in the input data.

There are several applications for machine learning throughout the climate prediction
process: (i) a tool to select and polarize the data that will be used as an initial condition
in the prediction model; (ii) a tool to project real-world observations into a representation
of variables as they are used in the models; (iii) a tool that is used in post-processing the
output of a forecast model; for example, to detect extreme weather events in forecasts or to
correct forecast errors.

The performance of the neural network depends entirely on the selection of hyperpa-
rameters, which control the learning rate or the capacity of the model ([14,15]). Therefore,
an approach to optimize this problem is to formulate such parameters as an optimization
problem. Many optimization approaches appear as an efficient alternative to the topology
definition problem [13,16-18].

In this contribution, the definition of parameters and weights for the neural network,
we present the MPCA metaheuristic to optimize the parameters of topology, which can
be deployed effectively in low-resource settings. The self-configured NN by the MPCA
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metaheuristic has been used successfully in different fields, including fault diagnosis [19],
atmospheric temperature profile identification [20], structural damage identification [21],
inverse radiative problems [22], autonomous navigation by image processing [23], climate
prediction with uncertainty quantification [24], and data assimilation [25].

Another approach proposed in this research is the use of the TensorFlow structure,
where several techniques were tested, such as early stopping and optimizers to improve
performance in training the neural network, in order to reduce the computational cost.

The two approaches implemented are as follows: (i) NN optimized by MPCA and
(ii) the TensorFlow network. The metric to quantify the learning performance and the
ability of the neural models was the root-mean-square error (RMSE)—Equation (1):

N

RMSE = % Y (de — i), @
k=1

where N is the number of training patterns, dy denotes the target values and yy is the output.

2.1. Automatic Configuration by the MPCA Metaheuristic

The process of configuring a multi-layer perceptron neural network (MLP-NN) in-
volves the time-consuming challenge of choosing the most appropriate parameters: number
of hidden layers, number of neurons for each hidden layer, type of activation function,
number of epochs, and the parameters for the training phase learning (17) and momentum
rates (x). These parameters are essential for the training process. An epoch refers to training
the NN with the entire training dataset for one cycle, learning rate (#7) can help to converge
the optimization process, and momentum rate («) can accelerate the training process.

In order to find the best architecture for the MLP-NN for our application, a neural
network to emulate the seasonal precipitation prediction in South America, the problem is
addressed as an optimization one by minimizing the functional ([14]):

01 Etmin(Q) + 02 Egen(Q)
1+ P2

L(Q) = penalty x 2)

penalty = ¢ exp{[#neurons]?} + c, {#epochs} + 1 (3)

where Q is the unknown vector; Ejy,;, and Eg.y, are, respectively, training and generalization
errors (the square difference between the NN output and the precipitation prediction from
GPCP); finally penalty is a measurement of the neural network complexity. Therefore, the
optimal topology for the MLP-NN is looking for the simplest neural network with better
agreement with the reference datasets (training and generalization).

The optimal solution Q* is computed by minimizing the functional above
(Equation (2)). The optimization problem is solved by the multi-particle collision algorithm
(MPCA) metaheuristic.

The MPCA is a metaheuristic based on the canonical particle collision algorithm (PCA)
developed by [26] (see also [27-29]), inspired by a neutron traveling inside a nuclear reactor
under absorption and scattering phenomena.

There are similarities with the simulated annealing ([30]) scheme. The MPCA follows
the PCA strategy, but with a new feature: the use of several particles instead of only
one particle to act over the search space. The theory behind the MPCA algorithm is
detailed by [31,32]. Coordination between the particles is carried out through a blackboard
strategy, where the best fitness information is shared among all the particles in the process.
The MPCA is implemented using MPI libraries in a multiprocessor architecture with
distributed memory.

The MPCA codification is close to the PCA. Assuming the number of calls to the
absorption operator is equal to the number of calls of the scattering operator, and both are
equal to N, results in a complexity O(N x N), just checking operations in the inner loops.
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However, due to the new loop, introduced by the multiple particle technique, the number
of checking operations can be increased to N° operations, considering a number of particles
equal to the number of iterations. Therefore, the complexity associated to MPCA will
be O(N?).

The parallel procedures can improve the processing by distributing the tasks among p
processors. If the number of processors could be p = N, N being the number of particles,
the computational effort is reduced to O(N?), such as in the standard PCA.

The PCA starts by selecting an initial solution and it is modified by a stochastic
perturbation, leading to the construction of a new solution. The new solution is compared
to the old one (the solutions are compared by calculating the fitness of each one), and the
new solution can or cannot be accepted. If the new solution is not accepted, a scheme is
used to find a new solution. If a new solution is better than the previous one, this new
solution is absorbed (absorption is one feature involved in the real collision process). If a
worse solution is found, a probability is calculated to find a particle in a different location
of the search space, giving the algorithm the capability of escaping a local minimum. The
latter procedure is inspired by the scattering process.

Luz et al. [32] present an application of the MPCA algorithm for solving two inverse
problems formulated as optimization problems. In the conclusion, the authors state that the
MPCA is an alternative to determine inverse solutions. Nowadays, even personal computers
are found with multicore architectures, allowing application of the execution of an algorithm
developed for high-performance environments. The results also demonstrate the MPCA
convergence to compute a good solution within a reasonable amount of available resources.

Anochi [15] used the MPCA for climate precipitation field prediction in the south,
southeast, and northeast regions of Brazil. The results suggest that the optimal architecture
determined by MPCA was found in a shorter time compared to the time a specialist would
take to find an acceptable topology. Another advantage is that the automatic strategy
discards the need for a specialist in neural networks, making the use of neural networks
accessible to a larger audience. Additionally, the author suggests that a major advantage of
using neural networks is their hardware implementation.

2.2. Deep Learning: TensorFlow

TensorFlow is an interface for expressing machine learning algorithms and an imple-
mentation for executing such algorithms. Its origins refer to the Google Brain project started
in 2011 to explore the use of very-large-scale deep neural networks, both for research and
for use in Google’s products.

Based on the experience of other projects within the group (e.g., DistBelief) and a
more complete understanding of the desirable system properties and requirements for
training and using neural networks, TensorFlow was built, a second-generation system for
the implementation and deployment of large-scale machine learning models. TensorFlow
takes computations described using a dataflow-like model and maps them onto a wide
variety of different hardware platforms, ranging from running inference on mobile device
platforms such as Android and iOS, to modest-sized training and inference systems using
single machines containing one or many GPU cards, to large-scale training systems running
on hundreds of specialized machines with thousands of GPUs.

The system is flexible and can be used to express a wide variety of algorithms, includ-
ing training and inference algorithms for deep neural network models, and it has been
used for conducting research and for deploying machine learning systems into production
across more than a dozen areas of computer science and other fields, including speech
recognition, computer vision, robotics, information retrieval, natural language process-
ing, geographic information extraction, and computational drug discovery. This paper
describes the TensorFlow interface and an implementation of that interface that we have
built at Google. The TensorFlow API and a reference implementation were released as an
open-source package under the Apache 2.0 license in November, 2015 and are available at
www.tensorflow.org (accessed on 2 March 2021) ([33]) .
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In TensorFlow it is possible to construct a wide variety of neural network architectures,
which in general consist of one input layer, one or more hidden layers, and an output
layer (Figure 1). Besides the number of layers, many other parameters have to be chosen,
such as the number of hidden units in each intermediate layer, the activation function
of each hidden layer and the output layer, an initial value for the weights that connect
the hidden units, the optimization algorithm to be used in the training phase, and other
hyperparameters that directly interfere with the model’s final performance.

Here we used Adam optimization, a stochastic gradient-descent method that is based
on adaptive estimation of first-order and second-order moments ([33]).

Input Layer Hidden Layer  Hidden Layer  Qutput Layer
Figure 1. Typical topology of a neural network.

3. Data and Methodology
3.1. Precipitation GPCP

The Global Precipitation Climatology Project (GPCP) is a monthly precipitation
dataset from 1979-present that combines observations and satellite precipitation data
into 2.5° x 2.5° global grids. It provides a consistent analysis of global precipitation from
an integration of various satellite datasets over land and ocean and a gauge analysis
over land. Data from rain gauge stations, satellites, and sounding observations have
been merged to estimate monthly rainfall on a 2.5 degree global grid from 1979 to the
present. The careful combination of satellite-based rainfall estimates provides the most
complete analysis of rainfall available to date over the global oceans, and adds neces-
sary spatial detail to the rainfall analyses over land. In addition to the combination of
these datasets, estimates of the uncertainties in the rainfall analysis are provided as a
part of the GPCP products [34]. More information about this dataset can be found at
https:/ /psl.noaa.gov/data/gridded /data.gpcp.html (accessed on 14 February 2021).

Here, the GPCP is used as a reference dataset used as a target to train machine learning
models and also used to validate the machine learning and numerical weather prediction
forecasts on the test dataset.

3.2. NCEP/NCAR Reanalysis 1

The National Centers for Environmental Prediction (NCEP)/ National Center for
Atmospheric Research (NCAR) Reanalysis 1 project is a state-of-the-art analysis/forecast
system used to perform data assimilation using past data from 1948 to the present into
a 2.5° x 2.5° global grid. Atmospheric data in this dataset are divided into surface- and
pressure-level data for the entire atmosphere and may be retrieved 4 times daily [35]. More
information about this dataset can be found at https:/ /psl.noaa.gov/data/gridded/data.
ncep.reanalysis.surface.html (accessed on 14 February 2021).

The meteorological wind components (u,v) are considered at levels of 850 hPa and
500 hPa, air temperature at 2 m, and the specific humidity at 850 hPa. The mentioned data
are used as input data for training machine learning models.
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3.3. BAM: The Brazilian Global Atmospheric Model

The Center for Weather Forecasting and Climate Research (CPTEC: Centro de Previsdo
de Tempo e Estudos Climaticos) is a division of the National Institute for Space Research
(INPE: Instituto Nacional de Pesquisas Espaciais) in Brazil. The CPTEC/INPE is responsible
for carrying out the numerical weather prediction for the nation every day. The Center also
performs the seasonal operational climate forecast. Nowadays, CPTEC/INPE’s operational
atmospheric circulation model for numerical forecasting of weather and climate on a global
scale is the Brazilian Global Atmospheric Model (BAM) [36].

The BAM code is a hydrostatic 3D spectral model—see Section 2—under spatial
resolution of 20 km with 96 vertical layers, and the time integration is performed by a
semi-Lagrangian semi-implicit scheme [36]. The model generates the initial conditions for
the global weather prediction, boundary conditions for regional models, seasonal climate
forecasts, and for longer-term climate scenarios. Physical parameterizations in BAM are
briefly mentioned below [36]:

*  Surface layer processes: Integrated Biosphere Simulator version 2.6 (IBIS v.2.6), where
an improved version by the CPTEC [37] was adapted and implemented;

*  Cloud microphysics: the double-moment bulk microphysics Morrison scheme [38,39];

¢ Radiation and cloud properties: the shortwave (SW) and longwave (LW) radiation
scheme used in BAM is the rapid radiative transfer model for GCMs (RRTMG; [40])
developed at Atmospheric and Environmental Research, Inc. (AER);

e  Convection: the shallow convection scheme in BAM is from Park and Bretherton [41].

The BAM model employed for climate precipitation prediction was used as a reference
for comparison with the machine learning results.

3.4. Description of Experiments

Experiments are the procedures used to design the machine learning algorithms that
perform the seasonal climate precipitation prediction and test the neural predictors using
a dataset from 1980 to 2019 from both NCEP R1 and GPCP datasets. These experiments
consisted of creating MLP-NN models for seasonal precipitation forecasting using two
different approaches: MPCA and TensorFlow (see Section 2 for further information).

The steps performed can be described as follows:

e A spatial query was performed to select data in South America from both NCEP R1
and GPCP;

* A spatial join was performed to associate each grid point to an NCEP R1 vector of
monthly-mean variables (u- and v-component of wind at 850 and 500 hPa; 2 m air
temperature; specific humidity at 850 hPa) and GPCP monthly precipitation amount;

®  Spatial coverage of 2.5 degrees latitude x 2.5 degrees longitude;

* A time mean was performed to derive seasonal values for each grid point;

e  The dataset was divided into 1980-2016 for training and generalization and 2017-2019
for testing;

e  TensorFlow and MPCA were trained using the dataset from 1980-2016. As each
season has unique features, a season-specialist model was developed. Thus, at the
end, four MLP-NN models were developed using each of the approaches, in a total of
eight models to be evaluated;

e  Final statistics were computed applying the trained models to the test dataset (2017-2019);

e A comparison was performed for 2019 between the trained models and the CPTEC’s
BAM model using error maps computed using Equation (4).

Figure 2 shows the scheme that was implemented in this research. In order to predict
future climate conditions, we used a set of meteorological variables as input to produce
seasonal climate prediction. These data can be, for example, temperature, wind, and
humidity over many years. In this way, a long series of the atmospheric state is created,
thus allowing neural network models to estimate future precipitation.
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Figure 2. Schematic representation of prediction methodology.

Equation (4) was employed to generate error maps for the analyzed models (multimodel-
CPTEC, NN-MPCA, and NN-TensorFlow) for each season.

(errormap)K = {yx —di}, 4)

where vy, is the observation precipitation, and d, is the precipitation calculated by the mod-
els at the k-th experimental value at each point of the latitude and longitude coordinates.

4. Results and Discussion

Season-specialist models were developed for precipitation forecasts in South Amer-
ica. In this section, the performance of neural networks developed in TensorFlow (NN-
TensorFlow) and MPCA (NN-MPCA) applied to the test dataset (2019) are analyzed in com-
parison with observation data (GPCP) and an operational model at CPTEC (the BAM model).

As mentioned in Section 2, the training phase is a time-consuming task that involves
the search for ideal values of many hyperparameters in order to achieve the optimum
topology for the studied problem. After this process a final topology was reached both
for NN-TensorFlow and NN-MPCA (Table 1). The function ReLu can be expressed by
Equation (5) and the function sigmoid is expressed by Equation (6):

ReLu(x) = max(0, x) )

1

=11 ® ©)

o(x)

Table 1. Final topology and other characteristics of neural networks in TensorFlow and

MPCA experiments.
Parameters NN-TensorFlow NN-MPCA
Version 2.0.0 1.0
Number of inputs 9 9
Number of layers 2 1
Number of hidden neurons (each 25 20
layer)
Activation function (hidden layers) ReLU sigmoid logistic
Activation function (output) linear sigmoid logistic
Optimizer Adam ! backpropagation
Learning rate 0.001 (default) 0.2
Momentum 0.9 (default) 04
Epochs 1000 1000

Uhttps:/ /keras.io/api/optimizers/adam/, accessed on 20 March 2021.
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The quantitative prediction performance evaluation metrics for the machine learning
models were root-mean-square error (RMSE), covariance (COV), and mean error (ME).
Tables 2 and 3 present the numerical results to evaluate the predictive power of the pro-
posed neural models for the seasonal climate precipitation prediction in the years 2018 and
2019, respectively.

For the year 2018, neural predictors obtained a better prediction performance for
all seasons, while the NN-TensorFlow presented the best prediction during the summer,
autumn, and winter, and the NN-MPCA showed the best forecasting for the spring—see
Table 2. Looking at the evaluation parameters for the year 2019, neural predictors again
presented better results. Similar to the year 2018, predictions for the 2019 seasons summer,
autumn, and winter were better predicted with NN-TensorFlow, but the NN-MPCA got
the best forecast for spring in this year as well—see Table 3.

Table 2. Prediction performance measures in 2018.

BAM NN-MPCA NN-TensorFlow
Season/Methods
RMSE Cov ME RMSE COov ME RMSE COov ME
Summer 13.76 7.77 2.44 7.98 7.67 —0.55 7.63 8.61 —0.12
Autumn 12.49 5.85 2.57 5.89 4.75 1.06 0.86 0.85 —0.07
Winter 9.54 4.34 1.78 20.83 18.50 —1.52 8.96 8.56 —1.18
Spring 8.63 3.86 2.18 3.11 1.59 1.23 4.20 3.27 —0.96

Table 3. Prediction performance measures in 2019.

BAM NN-MPCA NN-TensorFlow
Season/Methods
RMSE Cov ME RMSE Ccov ME RMSE Cov ME
Summer 11.85 6.80 224 493 4.80 0.36 2.51 2.50 0.09
Autumn 6.30 6.23 0.28 5.06 4.44 0.78 1.40 1.40 —0.02
Winter 4.78 4.60 —0.41 17.66 16.33 1.15 1.32 1.20 —0.34
Spring 3.81 3.72 —0.29 2.58 1.66 1.25 5.27 3.69 1.25

4.1. Summer Forecast

The summer season in the Southern Hemisphere is characterized by rising temper-
atures all over the continent, with rapid changes in weather conditions, associated with
heavy rain, hail precipitation, moderate to strong winds, and electrical discharges related
to deep convection and the development of cumulonimbus clouds with tops reaching over
10 km, mainly in the south, southeast and midwest regions of the country [42].

Figure 3 represents the observed GPCP precipitation field for the summer season,
December-January-February (DJF), which is used as a reference in order to compare the
performance of the models. The maximum precipitation amounts are located in the north
related to the southward displacement of the Intertropical Convergence Zone (ITCZ) and
secondary maximums can be found at the southeast and south Brazil, Uruguay, and
northeast Argentina. The latter region is often characterized by organized regions of
high-top clouds known as the Mesoscale Convective Complex (MCC).

Figure 4 shows the seasonal precipitation prediction for the summer season in 2019
retrieved from forecast models: CPTEC’s BAM model (Figure 4a); NN-MPCA model
(Figure 4b); and NN-TensorFlow (Figure 4c). The BAM model is unable to identify precipi-
tation cores in the entire domain. In general, only the NN-TensorFlow is able to resemble
the precipitation pattern observed in GPCP (Figure 3). The NN-MPCA model identifies
maximums in central and southeast Brazil but is unable to identify high-intensity precipita-
tion in the north related to ITCZ southward displacement, although this model identifies
weaker precipitation cores in the ocean close to northeastern Brazil.
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Figure 3. GPCP precipitation—summer 2019.
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Figure 4. Seasonal climate prediction for the summer over South America: (a) precipitation
predicted by CPTEC’s BAM model; (b) prediction by NN-MPCA; (c) precipitation prediction
by NN-TensorFlow.

Figure 5 shows the error map between the GPCP precipitation dataset and the forecast
obtained by the models: Figure 5a is the error map produced for the CPTEC-model;
Figure 5b is the error map for NN-MPCA; and Figure 5c is the error map for the NN-
TensorFlow model. Analyzing the results of precipitation prediction made by the three
models, it is evident that the best result was the NN-TensorFlow (see Figure 4c), where
it was able to capture the most intense precipitation patterns, although it overestimated
precipitation in the state of Mato Grosso do Sul in Brazil. The results obtained from the
NN-MPCA model (see Figure 4b) underestimated precipitation in the entire north region
of Brazil and in the Brazilian state Rio Grande do Sul. The CPTEC’s BAM model prediction
was unable to capture precipitation patterns; the result for this experiment presented low
levels of precipitation over South America.

Analyzing the error map (Figure 5), the CPTEC’s BAM model tends to underestimate
the GPCP dataset with values as great as 8 mm in large parts of the northwest and southeast
of the continent. The MPCA and TensorFlow also present some underestimation in the
Amazon region but with a smaller extent than CPTEC’s BAM model. A great part of the
continent presents errors between 0 and 2 mm both for MPCA and TensorFlow but some
regions present an overestimation of precipitation, e.g., values up to 6 mm in Mato Grosso
do Sul (TensorFlow) and Bolivia (MPCA), among other regions in the equatorial zone.
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Figure 5. Error map to evaluate the performance of the forecast models: (a) CPTEC’s BAM model;
(b) NN-MPCA; and (c¢) NN-TensorFlow.

4.2. Autumn Forecast

The autumn season in the Southern Hemisphere is considered a transition season
between summer and winter. During this period, precipitation is more scarce in the interior
of Brazil, particularly in the semiarid region of the northeast and in the north of Minas
Gerais. In the northern part of the northeast and north regions, it is still a time of heavy
rain, especially if the ITCZ persists further south of its climatological position [43].

Figure 6 represents the observed GPCP precipitation field for the autumn season—March-
April-May (MAM). The autumn of 2019 had behavior within the average climatology, where
significant volumes were observed in the extreme north of South America and there was less
precipitation in the other regions, which is characteristic of this autumn season.

Precipitation GPCP

B5W BON 75W 7OW 65W GOW 55N SO0W 45W 40W 35W

Figure 6. GPCP precipitation—autumn 2019.

Figure 7 shows the seasonal precipitation prediction for the autumn season in 2019
retrieved from forecast models: CPTEC’s BAM model (Figure 7a); NN-MPCA model
(Figure 7b); and NN-TensorFlow (Figure 7c). The prediction obtained with the NN-
TensorFlow model (Figure 7c) is more similar to the GPCP observation (Figure 6). The
NN-MPCA model identified precipitation cores in the Brazilian states: Acre, Amazonia, and
northern Par4, southern Colombia and Peru. In the Brazilian states Maranh&o, Tocantins,
Goias, Mato Grosso, Rondonia, and southern Piaui, the NN-MPCA model overestimated
precipitation (see Figure 7b). The BAM model is unable to capture the precipitation ob-
served in GPCP. For this season, the NN-TensorFlow model obtained precipitation patterns
similar to GPCP.

Figure 8 shows the error map of the forecast produced from the difference between
the GPCP precipitation and the forecast obtained by the models: CPTEC’s BAM model
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(Figure 8a); NN-MPCA model (Figure 8b); and NN-TensorFlow (Figure 8c). The NN-
TensorFlow model presented the least error variation.

MULTIMODEL CPTEC [kuo+ras+grell] Precipitation: Neural Network MPCA Precipitation: Neural Network TensorFlow
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(a) (b)

Figure 7. Seasonal climate prediction for the autumn in South America: (a) precipitation predicted by
CPTEC’s BAM model; (b) prediction obtained by NN-MPCA; (c) precipitation prediction obtained
by using the NN-TensorFlow.

Error MultiModel CPTEC Error TensorFlow
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Figure 8. Error map for the autumn in South America to evaluate the performance of the forecast
models: (a) CPTEC’s BAM model; (b) NN-MPCA; and (c) NN-TensorFlow.

4.3. Winter Forecast

The winter season is characterized by lower precipitation amount periods in the
southeast, midwest and parts of the north and northeast regions of Brazil, while the largest
amounts of precipitation are concentrated in the northwest of the north region, east of the
northeast, and part of the southern region of Brazil [44]. This precipitation behavior is
highly related to the northward displacement of the ITCZ.

Figure 9 shows the GPCP precipitation for the winter season (June-July-August (JJA))
and Figure 10 shows the seasonal precipitation prediction for the winter season in 2019
retrieved from forecast models: CPTEC’s BAM model (Figure 10a); NN-MPCA model
(Figure 10b); and NN-TensorFlow (Figure 10c).

All models are able to identify the precipitation in the extreme north related to the
presence of the ITCZ. However, only BAM and NN-TensorFlow have patterns more similar
to GCP, whereas MPCA highly overestimates the cores in a larger area and does not identify
the oceanic core at the Equatorial Atlantic. In Chile, only BAM and NN-TensorFlow are
able to identify the precipitation core shown in GCP. Regarding the south of Brazil, only
BAM is able to identify a core related to weather fronts that are characteristic of this region
at this time of the year. In the central part of the continent, the westward displacement of
the South Atlantic Subtropical High is responsible for low amounts of precipitation.
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Figure 11 shows the error map of the forecast models produced from the difference
between the GPCP precipitation and the forecast obtained by the models: CPTEC’s BAM
model (Figure 11a); NN-MPCA model (Figure 11b); and NN-TensorFlow (Figure 11c).
The NN-MPCA error map shows that the model overestimated precipitation in the north
and northeast regions of Brazil and Colombia (see Figure 11b). The CPTEC’s BAM model
was able to produce the precipitation pattern in central Brazil, and the NN-TensorFlow
model was the only one that presented the best forecast result reproducing the precipitation
observed in GPCP (see Figure 11c).

Precipitation GPCP

Figure 9. GPCP precipitation—winter 2019.
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Figure 10. Seasonal climate prediction for the winter in South America: (a) precipitation predicted by
CPTEC’s BAM model; (b) prediction obtained by NN-MPCA; (c) precipitation prediction obtained
using the NN-TensorFlow.
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Figure 11. Error map for the winter in South America to evaluate the performance of the forecast
models: (a) CPTEC’s BAM model; (b) NN-MPCA; and (¢) NN-TensorFlow.
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4.4. Spring Forecast

The spring season is a transition period between the dry and rainy seasons in central
Brazil, as well as the beginning of the convergence of humidity from the Amazon, which
defines the quality of the rainy season over the midwest, southeast, and south-central
regions, and part of the north region [45].

Figure 12 shows the GPCP precipitation for the spring season (September-October-
November (SON)) and Figure 13 shows the seasonal precipitation prediction for the spring
season in 2019 retrieved from forecast models: CPTEC’s BAM model (Figure 13a); NN-
MPCA model (Figure 13b); and NN-TensorFlow (Figure 13c). The NN-TensorFlow model
reproduced the most significant precipitation cores observed in the GPCP data. In the
southern region of Brazil, an important region for the agriculture sector, the model re-
produced the precipitation pattern very well, as well as in the northern region of Brazil,
Colombia, and northern Peru (see Figure 13c).

Figure 14 shows the error map of the forecast models produced from the difference
between the GPCP precipitation and the forecast obtained by the models: CPTEC’s BAM
model (Figure 14a); NN-MPCA model (Figure 14b); and NN-TensorFlow (Figure 14c). It is
notable that the error map produced by the NN-TensorFlow model was the one with the
least variation.

Precipitation GPCP

Figure 12. GPCP precipitation—spring 2019.

MULTIMODEL CPTEC [kuo+ras+grell] Precipitation: Neural Network MPCA Precipitation: Neural Network TensorFlow
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Figure 13. Seasonal climate forecast for the spring in South America: (a) precipitation pre-
dicted by CPTEC’s BAM model; (b) prediction obtained by NN-MPCA; (c) prediction obtained
by NN-TensorFlow.
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Figure 14. Error map for the spring in South America to evaluate the performance of the forecast
models: (a) error map produced from the difference between the GPCP precipitation dataset and the
precipitation prediction by Multimodel-CPTEC; (b) error map for the NN-MPCA; and (c) error map
for the NN-TensorFlow.

4.5. CPU-Time Performance

Models for climate precipitation prediction were executed using different software
programming languages and hardware environments. The BAM model was executed on a
Cray X50 supercomputer using 120 processing cores: 3 processing nodes, each node with
2 Intel Xeon 2.4 GHz processors with 20 cores per processor. The BAM was codified by
the Fortran language with MPI (Message Passing Interface) and OpenMP (Open Multi-
Processing) programming patterns for parallel machines. The climate seasonal precipitation
prediction with the neural network by the MPCA automatic configuration was codified
using a MatLab software environment, using a laptop with an Intel i7 2.4 GHz one-core
processor. The deep learning neural network predictor was implemented employing the
TensorFlow package under the Python language, and was executed in the Colab Google
environment: CPU Intel Xeon 2.2 GHz one-core. All codification was developed using a
Linux operating system.

Table 4 shows the CPU time in seconds for each type of model executed on different
hardware. As expected, the neural models were much faster than models based on dif-
ferential equations. The execution of the NN-MPCA in the MatLab environment can be
reduced if an executable code is employed.

Table 4. CPU time in seconds for the prediction execution for different models.

Models BAM NN-MPCA NN-TensorFlow
Hardware Cray X50 120-cores Laptop Intel 1-core Colab Intel 1-core
CPU time 9.60 x 103 s 22.19s 0.15s

5. Conclusions

This paper shows the capability of neural networks for seasonal precipitation fore-
casting over South America. A large dataset from 1980 to 2016 was used for training the
season-specialist neural network models and evaluations were performed for the years
2018 and 2019. Additionally, a comparison was performed against the BAM model, an op-
erational state-of-the-art model currently used at the National Institute for Space Research
(INPE) in Brazil.

Our results can be summarized as follows:

1.  Theneural network models are able to resemble the observational patterns throughout
the seasons;

2. Larger errors are observed in summer (rainy season on the Continent), and the error
magnitude is probably related to high energy availability and local processes that
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the neural networks are unable to learn due to the spatio-temporal resolution of the
training data;

3. Neural networks using TensorFlow have better performance than the ones trained
using NN-MPCA for the seasons summer, autumn, and winter, but for the spring
season the RMSE was smaller when using the NN-MPCA approach. The latter uses an
optimization that takes into account not only the model errors, but also its complexity,
looking for the simplest neural network configuration, and such a feature might have
affected its ability to learn the precipitation patterns;

4. The comparison to the BAM model showed that neural networks are capable of
operational forecasts with better performance, and with a great advantage that there
is no need for supercomputers to run these forecasts.

Future works will investigate the use of higher-resolution data for seasonal forecasting
in greater resolution.

We also intend to explore the possibility of creating a committee machine between
the BAM model and the neural networks as a possibility to simultaneously harness the
strengths of both models at operational centers.
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