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Abstract: The main objective of this study is to assess the ability of several high-resolution
satellite-based precipitation estimates to represent the Precipitation Diurnal Cycle (PDC) over Brazil
during the 2014-2018 period, after the launch of the Global Precipitation Measurement satellite (GPM).
The selected algorithms are the Global Satellite Mapping of Precipitation (GSMaP), The Integrated
Multi-satellitE Retrievals for GPM (IMERG) and Climate Prediction Center (CPC) MORPHing
technique (CMORPH). Hourly rain gauge data from different national and regional networks were
used as the reference dataset after going through rigid quality control tests. All datasets were
interpolated to a common 0.1° x 0.1° grid every 3 h for comparison. After a hierarchical cluster
analysis, seven regions with different PDC characteristics (amplitude and phase) were selected for
this study. The main results of this research could be summarized as follow: (i) Those regions where
thermal heating produce deep convective clouds, the PDC is better represented by all algorithms
(in term of amplitude and phase) than those regions driven by shallow convection or low-level
circulation; (ii) the GSMaP suite (GSMaP-Gauge (G) and GSMaP-Motion Vector Kalman (MVK)),
in general terms, outperforms the rest of the algorithms with lower bias and less dispersion.
In this case, the gauge-adjusted version improves the satellite-only retrievals of the same algorithm
suggesting that daily gauge-analysis is useful to reduce the bias in a sub-daily scale; (iii) IMERG suite
(IMERG-Late (L) and IMERG-Final (F)) overestimates rainfall for almost all times and all the regions,
while the satellite-only version provide better results than the final version; (iv) CMORPH has the
better performance for a transitional regime between a coastal land-sea breeze and a continental
amazonian regime. Further research should be performed to understand how shallow clouds
processes and convective/stratiform classification is performed in each algorithm to improve the
representativity of diurnal cycle.

Keywords: precipitation; GSMaP; IMERG; CMORPH

1. Introduction

Precipitation, and its time and space distributions, is of paramount importance to any country,
in particular for those of continental size such as Brazil. Indeed, rain gauge data are always required
in almost all areas of activities: water resources management (with emphasis on potable water),
agriculture, energy generation by hydroelectric power plants, just to mention some. Reliable planning
for the operation and maintenance of these activities requires consistent and accurate data [1]. On the
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other hand, the largest part of Amazon rain forest, which is located over Brazilian territory, plays an
important role in the global precipitation and energy budgets [2].

However, the meteorological and climate multi-scale processes (mainly at the highest spatial and
temporal scales) over these unpopulated regions have not been well understood, due to the absence or
a poor distribution of surface measurements, especially, in complex terrain and remote forest areas.
Satellite-based precipitation estimates (SPE) could be an excellent complement to conventional data in
those regions where other measurement systems are difficult to implement and maintain [3], but they
need to be validated, in most cases regionally, to understand the uncertainties associated with the
physical processes associated with each rainfall regime.

The characterization of the Precipitation Diurnal Cycle (PDC), and how it is related with
thermodynamic processes in a given region, is a key factor to understand the rainfall variability in
continental regions [4]. In such a case, high spatial and temporal sampling is important to understand
the meteorological processes associated with the PDC. The newer versions of SPEs have a spatial
resolution around 10 km and a temporal resolution of 30 min to one hour, which allows to use those
retrievals to get a good representation of the PDC [5]. However, it is necessary to assess the robustness
of the various satellite-based precipitation products in order to assess uncertainties associated with
those retrievals [6,7].

Since 27 November 1997 the Tropical Rainfall Measuring Mission (TRMM) and the TRMM
Mutisatellite Precipitation Analysis (TMPA) product, which combines frequent infrared (IR) sampling,
precipitation estimations from active and passive microwave observations (AMW + PMW), and rain
gauge data, have been provided near-global precipitation maps with different temporal and
spatial resolutions. Those retrieval were extensively used to study energy and water cycles over
the tropics, including PDC, in different regions of the world [8,9]. Pioneering studies in Brazil using
the TRMM products were carried out by Mota et al. [10] from December 1997 to November 2000 and
they reported that the rain data derived from the passive microwave of the TRMM Microwave Imager
(TMI) are more consistent with the in-situ observations of the PDC, when compared with the estimated
data derived from models such as Global Precipitation Climatology Project (GPCP), radar estimates of
the Precipitation Radar (PR) and IR channel of the GOES Precipitation Index (GPI).

Another important study worth mentioning was carried out by Brito et al. [11] which characterized
in detail different PDC regimes over the continent and adjacent oceanic areas in northern Brazil during
the southern fall (rainy season) for the period 1998-2010 using TRMM products. More recently,
Giles et al. [12] pointed out the different characteristics of sub-daily precipitation regimes in South
America, the issues with conventional climate models and the uncertainty in satellite products
and reanalyses.

The Global Precipitation Measurement (GPM) mission was launched on 28 February 2014, with an
advanced dual-frequency precipitation radar (DPR) with Ka and Ku band (35.5 and 13.6 GHz,
respectively) and the GPM microwave imager (GMI) with multi-frequency between 10-183 GHz [13] in
replacement of the successful TRMM satellite. The GPM constellation, which includes data from several
satellites, enables space agencies around the world to develop advanced techniques for generating
products with better temporal and spatial sampling and coverage rainfall observations [14]. The high
spatial and temporal resolution of this new generation of products create new challenges for the
scientific community. There are some studies in Brazil to evaluate this new generation of products,
mainly on a daily scale. For example, Rozante et al. [1] compared different algorithms developed by
Japan Aerospace Exploration Agency (JAXA) and the National Aeronautics and Space Administration
(NASA) and concluded that all products are capable to reproduce, with an acceptable degree of
precision, different precipitation patterns over Brazilian territory.

The main objective of this study is to assess the ability of several high-resolution satellite-based
precipitation estimates to represent the PDC over Brazil during the 2014-2018 period, after the launch of
the Global Precipitation Measurement satellite (GPM). The selected algorithms are: The Global Satellite
Mapping of Precipitation (GSMaP) from JAXA; the Climate Prediction Center (CPC) MORPHing
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technique (CMORPH) from CPC/NOAA and The Integrated Multi-satelliE Retrievals for GPM
(IMERG) from NASA. This article is organized as follows: Section 2 presents information from
the study area while the data sets and statistics are presented in Section 3. Section 4 presents the main
results of this research and discussion. The conclusions are provided in Section 5.

2. Study Area and Data

2.1. Study Area

Brazil covers 8,515,759 km? area in South America territorial which is approximately the domain
of 37°5-8°N and 35°-73°W as shown in Figure 1. Due to its continental dimensions, it presents a
great diversity of landscapes, topography, biodiversity and climates, as well as different precipitation
regimes [1].
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Figure 1. Studied region and spatial distribution of rain gauges.

The different precipitation regimes in Brazil are mainly associated with large-scale systems
acting according to seasonality, the most important being the South Atlantic Convergence Zone
(SACZ) that acts in the southern summer ranging from the southeast of the country to the far west
Amazonian region; the Intertropical Convergence Zone (ITCZ) acts mainly in the fall over the north
and northeast regions and transient systems (baroclinic systems) acting mainly in the winter over most
parts of Brazil. A complete description of these precipitation regimes can be found in [15].

2.2. Ground Gauge and Quality Control

The present study covers the period from 2014-2018. The initial date was chosen due to the
availability of products derived from NASA’s GPM measurements. During this period, hourly
precipitation data were obtained from rain gauge networks from Brazilian National Institute of
Meteorology (INMET; http:/ /www.inmet.gov.br), the National Water Agency (ANA; www.ana.gov.br),
Companhia Energética de Minas Gerais (CEMIG; http:/ /www.cemig.com.br), Agronomic Institute
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(IAG; http:/ /www.iac.sp.gov.br/) and Sistema Meteorolégico do Parand (SIMEPAR; http://www.
simepar.br/). All precipitation data are stored the National Institute for Space Research (INPE;
https:/ /www.cptec.inpe.br/ database in Brazil. Table 1 presents the detailed information about the
aforementioned networks.

Table 1. Information on the rain gauge networks. Acronyms of the states of Minas Gerais (MG),
Goias (GO), Sado Paulo (SP) and Parané (PR).

Network  Coverage Period Resolution  Station N.
INMET All Brasil  2014-2018 1h 608
ANA All Brasil  2014-2018 1h 504
CEMIG MGe GO 2014-2018 1h 21
IAC SpP 2017-2018 20 min 128
SIMEPAR PR 2015-2018 3h 21
Total 1282

The rain gauge data used in this study cover different periods and their metadata (sources, space
coverage, time resolution and number) are summarized in Table 1. Hourly and tri-hourly precipitation
studies, especially those involving the diurnal cycle, are not so frequent due to their low reliability
and quality. Therefore, a quality control (QC) procedure is essential; the schematic flow diagram of
this processes is given in Figure 2a, while the space distribution and percentage of available reference
data (after QC test and gridding procedure) is shown in Figure 2b. A concise description of the quality
control procedures used in this study is given below:

1. Missing and unrealistic values were detected from the reference dataset. In some cases like INMET,
CEMIG and SIMEPAR data are flagged as 9999.99 while the other networks use a spurious value
(i.e., 650 mmh~1);

2. A threshold between 10 mmh~! and 120 mmh~! was established for convective rainfall
(also adopted at SIMEPAR) to apply specific quality control tests, according to [16];

3. For rainfall rates within this interval, the physical characteristics of the convective clouds were
compared with the correspondent satellite imagery [17] using different channels (mainly infrared
and visible, when available) from GOES 13 and 16. This imagery was provided by the Satellite
Division and Environmental Systems DSA /INPE;

4.  The reference dataset, with different time resolution, were accumulated for three hour periods
following the WMO guidelines (i.e., 00-03 UTC; 03-06 UTC; and so on);

5. Daily values (12:00-12:00 UTC) were compared with accumulated values from the previous step
at each station to satisfy INPE’s quality control tests [1].

Based on the above criteria, some data were eliminated when they are missing (1) or when the
cloudiness at the coordinates of the gauges did not correspond to the convection in the GOES images
(3) or, even when the daily rainfall value does not match with the tri-hourly accumulation for the
respective day (5). The station was totally discarded if the percentage of failures exceeded 5%.

Once the first set of tests are applied to validate the intense precipitations events, all precipitation
values were analyzed (including those inferior to 10 mmh~!) using statistical techniques [18] as
quantile methods and frequency distribution of rain thresholds. At the end of the process, 1261 stations
were selected for the next step according to the following institutional distribution: INMET—592
stations, ANA—499 stations, CEMIG—21 stations, IJAC—128 stations and SIMEPAR—21 stations
(Figure 1).

The data were interpolated to a 0.1° x 0.1° uniform grid using the simple average for the rain
gauges station available at each grid point (Figure 2b). Grid points where there are not rain gauges
nearby were removed from the series. This approach allows, on one hand, to make the best use of the
available information and, on the other hand, to make a fair comparison with the SPE values. Figure 2b
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shows a reasonable space distribution of the rain gauge-based precipitation data which is suitable for
the purpose of this study.

The sampling frequency of data availability is quite uneven along the country with relatively low
values (less than 40% of the total series) for some points in southeastern and southern Brazil due to the
short period of the observations at the IAC and SIMEPAR stations while IMNET station shows a better
record of accepted observations after the QC procedure (Figure 2b and Table 1).
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Figure 2. Quality control flow diagram (a) and spatial distribution and percentage of valid data for
each grid point downgraded to 0.3° for visualization purposes (b).

2.3. Satellite-Based Precipitation Estimates (SPE)

High temporal and spatial resolution (almost on a global scale) of satellite-based precipitation
estimates were used in this study. The products are precipitation estimates obtained from a
constellation of polar and equatorial (low orbit) with on-board passive and active microwave
sensors, adjusted using DPR radar data from the GPM satellite. These products are generated by
morphing algorithms [19] which use geostationary IR data to attain high temporal (using cloud
motion vectors) and high space resolution (Kalman filter applied to low resolution precipitation
rate data [20]). The utilized algorithms are: (1) Global Satellite Mapping of Precipitation (GSMaP)
from JAXA (http:/ /sharaku.eorc.jaxa.jp/GSMaP/), that uses scattering algorithms with polarization
corrected temperatures (PCTs) at 85.5 and 37 GHz; PCT85 recommended for light (stratiform) rainfall
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and PCT37 for heavier (convective) precipitation [21]; (2) Integrated Multi-SatellitE Retrievals for
GPM (IMERG) NASA (http://pmm.nasa.gov/data-access/downloads/gpm) and (3) Morphing
Technique (CMORPH) developed by the CPC/NCEP/NOAA (ftp://ftp.cpc.ncep.noaa.gov). Basically,
the algorithms CMORPH and IMERG use the Goddard Profiling Algorithm (GPROF) to calculate
the rainfall rates of instant showers [22] and the algorithm due to [23] for the sounder estimates
(cross-track). The main characteristics of these algorithms are given in Table 2.

Table 2. Coverage and space-time resolutions of precipitation satellite products used in this study.

. . Spatial Temporal Corrected by Main
Product Period Domain Resolution  Resolution Gauges Reference
GSMaP-G  2014-present 50°N-50°S  0.1° x 0.1° 1h Yes [21]
(CPC daily)
GSMaP-MVK  2014-present 50°N-50°S 0.1° x 0.1° 1h No [21]
IMERG-F  2014-present 60°N-60°S  0.1° x 0.1° 05h Yes [24]
(GPCC monthly)
IMERG-L 2014-present  60°N-60°S 0.1° x 0.1° 0.5h No [24]
CMORPH 1998-present  60°N-60°S  0.08° x 0.07° 05h No [19]

Some of these satellite-based precipitation estimates use gauge data with the purpose of
correcting the bias of these estimates [6]. In the case of the GSMaP suite, the product GSMaP-Gauge
(hereby referred to as GSMaP-G) [25] adjusts the version GSMaP-Motion Vector Kalman (MVK) with
daily data from the global pluviometric analysis from NOAA CPC Unified Gauge-Based Analysis
of Global Daily Precipitation. In the case of the final version of IMERG (IMERG-F) the product is
generated from the version IMERG-Late with monthly data from the Global Precipitation Climatology
Center (GPCC)/Deutscher Wetterdienst (DWD). The CMORPH product was used only in the non
adjusted version (hereinafter referred to as CMORPH). The basic information of the above mentioned
products are given in Table 2.

3. Methodology

3.1. Data Standardization

Data from all sources were classified according to the seasons: the southern summer (DJF),
fall MAM), winter (JJA) and spring (SON), for a 5-year period from 2014 to 2018. Gauge data
were interpolated into a 0.1° x 0.1° uniform grid (as seen in Section 2.2) and used as reference for
comparisons against the estimated values obtained from SPE's.

The IMERG (IMERG-F and IMERG-L) and GSMaP (GSMaP-G and GSMaP-MVK) products
are also available for a grid with the same resolution above, but CMORPH data are given in an
irregular grid of 0.08° x 0.07° (Table 2). However, in order to facilitate the evaluation and inter
comparison among the different databases, the latter were interpolated for this resolution using a
bi-linear interpolation method. All the products were accumulated for three hour period (just as we
did for the gauge data) according to WMO guidelines.

Interpolated gauge data were also used to mask and filter out non-valid grid points from the
SPE’s in order to allow a direct comparison between the reference and estimated value at each grid
point using statistical indices that will be presented in the next section.

3.2. Cluster Analysis

A hierarchical Cluster Analysis technique [26] was used to determine sub regions, hereafter
denominated boxes, with homogeneous PDC. The PDC is characterized by the amplitude and phase.
The cluster analysis was performed on each valid grid point in the database for the 5-year period.
Those valid grid points as shown in Figure 2b.
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After performing that cluster analysis, seven boxes with different characteristics of the PDC were
selected for this study (Figure 3b—d) for different rainy seasons.
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Figure 3. Sub regions (boxes) chosen to assess the estimate products determined by an cluster analysis
of the Precipitation Diurnal Cycle (PDC) with gauge data. (a) Boxes 1 and 2 in summer; 3 and 4
in winter and 5, 6 and 7 in fall. Histograms of the different groups of PDCs: (b) summer, (c) fall
and (d) winter.

In order to verify the rainy period for each selected box, INMET climatological data were used
as shown in Figure 4. Table 3 specifies the domain, season (which coincides with the rainy period of
this box) and the number of grid points for each box. The number of points considered to perform the
statistical analyses are closely related to the number of available points in a given box.

As mentioned before, the cluster analysis selected seven different groups with different
PDC characteristics. In the next paragraphs, will be described the main characteristics of each PDC
and the main meteorological systems acting on those regions.

The largest precipitation accumulation in boxes 1 and 2 occurs during the Southern Hemisphere
summer (308.46 mm and 290.30 mm, respectively) and they are modulated by the presence of the
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South Atlantic Convergence Zone (SACZ) which extends from western Amazonia to the Atlantic

ocean [27-29] and to the surface radiative heating.

Table 3. Information on the regions of the boxes selected for analyzing the Precipitation Diurnal

Cycle (PDC).
Box Region Domain Season  N. of Grid Points
1 SE 23.70°-20.50°S; 51.00°—47.00°W  Summer 80
2 NW 9.50°-4.50°S; 74.00°-70.00°W  Summer 12
3 NE 10.50°-8.50°S; 36.50°-34.00°W  Winter 13
4 NE 8.50°-6.50°S; 36.50°-34.00°W Winter 14
5 N 5.00°-3.00°S; 44.30°—41.30°W Fall 10
6 N 3.50°-1.50°S; 58.00°-54.00°W Fall 3
7 N 1.00°S-1.50°N; 67.45°—63.30°W Fall 8

Seasonal Climatology of SE and MW (01/1989-12/2018)

350 1

Seasonal Climatology of NE (01/1989-12/2018)
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Figure 4. Seasonal Precipitation Climatology in the regions of the boxes in (a) SE and MW, (b) NE and

(c) N using data from the Brazilian National Institute of Meteorology (INMET) station network for the

30 year period (from January 1989 to December 2018).

The box 1, which is located in the southeastern region of Brazil, is characterized with a
mean maximum intensity of 1.25 mm/3 h at 2100 UTC (1800 Local Time—LT) after the maximum
solar heating. This suggest that thermal forcing is the main driver of the PDC. The minimum
precipitation is observed at 1200 UTC (0900 LT) with less than 0.5 mm/3 h.

On the other hand, box 2 which is located in the western part of the Amazonian region, the peak
hour is observed at 1800 UTC (1300 LT) with a mean maximum value of more than 2 mm/3 h, while
the minimum value is observed at 0300 UTC with 0.7 mm/3h. In this case, rainfall episodes are
characterized by regimes of “low-level easterly” and “westerly” winds in the context of the large scale

circulation (enhancement or suppression of SACZ) [30].
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During the winter season transients, in particular, moisture advection from the Southern Atlantic
subtropical anticyclone are the key mechanisms to explain the precipitation regimen in the regions of
boxes 3 and 4 [31]. However, the precipitation is more intense near the coast (224.21 mm inside box 3)
compared to those further inland (77.44 mm inside box 4).

The convergence of the trade winds and the land breeze in the coastal region of the NE Brazil
in early morning (more pronounced in the winter) and the development and propagation of that sea
breeze (although less intense) inland during the late morning and afternoon (box 4) are the main
mechanisms that modulated the PDC in both boxes [32,33]. Transients phenomena such as frontal
systems and easterly waves also affect the PDC in the NE Brazil [34].

The observed data for the regions of boxes 5, 6 and 7 show a rainfall maximum during the austral
fall season (290.15 mm, 358.52 mm and 312.77 mm, respectively) when ITCZ reaches its southernmost
position [35,36] and the induced convection over the northern coast of Brazil by the sea breeze and the
interaction of the trade winds with those breezes that produce tropical Squall Lines that propagate
into the continent as described in [32,37,38].

The PDC of this region was largely studied by Brito et al. [11] and Janoviak et al. [4]. In our case,
box 5 is over the continent close to the coast and represents the continental coastal regime with a
maximum precipitation around 2100-0000 UTC (1800-2100 LT). Then, there is phase propagation of the
precipitation with a maximum value of 3.5 mmh~! at 0900 UTC as seen in box 6 (coast-inland regime).
Those systems are known as tropical squall lines and they were also studied by Rickenback et al. [39].
The rainfall propagation continues inside the Amazonian region and the cycle changes from
non-uniform to quasi-uniform regime at box 7 (inland regime) with maximum precipitation between
1200 and 1800 UTC. Another interesting feature is the minimum precipitation increase while the
precipitation is moving inland from almost zero in box 5 to approximately 0.4 and 0.7 mmh~! in boxes
6 and 7, respectively.

Figure 4a—c shows the seasonal climatology of the precipitation for 30 years (1989-2018) using the
INMET network for the meteorological stations of each box.

3.3. Statistical Indices

Various statistical indices were used for the regions defined in Section 3.2 in order to compare
quantitatively the observations and the estimated precipitation as given by the different algorithms.
The equations for the indices as well as their interpretations can be found in Wilks [18] and are
summarized in Table 4. Pearson’s correlation coefficient (CC) gives the agreement between the
estimated precipitation and the observation at the gauge sites. The root-mean-squared error (RMSE) is
used to measure the mean magnitude of the error while the standard deviation (SD) is used to measure
the dispersion of the results for a given algorithm. Finally, the bias was used to calculate the systematic
and aleatory components of the error in the algorithm products. For each hour, all indices are presented
in the tables and highlighted in the Taylor [40] diagrams, after normalization as in Taylor [41].

Table 4. List of the statistical indices used to assess the quality of the satellite-based precipitation

estimates.
Statistic Index Formula Unit Perfect Value

G —G)(S;—§

Correlation coefficient (CC) St I ) - 1
\/ Y2 (G — G\ (S - §)?

Root-mean-squared error (RMSE) RMSE = EE;’:l (S; — G,-)2 mm 0

. . . 1 - 2
Normalized Standard Deviation (SD) SD = 72?:1 (Si —S)) mm 1

Si—G;

Bias Bias = M mm 0

n
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Notation: n is the sample size; S; is the SPE estimated precipitation; G; is the gridded reference
data (gauges).

4. Results

Precipitation Diurnal Cycle Comparison

Figure 5 show the PDC average values for all algorithms and the reference dataset in the boxes
defined in Section 3.2. For a better understanding, the dispersion of mean values (expressed as a
normalized value of the standard deviation) for each time is not shown in Figure 5 and it is presented
separately in Table 5 and in Figures 6.

The PDC in the first region (box 1), located in the subtropical region and modulated by SACZ and
solar heating (maximum during late evening), is quite well represented by all algorithms. All of them
could match the time of maximum precipitation (between 2100 and 0000 UTC) but the minimum value
around 12 UTC (0900 LT) tends to be shifted around three hours at 1500 UTC with the exception of
CMORPH (Figure 5a). However, the bias among the algorithms (see the first column of Table 5 and
the Figure 6a, for all algorithms) is quite different. While CMORPH and IMERG suite overestimate
the precipitation for all times (positive bias), GSMAP suite presents the lowest values for almost all
times with the best performance for GSMaP-G. This result is expected because GSMaP-G is adjusted
with daily gauges which help to reduce the bias. It is also important to note that GSMaP suite also
has the larger CC and the less dispersion (lower normalized SD) when compared with the rest of the
algorithms (Table 5 and Figure 6a).

The second region (box 2), located in the far west of Amazonian region, is largely influenced by
the low level circulation with the enhancement/suppression of SACZ activity as mentioned before.
In this case, none of the algorithms could fit, in a suitable way, the main characteristics of the PDC.
The relative (and absolute) maximum of precipitation observed at 1800 UTC is not well represented
by any algorithm (Figure 5b). This suggest that this dynamically driven precipitation process is not
correctly represented by any SPEs. However, GSMaP suite has the better agreement with the reference
dataset during the period with minimum values (between 0000-1200 UTC) with minimum bias, larger
CC and less dispersion. CMORPH and IMERG suite has a better agreement during the peak hour,
while the decrease in the precipitation rates at 2100 UTC is missed by all of them (they show the
opposite behavior). It is worth mentioning that CMORPH and IMERG suite have larger dispersion
values and smaller CC (when compared with GSMaP) for almost all times showing larger degree of
uncertainty in those retrievals (Table 5 and Figure 6b).

Boxes 3 and 4 (Figure 5c,d, respectively) are located in the northeastern region of Brazil.
The diurnal cycle (PDC) of this region and the physical drivers associated with this regime have
been studied by Araujo [42]. In such study;, it is clearly stated that the fraction of precipitation from
shallow convection is larger than the fraction of precipitation from deep convective and stratiform
clouds in a very thin region along the coast which is in a very close match with box 3. The frequency
of precipitating deep convection clouds are relatively larger inland but the absolute number of events
is much smaller than any other region, resulting in very low values for accumulated precipitation.
These results are in good agreement with the results obtained for box 4.

In those regimes, where shallow convection is the main physical driver for
precipitation (box 3, in our case), the SPEs tend to fail in retrieving rainfall because ice scattering,
the main technique used to retrieve rainfall over the continent, is not efficient for water clouds
rainfall retrievals. In that case, almost all algorithms for all times (with the exception of IMERG-F
at 1800 and 2100 UTC) underestimate the mean rainfall value (negative bias), Table 5 and Figure 6c.
It is also noted that none of the algorithms could represent properly the amplitude and phase of
PDC (Figure 5c). It is also well known by the scientific community that water—land transition and
shallow convection regimes are among the most difficult challenges that need to be addressed in
future versions of the SPEs.
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Figure 5. Mean PDC for some satellite-based precipitation algorithms for different regions of Brazil.
(a) box 1 and (b) box 2 in summer; (c) box 3 and (d) box 4 in winter and (e) box 5, (f) box 6 and
(g) box 7 in fall: Global Satellite Mapping of Precipitation (GSMaP)-Gauge (G) in continuous blue line,
GSMaP-Motion Vector Kalman (MVK) in dashed dark blue line, Integrated Multi-satellitE Retrievals
for Global Precipitation Measurement (GPM) (IMERG)-Final (F) in continuous green line, IMERG-Late
(L) in dashed dark green line and Climate Prediction Center (CPC) MORPHing technique (CMORPH)
in red line.

The box 4, mainly located inland over the northeastern region of Brasil, is the region where the
lowest average rainfall is observed when compared with other regions (Figure 5d). In this case, most of
the algorithms could reproduce those low values of precipitation with low bias (well below 1 mm—see
Table 5 and Figure 6d) for all times (note that Figure 5d has a different scale, enhancing the differences
among algorithms). However, in general terms, the values of the normalized standard deviation are
among the largest values when compared with other regions (Table 5 and Figure 6d). This result
suggests a larger dispersion and, consequently, larger uncertainty in the average value (sometimes four
times the mean precipitation) which makes it very difficult to evaluate if PDC fits the reference dataset.

The last three boxes, located in the northern region, can be analyzed as the propagation and
dissipation of tropical squall lines from the coast to the Amazon region [11,39]. Box 5, located in the
continental coast, is mainly driven by a land—sea breeze process and the formation of deep convective
clouds after the maximum heating (Figure 5e). The phase of this regime is very well captured by all
algorithms (with a peak at 2100 UTC-1800 LT) while the amplitude is better represented by the GSMaP
suite (MVK and G) with lower bias and less dispersion (lower standardized SD values), Table 5 and
Figure 6e. The transition from a continental coastal to a coastal-inland region (box 6), Figure 5f, mainly
driven by the displacement of tropical squall lines inland due to trade winds, is better represented by
CMORPH (in phase and amplitude). All other algorithms could also estimate very well the phase of
the peak hour at 1200 UTC (0900 LT) but fall short in the amplitude. In this particular case, IMERG
suite overestimate the rainfall for all times (with better adjustment for late version), while GSMaP suite
underestimate the maximum value and fits better for minimum values (Table 5 and Figure 6f).

The PDC in the last region (box 7) is not well represented by any algorithm (Figure 5g). While
the amplitude of GSMaP suite is well represented in magnitude, the phase is the opposite of the
observed values. In the case of CMORPH and IMERG suite, all of them overestimate the average
precipitation for all times and the phase is completely missed when compared with the reference
database (Table 5 and Figure 6g). The dissipation of some of the squall lines formed in the coast and
the interaction with the low level circulation is the main factor which modulates the Precipitation
Diurnal Cycle.
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Figure 6. Taylor diagram for the PDCs estimated by the different algorithms for different regions of
Brazil. (a) box 1 and (b) box 2 in summer; (c) box 3 and (d) box 4 in winter and (e) box 5, (f) box 6 and
(g) box 7 in fall: GSMaP-G in blue, GSMaP-MVK in dark blue, IMERG-F in green, IMERG-L in dark
green and CMORPH in red. Numbers refer to time: 1 at 0000UTC, 2 at 0300UTC, 3 at 0600UTC, 4 at
0900UTC, 5 at 1200UTC, 6 at 1500UTC, 7 at 1800UTC and 8 at 2100UTC.
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Table 5. Statistical indices of PDC for different regions during 2015-2018 period. The algorithms with

the best performances are in blue.

B T GSMaP-G GSMaP-MVK IMERG-F IMERG-L CMORPH
X im
° ¢ Bias CC SD  Bias CcC SD  Bias CC SD Bias CC SD Bias CC SD

00 0.14 0.81 1.00 0.34 0.75 133 1.63 075 245 097 074 184 1.10 074 214
03 0.22 0.82 1.18 0.40 0.68 1.70 1.00 076 215 0.57 075 166 0.74 072 207
06 0.07 085 096 0.13 0.77 1.21  0.69 0.80 096 0.38 079 152 044 0.82 1.68

1 09 0.02 087 088 —0.01 0.83 099 0.69 0.88 220 043 085 1.72 0.30 084 157
12 —0.08 0.84 0.72 —0.08 0.84 0.85 0.41 083 194 0.19 0.83 141 0.11 0.80 1.31
15 -0.17 079 0.85 -023 0.72 098 0.23 0.78 152 0.02 078 1.06 0.40 071 148
18 —-0.07 0.70 094 0.17 0.62 141 0.85 076 1.89 0.39 075 138 0.95 0.67 221
21 —-0.03 0.78 0.82 0.13 0.73 098 1.73 0.67 230 1.01 0.66 1.67 1.56 0.66 212
00 0.27 040 089 0.12 0.49 093 1.78 050 261 1.10 049 197 1.62 048 246
03 0.22 052 064 0.14 0.42 085 1.24 042 190 0.72 044 141 1.07 037 1.89
06 0.16 0.67 077 0.09 0.65 095 094 054 155 049 057 1.17 0.81 0.66 1.43

2 09 0.13 0.67 088 —0.07 0.66 092 1.18 0.64 209 0.67 066 157 0.77 0.68 1.79
12 —0.07 0.60 0.67 —025 0.61 070 1.48 0.69 266 0.88 070 2.02 0.53 0.65 1.55
15 —-032 050 070 -051 0.51 0.74 0.59 048 200 0.14 047 147 0.12 043 147
18 —1.14 041 048 —1.40 0.27 047 040 032 125 0.30 031 091 0.24 043 1.27
21 —-0.12 042 072 -0.30 0.33 0.65 224 043 207 1.23 040 154 1.56 038 1.93
00 —-041 077 052 —-067 0.72 0.15 -022 0.64 173 —-054 062 061 —-057 045 045
03 —-0.31 051 071 —0.65 0.38 006 —038 039 129 -057 038 044 —-047 044 0.70
06 —0.60 0.68 0.58 —0.95 047 012 —-0.77 054 069 —-091 054 023 -08 047 0.33

3 09 —-0.50 0.71 0.67 —086 041 026 —058 044 127 -0.81 044 042 —-0.84 034 022
12 —0.55 0.66 0.56 —0.80 0.45 024 —-046 029 202 -071 029 0.67 -075 040 0.32
15 —-0.60 0.72 045 —-0.81 0.57 0.16 —-0.13 0.62 239 -059 059 0.89 —-048 037 231
18 —-024 079 074 —-0.53 0.56 044 0.50 075 462 —-021 072 179 —-0.10 0.68 4.30
21 —-0.28 0.79 0.69 —0.58 0.77 030 0.18 073 360 —-033 072 153 -036 070 1.32
00 0.10 035 208 —0.09 0.13 0.64 0.07 012 455 —-005 013 153 —-0.08 022 0.87
03 0.04 036 171 -0.14 0.33 025 0.12 028 383 —-0.07 029 130 —-0.05 0.07 2.68
06 0.07 027 245 -0.12 0.29 0.75 0.06 027 413 -0.09 027 139 0.00 012 343

4 09 0.06 064 183 —0.11 0.59 1.37 0.11 055 416 —0.07 062 156 —0.02 042 350
12 0.03 057 222 —0.10 0.38 226 0.06 059 420 -0.08 064 177 —-0.02 032 399
15 —-0.02 041 129 -020 0.33 0.67 0.18 043 462 —0.07 048 230 0.08 029 4.01
18 0.06 055 146 —0.14 049 1.00 0.36 0.60 6.94 0.03 056 336 0.25 0.61 6.29
21 0.05 044 163 —-0.12 0.32 032 0.14 030 458 —0.04 033 163 007 021 4.86
00 0.29 0.63 066 0.62 0.51 099 242 058 1.65 0.79 053 140 1.63 041 131
03 0.33 060 1.02 0.53 0.62 146 1.14 068 217 0.87 072 1.88 1.19 047 249
06 0.12 075 089 0.19 0.71 1.56 0.80 083 3.16 0.66 084 272 0.60 0.77 213

5 09 0.07 047 0.88 0.01 0.54 1.04 0.34 0.61 329 0.29 064 318 0.27 0.69 2.68
12 0.04 063 100 —-0.02 057 098 0.11 0.63 248 0.08 0.64 228 0.09 0.67 232
15 —-0.34 025 040 —-040 0.21 035 —0.10 031 095 -0.18 0.29 0.77 0.39 040 1.72
18 —0.82 0.65 0.60 —0.69 0.54 0.88 0.50 057 157 0.11 055 127 0.36 052 145
21 —-021 072 0.89 0.21 0.62 142 3.01 064 234 218 0.64 203 149 064 1.59
00 0.19 029 068 —0.18 0.25 058 0.84 036 1.82 0.54 034 145 0.20 029 1.27
03 0.10 036 079 —-041 0.35 0.60 1.12 036 152 0.64 035 124 0.29 0.65 1.02
06 —-113 0.61 041 —-1.70 0.54 033 155 043 1.60 0.73 040 133 051 051 1.28

6 09 —-157 041 038 —-225 -037 031 132 047 1.03 0.36 045 082 —0.17 038 1.10
12 —-0.77 049 054 —-121 044 049 232 052 1.86 1.40 051 149 034 051 1.40
15 0.12 063 075 —-0.17 0.62 071 1.25 060 1.90 0.77 057 144 094 040 218
18 0.24 027 077 —0.07 0.26 058 0.92 039 205 0.62 038 1.60 0.90 0.06 3.29
21 0.37 028 057 —0.03 0.26 038 1.03 053 141 0.70 054 1.06 0.86 039 179
00 0.33 053 052 0.52 0.39 0.65 2.84 028 178 210 031 144 1.63 028 1.22
03 0.48 067 1.01 0.73 0.69 146 230 074 335 1.65 072 244 153 041 1.87
06 0.03 057 067 0.08 0.53 0.82 1.09 051 142 0.72 052 126 1.08 052 143

” 09 —-0.15 044 058 —-032 041 055 1.12 051 1.66 0.67 054 129 0.89 054 1.61
12 —-0.75 0.67 048 —0.70 0.54 0.63 1.10 050 220 0.55 053 063 043 051 1.52
15 —044 058 0.78 —043 0.55 098 097 044 284 051 051 214 043 048 1.63
18 —-0.75 040 0.58 —0.80 0.35 0.62 041 027 148 0.01 031 1.10 0.70 025 143
21 0.27 038 0.80 0.33 0.29 0.79 250 033 241 1.83 030 1.88 1.72 025 1.92

5. Discussion and Conclusions

This study assessed the ability of several high-resolution satellite-based precipitation estimates
to represent the Precipitation Diurnal Cycle (PDC) over Brazil during the 2014-2018 period. In order
to perform this task, rigid quality control tests were applied to hourly rain gauge data from different
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national and regional networks used as the reference dataset, while a hierarchical cluster analysis was
applied to rain gauge dataset and yielded seven regions with different PDC characteristics (amplitude
and phase) where the performance of three different satellite-based precipitation algorithms (two of
them with a gauge-adjusted version) were evaluated during the rainy season of each region.

The performance of all SPEs analyzed are directly related with the characteristics of the most
frequent rainy systems acting in a given region. Generally speaking, in those regions where thermal
heating produce deep convective clouds (i.e., boxes 1 and 5), the diurnal cycle is better represented
in term of amplitude and phase; while the PDC for shallower convection and low-level circulation
driven systems (i.e., box 3 and box 7) is poorly characterized by satellite-based retrievals. This result
was expected because most of the algorithms relies on ice scattering techniques to retrieve rainfall over
land and they fail when the amount of ice is not directly related with the accumulated precipitation.
In a recent study of Costa et al. [43] over the Amazonian region showed that the rainfall overestimation
error is only function of the Ice Water Path (IWP) and Palharini et al. [44] concluded that shallow
clouds are the dominant systems over the Brazilian southeastern coast. Those statements will be
discussed in detail for every region.

In those areas where deep convective clouds are responsible for most of the accumulated rainfall
in a given region (boxes 1 and 5) and the best results are observed, some differences among algorithms
could be pointed out: (i) GSMaP suite performs better than IMERG suite and CMORPH with lower
bias, larger correlation coefficient and lower dispersion (blue colors in Table 5; (ii) GSMaP-G is slightly
better than GSMaP-MVK due to the inclusion of daily gauges which reduce the bias (mainly during
peak hours); (iii) IMERG suite and CMORPH overestimate rainfall for all times (positive bias) and
also has a larger dispersion. In the case of IMERG-F (adjusted with monthly rain gauges), it does not
outperform the IMERG-L, which suggests that gauge analysis, in this particular case, is not improving
the satellite-only retrieval.

The regions located in the Amazonian far from the coast (boxes 2 and 7), where rainfall episodes
are characterized by regimes of low-level easterly and westerly winds in the context of the large
scale circulation, none of the algorithms could represent, in a suitable way, the amplitude and phase
of the diurnal cycle. The IMERG suite and CMORPH (all of them rely on GPROF retrievals for
passive microwave sensors) overestimate the observed rainfall. This could be due to the fact, cited by
Costa et al. [43] who also used GPROF retrievals in that study, of IWP error estimation which leads
in rainfall overestimation. IMERG-L outperform IMERG-F in this region, as also observed in box 1.
GSMaP suite has, in general terms, lower bias and lower dispersion (Table 5) when compared with the
rest of the algorithms.

The region 3 is dominated by shallow convection clouds which is responsible for most of the
accumulated rainfall. With no ice (or very little) in its structure, none of the algorithms could reproduce
the diurnal cycle properly with large underestimation of the observed values, mainly during the
peak hour (0600 UTC). In this case, gauge-adjusted versions (GSMaP-G and IMERG-F) perform better
than the respective satellite-only versions. Region 4, also located in the northeastern Brazil, is where
the lowest accumulated rainfall is observed and it has the flattest diurnal cycle in terms of phase
and amplitude.

The region 5 is characterized by the transition between a coastal land-sea breeze regime to a
continental amazonian regime. In this case, the displacement of tropical squall lines inland generated
over the coast, is the main driver for precipitating events. All algorithms, in different degrees of
agreement, could represent properly the phase of the diurnal cycle. However, the amplitude is
overestimated by IMERG suite (with better results for IMERG-L) and underestimated by GSMaP
suite (the bias-adjusted outperform the satellite-only version). CMORPH have the best statistics when
compared with other algorithms.

Future research should be centered on understanding how shallow clouds processes and
convective/stratiform classification is performed in each algorithm to improve the representation of
the diurnal cycle.
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Abbreviations

The following abbreviations are used in this manuscript:

PDC Precipitation Diurnal Cycle

TC Thermal Convection

QC Quality Control

SPE Satellite-based precipitation estimates
IWP Ice Water Path

LB Local Breezes

LT Local Time

SL Squall Lines

NE Northeast

SE Southeast

N North

CSs Convective Systems

TRMM Tropical Rainfall Measuring Mission
DPR Dual-frequency Precipitation Radar
GPM Global Precipitation Measurement
ITCZ Intertropical Convergence Zone
SACZ South Atlantic Convergence Zone

CEMIG Companhia Energética de Minas Gerais
SIMEPAR  Sistema Meteorolégico do Parand

IAC Agronomic Institute

ANA National Water Agency

INMET National Institute of Meteorology
FS Frontal Systems

EW Easterly Waves

CcC Pearson’s Correlation Coefficient
RMSE Root Mean Square Error

SD Standard Deviation

DPA Daily Precipitation Amplitude
GOES Geostationary Operational Environmental Satellite
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