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The diurnal cycle of precipitation in the Amazon Basin (AB) is not homogeneous, 
varying in its intensity, time of occurrence of precipitation peaks and in the shape 
of its diurnal distribution. This study presents a seasonal characterization of the 
mean diurnal cycle of precipitation in the AB from IMERG Final Run (∆x  =  0.1° and 
∆t  =  30  min) database from 2001 to 2020. Diurnal and semi-diurnal oscillations 
were studied by harmonics analysis, i.e., using the first and second harmonics, 
respectively. Harmonic metrics of normalized amplitude (AN), phase and mean 
hourly precipitation rate were analyzed. The AN showed pixels within the AB 
with bimodal/uniform or unimodal distribution associated with the occurrence 
of two peaks (or none) or a single peak during the day. The phase of the first 
harmonic shows the time of occurrence of the precipitation rates peaks, as 
well as the displacement of the precipitation systems. The regionalization of 
the diurnal cycle was performed using the K-Means technique, showing that 
AB presents six clusters along its domain based mainly on the phase of the 
first harmonic. The spatial configuration of clusters showed seasonal variation, 
being modulated by the South American Monsoon System and the large-scale 
mechanisms responsible for triggering convection. However, their intensity, 
the shape of the diurnal distribution and the timing of precipitation peaks are 
modulated by local factors.
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1 Introduction

The diurnal cycle of precipitation in the Amazon Basin (AB) is of great interest because 
of its heterogeneous behavior and because its simulation continues to be one of the greatest 
challenges for state-of-the-art numerical weather and climate models. The diurnal cycle is 
the end result of a series of multiscale atmospheric processes that interact with each other in 
complex ways. In the particular case of the Amazon, the interaction between the atmosphere 
and the biosphere, the effects of the Atlantic and Pacific oceans, and the presence of the 
Andes Mountains are relevant aspects for the understanding of the formation of rain-
producing systems. The main systems that organize precipitation in AB are Mesoscale 
Convective Systems (MCSs) (Nesbitt et al., 2006; Biasutti and Yuter, 2013), whose propagation 
and life cycle characteristics are linked to several factors, such as large-scale circulation, 
topography, surface heterogeneity, and thermally induced local circulations (Cohen et al., 
1995; Anselmo et al., 2020; Rehbein et al., 2017; Rehbein, 2021). The characteristic of a 
heterogeneous surface of the AB makes the MCSs present heterogeneous characteristics, thus 
producing heterogeneity of the diurnal cycle in space–time, differing both in their intensity 
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and in the time of occurrence of the peaks. For example, in the 
western part of AB, bounded by the Andes mountain range, the effect 
of topography generates strong horizontal and altitudinal gradients 
of precipitation (Junquas et al., 2018; Chavez and Takahashi, 2017; 
Espinoza et al., 2015; Espinoza et al., 2020; Ruiz-Hernández et al., 
2021). In the central sector of AB, the urban effect of the city of 
Manaus, the presence of rivers and rainforest generate different 
diurnal cycles of precipitation (Silva et al., 2004; Angelis et al., 2004; 
dos Santos et al., 2014; Tanaka et al., 2014; Burleyson et al., 2016; 
Santos et  al., 2019) as a function of thermally induced local 
circulations and water vapor availability associated with surface 
heterogeneity. It is evident that the diurnal cycle of precipitation is 
strongly linked to local factors in a given region (Yang and Slingo, 
2001). However, large-scale mechanisms (Arraut et al., 2012) and 
their associated physical processes would also act as triggers to 
initiate convection and generate diurnal cycle variability in the AB 
(Poveda et  al., 2005). For example, previous studies found that 
episodes of the Amazonian (Anselmo et al., 2020) and the South 
American (Marengo et al., 2004) low-level jets impact the diurnal 
cycle of precipitation through their influence on cloud clusters and 
the intensity of moisture flux in the central and southwestern 
Amazon, respectively.

One of the fundamental tests of the quality of numerical weather 
and climate model forecasts is their ability to reproduce the observed 
rainfall, its annual and seasonal cycle, its spatial distribution and, in 
particular, its diurnal cycle, since it is the end result of the interaction 
of multiple multi-scale physical processes. Watters et  al. (2021) 
evaluated the global-scale diurnal cycle of precipitation reproduction 
performance of the Coupled Model Intercomparison Project Phase 6 
(CMIP6) models and the ECMWF Reanalysis product (ERA5; 
Hersbach et al., 2020). They showed that the state-of-the-art CMIP6 
models (with parameterization and explicit convection resolution) 
and the reanalysis product ERA5 still have significant differences in 
the representation of the diurnal cycle, both in intensity and phase. 
However, they showed that models that explicitly solve for convection 
perform better than models that use parameterizations. Paccini and 
Stevens (2023) show the simulation performance of the diurnal cycle 
of precipitation simulation of the numerical weather prediction model 
ICON (Icosahedral Nonhydrostatic, Zängl et al., 2015) and the CMIP6 
ensemble at 180 km resolution. The authors showed that a better 
representation of precipitation is obtained with the explicit 
representation of convection, with increased spatial resolution and its 
relation to organized systems. However, the spatial resolution 
refinement experiment showed no significant improvement. Paccini 
and Stevens (2023) suggest that there are unresolved processes in their 
simulations that play an important role in the representation of the 
diurnal cycle. Important features found of the diurnal cycle of 
precipitation over the globe, both from observational and modeling 
studies, can be found in Watters et al. (2021, and references therein). 
In the work of Junquas et al. (2018) conducted mesoscale numerical 
modeling experiments over the Andes Central, showing the 
importance of topography and its physical processes that control the 
behavior of the diurnal cycle of precipitation. As shown in the papers 
cited above (and references therein), the diurnal cycle of precipitation 
is particularly relevant because it has a strong local connection to 
surface heterogeneities and depends on large-scale forcing. Both the 
bias in the diurnal cycle simulations and its phase error motivate the 
best possible documentation of this finest-scale regular mode.

Observational studies of the diurnal cycle of precipitation in the 
AB showed evidence of its heterogeneous character. Cutrim et al. 
(2000), Angelis et al. (2004), Webler et al. (2007), and Tanaka et al. 
(2014) through networks of weather stations showed differences in the 
diurnal cycle depending on its location, varying both in its intensity 
as well as in its phase, and showing a marked seasonality. Saraiva et al. 
(2016) using a network of meteorological radars showed variability in 
the AB sub-regions of the diurnal cycle of convective and stratiform 
clouds with respect to their times of greatest frequency of occurrence, 
and a marked seasonality. Using products derived by remote sensing, 
Paiva et al. (2011) and Nunes et al. (2016) showed differences of the 
diurnal cycle of convection in the AB, both in its intensity and phase. 
These cited studies show differences in the diurnal cycle of 
precipitation in the AB, and each of them had limitations related to a 
low density of weather stations, short time series or were conducted 
over small areas and focused on the effect of local factors. Furthermore, 
none of these articles present a detailed overview of the different 
diurnal cycles of precipitation that can be found throughout AB.

This paper aims to perform a seasonal regionalization of the 
diurnal cycle of precipitation throughout the AB and to suggest 
common causal mechanisms acting in each homogeneous cluster. The 
high spatio-temporal resolution (∆x = 0.1° and ∆t = 30 min) of the 
IMERG product data and the fact of generating precipitation estimates 
in grid format offer the opportunity to characterize and analyze the 
diurnal cycle of the precipitation in the AB from a detailed overview. 
Thus, the present study is the first to regionalize, characterize, describe 
and document the diurnal cycle of precipitation in the AB using high 
spatial and temporal resolution satellite data for a 20-year period. 
Therefore, this work provides a framework and a quantitative analysis 
of the heterogeneity of the diurnal cycle of precipitation over the AB 
that can be useful in the validation of numerical weather and climate 
forecasting models, in addition to other applications.

2 Data and methods

2.1 Study area

The study area is the Amazon Basin (AB, ~20°S-5°N/80°W-
50°W) with an approximate extension of 6.1 × 106 km2 (ANA, 2014) 
and with its main river covering a total distance of 6,570 km (ANA, 
2019) from its source in the snow-capped Mismi, in Arequipa (Peru), 
to its mouth in the Atlantic Ocean. The AB experiences an average 
annual discharge of 209.000 m3/s at its mouth (Molinier et al., 1996). 
Its large extension and complex river system make the AB the largest 
hydrological system in the world (Callède et al., 2004; Callède et al., 
2010; Molinier et al., 1996). In addition, the AB is characterized by 
strong topographic gradients (especially in the Andes Mountains), 
areas of rainforest, grasslands, urban cities, agriculture and 
deforestation, characteristics that make the AB to be  considered 
non-homogeneous (Figure 1).

2.2 Precipitation data

The precipitation data for the study are from the Integrated Multi-
satellitE Retrievals for the Global Precipitation Measurement (GPM) 
research product (IMERG, Huffman et al., 2019, 2020) for a 20-year 
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period from 2001 to 2020. The IMERG product represents 
precipitation rate for each pixel with a spatial resolution of 0.1° x 0.1° 
and a temporal resolution of half an hour. Previous studies have 
shown that IMERG is a suitable product for analysis and monitoring 
of the diurnal cycle of precipitation globally (Tan et al., 2019; Watters 
and Battaglia, 2019; Watters et al., 2021). In the AB, Rehbein and 
Ambrizzi (2023) used IMERG data to study the behavior and life cycle 
of mesoscale convective systems (MCSs). Therefore, in this study 
we have considered the IMERG product as a suitable observational 
dataset for the analysis of the heterogeneity of the diurnal cycle of 
precipitation experienced by the AB.

2.3 Diurnal cycle of precipitation

Half-hourly precipitation rate data of IMERG from January 2001 
to December 2020 were used to estimate the mean diurnal cycle in the 
AB. First, we calculated composites of precipitation rate for each time 
step (Equation 1) and for the seasonal periods December–January–
February (DJF), March–April–May (MAM), June–July–August (JJA), 
and September–October–November (SON):
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where N is the number of days of each seasonal period and Pi is the 
precipitation rate for a given latitude, longitude and time UTC. In this 

way, P represents forty-eight half-hourly observations of precipitation rate 
over a diurnal cycle starting at 0000 UTC. After that, the variability of 
diurnal cycle of precipitation was analyzed using harmonic analysis by 
first two harmonics, which means precipitation rate oscillations of 24 (first 
harmonic) and 12 (second harmonic) hours. For each pixel, the time 
series was represented as a harmonic function (Equation 2) using the 
methodology proposed by Wilks (2011):
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where Y is the mean of the series (or fundamental harmonic), n is 
the sample size, Ck is the amplitude of harmonic k, Φk is the phase of 
harmonic k. To represent diurnal and semi-diurnal oscillations k is 
restricted to k = 1 e 2, respectively. Next, the amplitude for each 
harmonic Ck (Equation 3) is estimated by:
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where coefficients of functions cosine (Ak) and sine (Bk) were 
estimated by were estimated by Equations 4, 5, respectively:
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FIGURE 1

(A) The Amazon Basin (AB) topography (depicted in shades) with main rivers (blue lines), the red line is the outline of the AB, the gray line delimits the 
states of Brazil, the black line is the outline of South America and the symbols within the AB represent the locations from which the IMERG product 
precipitation rate time series shown in the panels were extracted. (B) Diurnal cycle of precipitation in ATTO (Amazon Tall Tower Observatory), 
(C) Manaus – AM, (D) Alta Floresta – MS, (E) São Gabriel da Cachoeira, (F) Belém, and (G) Hotspot Cusco. Curves represent the average diurnal cycle of 
precipitation for periods December to February – DJF (red), March to May – MAM (black), June to August – JJA (blue) and September to November 
– SON (green).
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Finally, the phase for each harmonic were estimated by Equation (6):

 
arctan , 0k

k k
k

B seA
A

φ  
= > 

   
(6.1)

 
arctan , 0k

k k
k

B seA
A

φ π 
= ± < 

   
(6.2)

 
, 0

2k kseAπφ = =
 

(6.3)

For this study, we  calculated for each pixel the normalized 
amplitude, i.e., ratio between the amplitude and the mean value 
(Equation 7):
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In the case of the first harmonic, we  follow the criterion of 
Easterling and Robinson (1985) for the normalized amplitude 
(Table 1) which establishes the shape of the distribution of the diurnal 
cycle of precipitation (Figure 2) for each pixel. In fact, Figure 2A shows 
a bimodal diurnal distribution with two preferred times of peak 
occurrence (~01 and 14 LST). On the other hand, Figures  2B,C 
present a unimodal diurnal distribution with one preferred time of 
occurrence of the maximum of the precipitation rates (around 
16 LST).

The time at which the maximum precipitation rate occurs 
(Equation 8) is established when the argument of the cosine function 
is equal to zero as follows:
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We converted the time in UTC (tUTC) to local solar time (tLST) by 
Equation (9):
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where λ is the longitude in unit degrees. Therefore, when we refer 
to the hours of occurrence of maximum precipitation rates we use the 
LST format.

Finally, in this section we analyze harmonic metrics such as half-
hourly mean precipitation rate, normalized amplitude and phase for 
the first two harmonics and associate their characteristics with the 
triggering mechanisms of convection in the Amazon Basin.

2.4 Cluster analysis

For the regionalization of the diurnal cycle of precipitation in the 
AB in homogeneous groups based on the harmonics metrics of the 24 
and 12-h oscillations, we used the unsupervised “K-Means” (Wilks, 
2011) clustering method. To use the K-Means algorithm, the 
dissimilarity measures and the number of k centroids must 
be specified for it to run and group regions with homogeneous diurnal 
cycles of precipitation. Once the dissimilarity measure and the number 
of k centroids have been determined, the first step is to randomly 
distribute the k centroids (elements representing the center of a 
cluster). The K-Means algorithm operates on a two-step process called 
expectation–maximization, where in the expectation step each 
element is attributed to its nearest centroid. Then in the maximization 
step, the mean of all the elements in each cluster is calculated and a 
new centroid is established. This process is repeated until the centroids 
converge or their position is the same as in the previous process. The 
quality of the clustering is determined by the sum of the squared error 
(SSE, Equation 10).
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Before applying the K-Means algorithm, we  normalized each 
harmonic metric (half-hourly mean precipitation rate, normalized 
amplitude and phase for the first two harmonics) by dividing by the 
maximum value of each them. Next, we used the empirical orthogonal 
function (EOF, Lorenz, 1956) method to reduce the dimensionality of the 
harmonics metrics input dataset for each pixel within the AB and only 
used the first two principal components (PC1 and PC2). This means that 
we transform a high-dimensional dataset into a meaningful representation 
(PC1 and PC2) of lower dimension of it (Van Der Maaten et al., 2009). 
The measure of dissimilarity used in this study was Euclidean distances 
(Equation 11) which is determined as a distance in the space 
K-dimensionality between two vectors xi e xj (Wilks, 2011). The Euclidean 
distance is calculated by the following equation:
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TABLE 1 Criterion of Easterling and Robinson (1985) for normalized 
amplitude of the first harmonic in the shape of the distribution of the 
diurnal cycle of precipitation.

AN Criterion

<0.5

It does not have a well-defined time of occurrence of the peak 

(uniform distribution) of the diurnal cycle of precipitation or has 

two preferred times (bimodal distribution) of occurrence of the 

maximum.

[0.5–1]
Has a unimodal distribution with a preferential time of 

occurrence of maximum

>1.0
Well-established diurnal cycle (unimodal distribution) with 

well-defined maximum precipitation rate
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where xi e xj are two vectors in the space K-dimensional (k = 1, 2, 
3, …, K) (Wilks, 2011).

To determine the number of clusters (or centroids), we used 
two methods: the elbow method and the silhouette scores. Both 
methods use as input data the times series of PC1 and PC2. The 
elbow method is applied by running the K-Means algorithm several 
times increasing the number of clusters (or centroids) in each run 
and storing the SSE (Equation 10) values. Therefore, the number of 
clusters (k) is chosen according to the inflection point of the figure 
generated between the numbers of clusters (X-axis) and the SSE 
(Y-axis). Silhouette scores are based on two factors: (i) the proximity 
of the data element to other elements in the cluster, and (ii) the 
distance of the data element relative to the other elements in the 
other clusters. Silhouette scores (Equation 12) are calculated using 
the following equation:

 

( ) ( )
( ) ( ){ }max ,i

b i a i
S

a i b i
−

=
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where i is the analyzed element, a(i) is the average dissimilarity of 
the i-th element with the others elements of the same cluster, and b(i) 
is the average dissimilarity of the i-th element with all the elements of 
the nearest cluster (Rousseeuw, 1987). Silhouette coefficient values 
range from 1 to +1, with values close to +1 indicating that elements 
are closer to their clusters than to each other (Rousseeuw, 1987). Thus, 
the choice of the number of clusters was established by convergence 
of elbow method, silhouette scores and based on previous studies of 
regionalization of precipitation patterns in the AB (e.g., Sapucci et al., 
2022; Ilbay-Yupa et al., 2021, Mayta et al., 2020; López, 2020; Saraiva 
et al., 2016; Nunes et al., 2016). Finally, we use the time series of the 

FIGURE 2

Distribution of the diurnal cycle of precipitation according to Easterling and Robinson (1985). (A) 0.5AN < , (B) 0.5 1.0AN  , and (C) 1.0AN > . In the three 
figures the red curve represents the mean precipitation rate + the 1° Harmonic (H), the blue curve represents the mean precipitation rate  +  1°H  +  2°H, 
and the black curve represents the mean precipitation rate for each time step.
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first two principal components and the number of clusters as input 
data to run the K-means algorithm.

We performed this methodology for each season of the year, i.e., 
DJF, MAM, JJA and SON in order to show that the diurnal cycle of 
precipitation in the AB is influenced by the seasonality of synoptic 
weather systems as well as by local factors. In addition, a time series 
analysis of each cluster is performed to demonstrate the heterogeneity 
of the diurnal cycles of precipitation experienced by each cluster as a 
function of seasonality and local factors. The flow chart of the 
methodology used in this work is shown in Figure 3.

3 Results and discussions

3.1 Mean precipitation rate

Figure 4 shows a clear spatio-temporal variability of the mean 
hourly precipitation rate (mm/h, hereafter precipitation rate) across 
the Amazon Basin (AB) domain. Spatial variability is due to the 
heterogeneity of the surface with areas of the diverse rainforest, 
pastures, agriculture, rivers, the Andes mountain range and urban 
centers. These elements of the heterogeneity create thermally driven 
local circulations that interact with the large-scale circulation and 
depending on the availability of moisture inducing the formation of 
precipitation. The temporal variability shows a marked seasonality of 
the precipitation rate associated with the South American Monsoon 
System (SAMS, Vera et al., 2006) and large-scale mechanisms (Arraut 
et al., 2012; Fisch et al., 1998; Marengo and Nobre, 2009; Poveda et al., 
2005; Satyamurty et al., 1998) responsible for the onset of convection. 
According to Nesbitt et al. (2006) the main systems that organize 
precipitation in the AB are the Mesoscale Convective Systems (MCSs). 
In this study, we  used the 0.254 mm/h threshold (green colors in 
Figure 4) used in Rehbein et al. (2019) to associate precipitation rate 
with the occurrence of MCSs. The onset phase of the SAMS (Vera 
et  al., 2006), is characterized by increased convection in the 
northwestern region of the AB and along the Andes around 1,500 
meters (m) altitude. These regions of greater convective activity would 
be associated with the formation of MCSs, which are identified by 

precipitation rates greater than 0.254 mm/h. In this period (SON, 
Figure  4D) convection develops and moves toward the southeast 
region, thus favoring the production of precipitation. In the DJF 
period (Figure  4A), convective activity associated with MCSs are 
present in almost the AB (precipitation rate above 0.254 mm/h), 
except in the northernmost portion of the AB and in the high parts 
(above 1,500 m of altitude) of the Andes Mountain. This period (DJF) 
is associated with the mature phase of the SAMS (Vera et al., 2006) 
and is characterized by widespread convective activity in tropical 
South America. The MAM period (Figure 4B) is characterized by a 
decay phase of the SAMS (Vera et al., 2006) with convective activity 
moving northward. Precipitation rates associated with MCSs activity 
show a northward shift, being identified north of 10°S and around 
1,500 m altitude in the Andes. The JJA quarter (Figure  4C) is 
characterized by the absence of SAMS. The convective activity is 
restricted to the northwestern and northern portion of the AB, with 
precipitation associated with the formation of MCSs (precipitation 
rate greater than 0.254 mm/h). In this period (JJA), the southeastern 
portion and the high parts of the Andes above 1,500 m present 
precipitation rates below 0.01 mm/h (Figure 4C, regions with crosses), 
indicating regions with scarce precipitation events.

In addition, the precipitation rates show preferred regions of 
precipitation in the Andes, denominated precipitation hotspots 
(Chavez and Takahashi, 2017; Espinoza et al., 2015; Junquas et al., 
2018), located in Bolivia and Peru. These precipitation hotspots have 
a marked seasonality, being more intense in the summer and less 
intense in the winter. Another significant aspect is observed along the 
Andean valleys of Peru (around 1,500 m of altitude) where there are 
centers of intense precipitation rates, showing a high spatial variability. 
This high spatial variability shows the strong precipitation gradients 
associated with the abrupt topography of the Andes (Espinoza et al., 
2009; Espinoza et  al., 2012; Figueroa and Nobre, 1990) creating 
thermally-driven local circulations and acting as a large-scale flow 
channelizer. Furthermore, the IMERG product detects intense 
precipitation rates near the main Amazon rivers, evidencing 
thermally-driven local circulations (river and land breezes). These 
regions with intense precipitation rates close to rivers present a 
marked seasonality and would be associated with flood periods of 

FIGURE 3

Schematic diagram of the methodology used in this work representing the steps from data collection to final results.
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amazon rivers (dos Santos et  al., 2014; Santos et  al., 2019; Silva 
et al., 2004).

3.2 Normalized amplitude and phase of the 
first two harmonics

According to the criteria defined by Easterling and Robinson 
(1985) about the normalized amplitude of the first harmonic (hereafter 
AN, Table 1), we have that if AN is less than 0.5 (AN < 0.5) the shape of 
the distribution of the diurnal cycle is uniform or bimodal. On the 
other hand, if AN is greater than 0.5 (AN > 0.5) the shape of the 
distribution of the diurnal cycle is unimodal. In this way, pixels with 
values of AN < 0.5 present two preferred times of occurrence of 
precipitation peaks (bimodal distribution, Figure  2A) or do not 
present a preferred time of occurrence of precipitation peaks (uniform 
distribution, Figure 2A). Pixels with values of AN > 0.5 show a single 
preferred time of occurrence of precipitation peaks (unimodal 
distribution, Figures 2B,C).

The spatial distribution of mean AN calculated for the period 
2001–2020 in the AB is shown in Figure 5 for each seasonal period. In 
Figure 5, pixels with values of AN < 0.5 are represented with an orange 
gradient. On the other hand, values of AN > 0.5 are represented with a 
violet gradient.

Figure 6 shows the mean occurrence moments of the maximum 
hourly precipitation rates (phase) associated with diurnal oscillations 
(first harmonic) for each pixel over the AB calculated for the period 
2001–2020. Times are defined in “Local Solar Times (LST)” format as 
follows: morning (06–12 LST), afternoon (12–18 LST), evening 
(18–24 LST) and dawn (00–06 LST).

The normalized amplitude shows a seasonal behavior in the 
change of the spatial configuration of values lower than 0.5 (Figure 5). 
The seasonal spatial configuration of the AN < 0.5 values present 
approximately the same spatial configuration of the seasonal mean 
density of the geometric centers of MCSs identified by Rehbein (2021, 
their Figure 8) and Rehbein et al. (2017, their Figure 5). These results 
suggest that values of AN < 0.5 are associated with the precipitation 
signal generated by MCSs over the AB. Rao et al. (1996) highlight that 
in AB up to 65% of the total annual precipitation occurs between 

FIGURE 4

Mean precipitation rate (mm/h). (A) December–January–February (DJF), (B) March–April–May (MAM), (C) June–July–August (JJA), and 
(D) September–October–November (SON). The blue curve represents the main rivers of the Amazon Basin. The shades of green represent 
precipitation rate values above 0.254  mm/h. The regions with crosses “xx” cover areas in which the hourly mean precipitation rate is less than 
0.01  mm/h. The brown line represents the elevation of the Andes at 1500 m a.s.l.
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December to May, which is consistent with that shown in Figure 4, 
where the highest precipitation rates occur in the DJF (Figure 4A) and 
MAM (Figure 4B) periods. In this sense, the spatial distribution of 
AN < 0.5 values would indicate that for the DJF and MAM periods, 
MCSs would be the main systems that organize precipitation in the 
AB (Nesbitt et al., 2006).

In Figure 5, the violet-colored pixel regions (AN > 0.5) present a 
single precipitation peak of the diurnal cycle, which would 
be associated with the diurnal cycle of surface heating produced by 
radiative forcing, occurring generally in the afternoon (Figures 5, 6). 
Regions with orange pixels (AN < 0.5) have two preferred times for the 
diurnal cycle peaks to occur, where a maximum usually occurs in the 
afternoon, associated with radiative forcing, and the second time 
occurs either at night, dawn or during the morning (Figures 5, 6). 
Thus, in Figure  6, the times of occurrence of the maximum 
precipitation rates (Figure  6) of the pixels with values of AN < 0.5 
correspond to the absolute maximum of their diurnal distributions.

Regarding the maximum that happens between night and 
morning, it may be associated to different forcing: (1) effect of local 
river breeze circulations (Cohen et al., 2014; dos Santos et al., 2014; 
Santos et al., 2019; Silva et al., 2004) or valley-mountain circulations 

(Ruiz-Hernández et al., 2021; Junquas et al., 2018), (2) episodes of the 
Amazonian Low Level Jet (ALLJ, Anselmo et al., 2020), (3) episodes 
of the South American Low-Level Jet (SALLJ, Marengo et al., 2004), 
(4) continent ward propagation of the sea breeze front (Burleyson 
et al., 2016), (5) life cycle and displacement of MCSs (Anselmo et al., 
2021; Cohen et al., 1995; Rehbein, 2021) and (6) other mechanisms.

Furthermore, Figure  6 shows the diurnal displacement of the 
meteorological systems in the AB. For example, in the northeastern 
sector, the phase maps show the inland displacement in the AB of the 
systems that form in the northeastern coast of Brazil. Typically, the 
systems that form in this region are squall lines whose forcing is the 
sea breeze (Alcântara et al., 2011; Burleyson et al., 2016; Cohen et al., 
1995; Janowiak et al., 2005). The squall lines reach their mature phase 
in the afternoon period and as they move inland they bring 
precipitation between late afternoon and evening (Figures 6A,B). Over 
this northeastern region, there is a double band with maximums 
occurring between the early morning and morning hours (yellow and 
green colors, respéctively) that would show the dissipation region of 
these systems. The dissipation of the squall lines bring moisture to the 
atmosphere and will serve as a source for the formation of new MCSs 
in the afternoon hours, which will continue their displacement toward 

FIGURE 5

Normalized Amplitude 1°H. (A) December–January–February (DJF), (B) March–April–May (MAM), (C) June–July–August (JJA), and (D) September–
October–November (SON). The blue curve represents the main rivers of the Amazon Basin. The regions with crosses “xx” cover areas in which the 
hourly mean precipitation rate is less than 0.01  mm/h. The shades of orange represent normalized amplitude values below 0.5 and shades of purple 
values above 0.5. The brown line represents the elevation of the Andes at 1500 m a.s.l.
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the interior of the AB, a process that supports the hypothesis put 
forward in Anselmo et  al. (2021). Similar processes occur on the 
western side of the AB (Figure 6), where a maximum occurs in the 
afternoon in the higher regions of the Andes Mountain, and as altitude 
decreases the maximums occur between night-dawn-morning. The 
mechanism that triggers the formation of precipitation in these 
regions is the valley-mountain breeze generated by differential heating 
between the valley and the slopes of the Andean mountains, with 
maximum heating in the afternoon hours on the slopes. At night-
dawn-morning the process is reversed and we have a mountain-valley 
breeze, generating the displacement of the systems formed toward the 
east and southeast with the formation of new MCSs or with the 
intensification of the already existing ones. Here, we hypothesize that 
the region of maximum precipitation in the dawn-morning hours 
corresponds to a region of dissipation of the MCSs. This region will 
serve as a source of moisture that will then be used for the formation 
of new systems in the afternoon-night hours that will move toward the 
central region of the AB, where the maximums occur between night 
and dawn (Figures  6A,B). The central region of the AB presents 
precipitation peaks at night-morning (Figures  6A,B), probably 
because it is the region of convergence of the systems that 

systematically move from east to west (east side of the AB) and from 
west to east (west side of the AB). In addition, this region presents 
several mechanisms that will serve as triggers to active convection, 
e.g., nocturnal river breezes (Cohen et al., 2014; dos Santos et al., 2014; 
Santos et al., 2019; Silva et al., 2004), nocturnal episodes of ALLJ 
(Anselmo et al., 2020) and SALLJ (Marengo et al., 2004) and others. 
The JJA (Figure 6C) and SON (Figure 6D) periods present mainly 
precipitation peaks in the afternoon hours, with the main mechanism 
of convection activation being radiative forcing of the surface. The JJA 
period (Figure 6C) presents large-scale mechanisms that generate 
subsidence (Espinoza et  al., 2013) and, therefore inhibit rainfall 
formation, which is why some regions present scarce rainfall (marked 
regions with crosses). During these periods, the northernmost region 
of the AB experiences precipitation due to the ingress of squall lines 
formed in the extreme north of South America, the mechanism of 
formation being a combination of the sea breeze and lifting of the air 
due to the topographic barrier of the Guiana shield (Alcântara et al., 
2011; Cohen et al., 1995).

The normalized amplitude of the 2°H (see Supplementary material) 
is related to the semidiurnal variability, being bimodal when it is 
greater than the amplitude of the 1°H; otherwise, it will be unimodal. 

FIGURE 6

Phase of the time of occurrence (LST, Local Solar Time) of the peak of the 1°H oscillation. (A) December–January–February (DJF), (B) March–April–
May (MAM), (C) June–July–August (JJA), and (D) September–October–November (SON). The blue curve represents the main rivers of the Amazon 
Basin. The regions with crosses “xx” cover areas in which the hourly mean precipitation rate is less than 0.01  mm/h. The brown line represents the 
elevation of the Andes at 1500 m a.s.l.
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For the AN of the 2°H there is no direct criterion to identify whether 
the distribution is unimodal or bimodal as in the case of the AN of the 
1°H (Easterling and Robinson, 1985, see Table  1). However, the 
relative difference (see Supplementary material) can be used, which is 
calculated as the difference between the amplitude of the first (C1) and 
second (C2) harmonics, normalized by the first harmonic and 
multiplied by 100. Positive values will indicate a unimodal dominant 
regime, while negative values will indicate a bimodal dominant 
regime. Regions with a greater contribution of the AN of the 2°H than 
the AN of the 1°H show that they are influenced by mechanisms that 
trigger convection at different times of the day (e.g., surface heating 
during the day and nocturnal episodes of the ALLJ favoring the 
formation of MCSs). On the other hand, These regions could receive 
precipitation contributions from systems in other regions at a certain 
time of the day (e.g., the passage of a squall line from the Atlantic coast 
in its dissipation stage in the northeastern region of AB, contributing 
light precipitation during the night). Additionally, one mechanism 
may trigger convection (surface heating generating thermally induced 
mesoscale circulations during the afternoon) at another time of day 
[as discussed in Hayden et al., 2023 in their Figure 10], but these two 
precipitation peaks do not necessarily occur on the same day. The 
uniform distribution can likely be identified in regions where the AN 
of the 1°H and 2°H are very close and below 0.5, resulting in a 
smoothed wave without prominent peaks. This can probably 
be observed in the northwest of the AB, where precipitation can occur 
at any time of the day due to the high humidity and latent heat release 
experienced in this region.

The harmonic parameters (precipitation rate, normalized 
amplitude and phase) show that local factors such as the presence of 
rivers, orientation of mountain barriers, different land use and land 
cover, urbanized cities, play an important role as triggers of the 
heterogeneous diurnal cycle in the AB. Likewise, the seasonality of 
some of these factors (e.g., seasonality of river flooding periods, 
seasonality of the rainforest fire period, and others) contribute 
temporal and spatial variability to the diurnal cycle of precipitation in 
the AB, and motivate the development of more specialized research to 
better understand their role as triggers.

3.3 Regionalization of the diurnal cycle of 
precipitation in the Amazon Basin

3.3.1 Determining of the number of clusters of 
the diurnal cycle of precipitation

Figure 7 shows the results of the application of the silhouette 
scores (left) and elbow (right) methods, where for the periods DJF, 
MAM and JJA (Figures 7A–C, respectively) the number of clusters 
chosen was six. For the SON period (Figure 7D) the choice of the 
number of clusters was set to seven. The silhouette scores for the DJF, 
MAM and JJA periods with six clusters (seven for the SON period) 
show that they are higher than the mean value of the silhouette 
coefficient (dashed line in red, around 0.4). In addition, for the 
number of clusters established for each period, the silhouette shapes 
are relatively homogeneous in thickness. The elbow method shows 
that for DJF, MAM and JJA periods (Figures 7A–C) the SSE increases 
abruptly from six clusters (red dashed lines), while for the SON period 
(Figure 7D) it does so for seven clusters (red dashed line).

Since the K-Means algorithm performs a clustering based on the 
similarity between elements through a distance function (here the 
metric used is the Euclidean distance), it is necessary to reduce the 
degrees of freedom of each element. To reduce the dimensionality 
(degrees freedom) of each element within the AB represented by the 
six harmonic parameters (mean precipitation rate, normalized 
amplitude and phase of the first two harmonics – the second harmonic 
shows two phases in a 24-h period), the principal component analysis 
(PCA) technique was applied. The first two principal components 
(PC1 and PC2) were obtained for each period, representing 56.8 and 
20.5% for DJF, 49.5 and 25.9% for MAM, 42 and 28.1% for JJA, and 
42.2 and 29.9% for SON, of the total variance, respectively. The PCA 
shows that the criterion of non-overlapping convex hulls is almost 
satisfied, being that where there is an overlap of the elements between 
different groups, it would represent the transition region between 
different behaviors of the diurnal cycle (Figure 8).

3.3.2 Heterogeneity of the diurnal cycle of 
precipitation in the Amazon Basin

Figure 9 shows the spatial distribution of the different diurnal 
cycles of the precipitation (clusters) in the BA for the DJF, MAM, JJA 
and SON periods (Figures 9A–D). In the maps in Figure 9, black stars 
indicate pixels with normalized amplitude greater than 0.5 (AN > 0.5), 
i.e., pixels with a unimodal diurnal distribution with a single preferred 
time of occurrence of the peak precipitation rate. On the other hand, 
pixels without black stars indicate normalized amplitude values lower 
than 0.5 (AN < 0.5), i.e., pixels with a bimodal diurnal distribution (two 
peaks) or have a uniform distribution throughout the day.

3.3.2.1 December–January–February (DJF)
In the DJF period (Figure 9A) the AB has six different types of 

diurnal cycles (clusters). Black stars (AN > 0.5) indicate that clusters 4, 
5, and 6 (shades of green) exhibit a unimodal diurnal cycle, with a 
single peak of the mean precipitation rate (one predominant hour of 
peak occurrence). Cluster 4 presents exceptions in its unimodal 
behavior along the Andes mountain range in Bolivia, Ecuador and 
Peru (above 2000 meters altitude), and also in Colombia, where the 
normalized amplitude is less than 0.5 (AN < 0.5). On the other hand, 
cluster 1 (brown), cluster 2 (mustard) and cluster 3 (yellow) are groups 
with a bimodal (or uniform) diurnal distribution characterized by two 
predominant times of peak occurrence (or no predominant times). 
Cluster 2 shows an exception to the bimodal or uniform behavior 
(AN > 0.5) along the Amazon River near the Manaus region, 
experiencing a peak of the diurnal cycle in the afternoon (Figure 6), 
probably being induced by the urban factor. Cluster-1 and cluster-3 
present an extension from northeastern Peru in the Loreto region to 
southeastern of the AB (Tocantis, Brazil), similar to the climatological 
configuration for this period of the South Atlantic Convergence Zone 
(SACZ, Carvalho et  al., 2002, 2011). The northwest-southeast 
configuration of cluster-1 and cluster-3 is also associated with the 
systematic displacement of cloud systems from east to west.

3.3.2.2 March–April–May (MAM)
In the MAM period (Figure 9B) the AB was regionalized into 6 

different types of clusters. The spatial configuration of the distribution 
of the different clusters is similar to the DJF period, but presents 
differences in the behavior of the diurnal cycle within the same cluster, 
e.g., a well-marked unimodal diurnal cycle near the Amazon River. 
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Unlike the DJF period, in the MAM period a given cluster may have 
a unimodal diurnal distribution in one region and a bimodal/uniform 
distribution in another. For example, it is observed that in the 
northeastern region, clusters-1, cluster-2 and cluster-3 present a single 
predominant time of occurrence of precipitation rate peaks (unimodal 
distribution, AN > 0.5). However, in the central region of the AB, these 
same clusters present two predominant times of peak occurrence, but 
with the absolute peak occurring at the same time (cluster-1 at night, 
cluster-2  in the early morning and cluster-3  in the afternoon, see 
Figure  6). Another interesting feature is the unimodal behavior 
(AN > 0.5) of the diurnal cycle along the Amazon River of the cluster-4, 
but with a bimodal behavior away from the river. This different 
behavior within the same cluster-4 would indicate that the diurnal 
cycle is influenced by local factors (surface heterogeneity) (Yang and 
Slingo, 2001). In this period, cluster-1, cluster-2 and cluster-3 present 
a northwest-southeast spatial configuration similar to the 
climatological configuration of the SACZ (Carvalho et al., 2002, 2011) 
and associated with the systematic displacement of cloud systems in 
the east–west direction.

3.3.2.3 June–July–August (JJA)
In the JJA period the AB was divided into six different types of 

diurnal cycles (Figure  9C). In this period it is observed that the 
clusters south of 5°S present AN values higher than 0.5 (black stars), 
indicating a unimodal behavior of the diurnal cycle, and the same 
behavior is observed in the northeastern region of the CA and in the 

northernmost parts. North of 5°S, in the northern and northwestern 
sector, clusters-2, cluster-5 and cluster-6 show a bimodal (or uniform) 
behavior of the diurnal cycle of precipitation (AN<0.5). Sectors with 
weak diurnal precipitation signals (precipitation rate < 0.01 mm/h, see 
Figure 4C) are colored red with crosses, representing dry regions or 
regions experiencing scarce precipitation events. These red areas are 
located in the southeastern and southern sectors and in the high parts 
of the Andes Mountains (southwest) of the AB. An interesting detail, 
observed north of 5°S, over the Amazon River, is that cluster-2 is 
differentiated within cluster-5. A similar behavior is observed along 
the Amazon river (cluster-4, formed by the confluence of the Solimões 
and Negro rivers) and over the urban city of Manaus (cluster-1) 
differing from cluster-3. This behavior highlights that local factors 
such as the presence of a river are determinant in modulating the 
characteristics of the diurnal cycle (Yang and Slingo, 2001).

3.3.2.4 September–October–November (SON)
Unlike the other study periods, in the SON period (Figure 9D) the 

AB was regionalized with 7 different types of clusters. The spatial 
configuration of the cluster distribution is similar to the DJF period 
(Figure 9A), probably associated with the seasonality of the onset of 
SAMS (Carvalho et al., 2002; Vera et al., 2006). Cluster-3 and cluster-4 
configure a diagonal band with a northwest-southeast extension, 
similar to the climatological configuration of the SACZ (Carvalho 
et  al., 2004, 2011). Much of the AB presents values of AN > 0.5 
indicating a predominant unimodal distribution of the diurnal cycle 

FIGURE 7

Silhouette (left) and elbow (right) method scores for the periods of (A) December–January–February (DJF), (B) March–April–May (MAM), (C) June–
July–August (JJA), and (D) September–October–November (SON). The red lines of the silhouette coefficients indicate the mean value of the 
silhouette coefficient as a function of the number of clusters, and in the elbow method they represent the SSE value as a function of a given number of 
clusters.
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of precipitation for this period. The northeastern regions of Peru 
(Loreto) and northwestern Brazil (central AB) are characterized by a 
predominant bimodal/uniform distribution of precipitation (AN < 0.5). 
In these regions mentioned above, it is observed that cluster-6 is 
formed on the Amazonian rivers, differentiating it from cluster-3, 
once again local factors are predominantly associated with the 
behavior of the diurnal cycle (Yang and Slingo, 2001).

In the four periods, it is observed that along the Andes Mountains 
and the transition zone between the Andean region and the Amazon 
forest there is a greater heterogeneity of clusters. This greater 
differentiation over relatively short distances is associated with the 
strong influence of local factors such as topographic gradients and 
different surface use and cover (Yang and Slingo, 2001). It is observed 
that the characteristics that predominated in the regionalization of the 

diurnal cycle were the normalized amplitude and the 1°H phase, the 
latter being the most influential. The fact that the 1°H phase is the 
most predominant feature in the regionalization explains why there 
are equal clusters in different sectors of the AB, e.g., in the DJF period 
cluster-6 is located northeast of the AB and along the Andes.

3.3.3 Analysis of time series
Figure 10 shows the time series of the different clusters for the 

four study periods for the central region of the AB (10°S-0°/70°W-
50°W). Time series for the other AB regions are available in the 
Supplementary material, as well as short videos of the mean diurnal 
cycle for the entire CA and its regions. Information on the number 
and type of clusters per period for each AB’s region is summarized in 
tables in the Supplementary material, as well as the main 

FIGURE 8

Representation of the clusters of the diurnal cycles in the space of the principal components (PC1 and PC2) estimated using the harmonic parameters 
for the periods of (A) December–January–February (DJF), (B) March–April–May (MAM), (C) June–July–August (JJA), and (D) September–October–
November (SON).
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meteorological systems acting in each region according to the 
literature available so far.

The DJF period (first row, Figures 10A–F) the central region 
presents 4 types of clusters: cluster-1, cluster-2, cluster-3 and 
cluster-4. Clusters’ precipitation rates range from 0.27–0.51 mm/h. 
The clusters have a bimodal diurnal distribution, with the exception 
of cluster-4, which has a unimodal distribution. As can be seen in 
the first row of Figure 10, the clusters differ both in the precipitation 
rate, the shape of the diurnal cycle distribution and the predominant 
time of occurrence of the peaks. For example, cluster-1 presents its 
most intense peak in the dawn (02 LST) and the second lowest 
intensity peak in the afternoon around 15 LST (Figure  10A). 
Cluster-2 experiences its largest peak in the afternoon (14–17 LST) 
and the second peak in the dawn (03–06 LST). Cluster-3 presents a 
similar behavior to cluster-2 in the time of occurrence of the peaks, 

but differs in the intensity of the precipitation rates. Finally, 
cluster-4 presents a unimodal behavior with its peak occurring in 
the afternoon (16 LST).

For MAM (second row, Figures 10G–L) the central region has 
4 clusters (1–4). The precipitation rates of the clusters range from 
0.39–0.50 mm/h. Cluster-1 and cluster-2 present a bimodal diurnal 
distribution, while cluster-3 presents a unimodal diurnal 
distribution. However, cluster-4 presents a unimodal behavior close 
to the Amazonas River and the city of Manaus, and as it gets further 
away from the river its behavior is bimodal. In this period, cluster-1 
has its highest intensity peak around 16 LST, and the lowest 
intensity peak occurs in the early morning (04–06 LST). For 
cluster-2 the predominant times of its peaks are in the early 
morning (01–03 LST, peak of highest intensity) and in the afternoon 
(14–15 LST, peak of lowest intensity). Cluster-3 presents a single 

FIGURE 9

Spatial distribution of clusters (colors) of the diurnal cycle of precipitation in the Amazon basin for the periods of (A) December–January–February 
(DJF), (B) March–April–May (MAM), (C) June–July–August (JJA), and (D) September–October–November (SON). Black stars indicate 0.5>AN . The 
blue curves represent the main rivers of the AB. Red areas with crosses “xx” indicate regions with weak diurnal signals (mean precipitation 
rate  <  0.01  mm/h).
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predominant time of occurrence of its maximum precipitation rate 
in the afternoon (16 LST). The bimodal cluster-4 presents its peaks 
in the morning (09 LST, higher intensity) and in the evening (21 
LST, lower intensity), and in the unimodal case its peak occurs in 
the afternoon (13–16 LST).

In the JJA period (third row, Figures  10M–R) there are 5 
different types of diurnal cycle behaviors (clusters 1–5). In this 
period the precipitation rates range from 0.15–0.26 mm/h. Cluster-1 
and cluster-3 present a unimodal diurnal distribution with their 
peaks occurring 15 LST and 16 LST, respectively. Cluster-2, 
cluster-4 and cluster-5 present a bimodal/uniform diurnal 
distribution. Cluster-2 has a peak of highest intensity between dawn 
and morning (04–07 LST) and the lowest intensity occurring in the 
afternoon (15–16 LST). Cluster-4 has a clear peak in the afternoon 
(15 LST) and weak peaks in the early morning (04–05 LST) and 
morning (07–09 LST). Cluster-5 with a uniform diurnal distribution 
has a weak peak in the afternoon (13–15 LST).

For SON, the central region of the CA presents 5 types of clusters 
(1, 3, 4, 6 and 7, see last row of Figures 10S–X). The precipitation rate 
of the clusters ranges from 0.14–0.32 mm/h. The clusters have a 
bimodal/uniform diurnal distribution, except for cluster-1 which 
exhibits unimodal behavior, with its peak happening predominantly 
between 14 and 16 LST. Cluster-3 and cluster-4 have higher intensity 
peaks occurring in the afternoon (15–16 LST) and lower peaks 
occurring in the early morning (03–05 LST). Cluster-6 and cluster-7 
have an almost uniform distribution with lower intensity peaks in the 
early morning (03–06 LST) and a slightly more pronounced peak in 
the afternoon (14–16 LST).

4 Summary and conclusion

Our results evaluated the heterogeneity of the diurnal cycle of 
precipitation in the Amazon Basin (AB) identified by comparable 
past studies in different regions of the basin (Angelis et al., 2004; 
Tanaka et al., 2014, Nunes et al., 2016; Saraiva et al., 2016; Ruiz-
Hernández et  al., 2021 and others). This heterogeneity was 
agglomerated into groups based on precipitation rate, diurnal 
distribution shape and phase, varying in space–time, coinciding with 
the circulation large-scale and mechanisms responsible for the onset 
of the convection. This is the classical behavior of tropical 
precipitation where surface heterogeneity and diurnal thermal 
contrast modulate both local-to-regional scale diurnal circulations 
and the mechanisms responsible for convection initiation (Junquas 
et al., 2018; Ruiz-Hernández et al., 2021). We analyzed the spatio-
temporal variability of the diurnal cycle of precipitation in the AB 
and performed a regionalization of the different diurnal cycles 
through cluster analysis. The precipitation rate estimation product 
IMERG V06B Final Run PrecipitationCal was used with a spatial 
resolution of 0.1° × 0.1° and temporal resolution of 0.5 h for the 
period 2001–2020. The harmonic parameters: hourly mean 
precipitation rate, normalized amplitude and phase, proved to 
be useful metrics for the quantification and regionalization of the 
diurnal cycle (Covey et al., 2016).

The precipitation rate and normalized amplitude of the first 
harmonic allowed us to identify a significant spatio-temporal 
variability of the diurnal cycle of precipitation. The temporal 
variability of the heterogeneity of the diurnal cycle of precipitation 

FIGURE 10

Time series analysis of different types of clusters in the center sector (C) of the Amazon basin. The panels in the first row correspond to the DJF period 
(A-F), the second row corresponds to the MAM period (G–L), the third row corresponds to the JJA period (M–R), and the last row corresponds to the 
SON period (S–X). The letter “C” in each panel indicates the label of the cluster in a given period of the year. The black curve represents the mean 
diurnal cycle of precipitation rate (mm/h). The red curve represents the 24-h oscillation plus the mean precipitation rate. The blue contour represents 
the mean precipitation rate plus the 24-h and 12-h oscillations.
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showed a clear seasonality linked to the seasonal activity of the 
Mesoscale Convective Systems (MCSs) responsible for organizing 
precipitation in the AB (Nesbitt et  al., 2006). Thus, the temporal 
variability shows a seasonal shift in precipitation rates generated by 
MCSs (precipitation rate > 0.254 mm/h, Rehbein et al., 2019, which is 
associated with large-scale mechanisms linked to the SAMS’ (South 
American Monsoon System) life cycle (Vera et al., 2006), i.e., related 
to the regional circulation (Supplementary Figures S1, S2) and local-
regional scale processes that induce precipitation. The normalized 
amplitude associated with a bimodal/uniform diurnal cycle 
distribution also showed a seasonal shift and linked to the geometric 
centers of the MCSs observed in past studies (Rehbein, 2021; Rehbein 
et al., 2017). From the precipitation rate and normalized amplitude it 
is clear that it is the MCSs that are the main systems distributing 
precipitation throughout of the AB (Nesbitt et al., 2006) and most of 
this precipitation is concentrated between the months of December–
May (Rao et al., 1996).

Spatial variability of the diurnal cycle, even among nearby clusters, 
is strongly determined by local factors, thus modulating the intensity, 
shape of the diurnal distribution and timing of the precipitation peak. 
For example, in each period, we observed a strong spatial gradient in 
precipitation rates, highlighting the western region of the AB (Figure 4) 
associated with the strong topographic gradient of the Andes 
Mountains. Therefore, in the western part of the AB flanked by the 
Andes Mountains, it is clearly evident that the topography factor and 
its windward and leeward configurations determine a strong 
heterogeneity of the diurnal cycle (Figures 4–6). The phase of the first 
harmonic allowed us to identify the predominant time of occurrence 
of the precipitation rate peaks, the displacement of the systems in their 
different stages in the AB and the link of the diurnal cycle with local 
factors (rivers, topography, type of surface). The afternoon precipitation 
peaks (Figure  6) on the Andean ridges would be  related to local 
convection and valley-mountain breezes (anabatic winds) induced by 
differential heating between mountain slopes and Andean valleys. On 
the eastern slopes of the Andes, at the foot of the mountains and 
toward the valleys, precipitation peaks are observed occurring from the 
night to early morning hours, indicating an eastward shift of the AB of 
the SCMs. These systems are also called Andes Occurring Systems 
(AOS, Bendix et al., 2006) and are characterized by the formation of 
rain bands with eastward and southward displacement in the AB. The 
AOS are formed by the interaction between the local scale katabatic 
winds flowing from the Andes toward the Amazon rainforest and 
interacting with the humid and warm air coming from the Amazon 
and with the large-scale flow channeled by the mechanical action of the 
topographic barrier of the Andes. In the northern and northeastern 
part of the AB, the proximity to the sea and the elevation of the terrain 
are the main factors that induce a heterogeneous behavior of the 
diurnal cycle. The main systems acting in these regions are the squall 
lines originated by the sea breeze front (Burleyson et  al., 2016) 
produced by a thermal differential between the sea and the continent. 
Thus, regions close to the coast experience peaks in the late afternoon 
and the further away from the coast the peaks occur between night and 
early morning. As these systems move toward the interior of the AB, 
they lose intensity and dissipate, serving as a source of moisture for the 
atmosphere and this moisture is recycled to form new systems that will 
continue to move toward the center of the AB. Other factors such as 
the presence of large Amazonian rivers and their seasonal flooding 
cycle, urban cities and their heat island effect are determinants in the 
diurnal distribution and predominant times of occurrence of the peaks. 

Also, it has been noted in past studies that the seasonality of forest fires 
and their aerosol contributions to the atmosphere impact the intensity 
of the diurnal cycle, generating more intense convective activity with 
lightning incidence (Albrecht et  al., 2011; Andreae et  al., 2004; 
Gonçalves et al., 2015; Martins et al., 2009).

Using cluster analysis, we identified for the DJF, MAM and JJA 
periods, for the first time, six (seven for the SON period) different 
types of diurnal cycle behaviors as a function of their precipitation 
rate, distribution shape and phase. Through the spatial distribution of 
the clusters, we identify that their configuration varies seasonally, and 
it may be  the SAMS and large-scale physical mechanisms that 
configure their spatial distribution. However, we observe that local 
factors modulate the intensity, the shape of the diurnal cycle 
distribution, and the time of day of maximum occurrence. The 
findings of this work complement previous studies in different regions 
within of the AB that analyzed the diurnal cycle over different surfaces, 
but from a global view, showing that the diurnal cycle of precipitation 
is heterogeneous.

A detailed understanding of the diurnal cycle of precipitation in 
the AB requires high-resolution numerical modeling studies of the 
atmosphere to investigate how certain processes control the diurnal 
cycle in specific clusters. It is of interest to know the role that certain 
meteorological phenomena would have on the behavior of the diurnal 
cycle, e.g., LLJA (Anselmo et al., 2020) and LLJSA (Marengo et al., 
2004) episodes. The application of artificial intelligence algorithms to 
understand the degree of contribution of different drivers acting on a 
cluster could bring light to improve our picture of the diurnal cycle in 
the AB and thus be able to improve the representation of this mode of 
fine-scale variability of the next generation of numerical weather and 
climate models.

The knowledge gained in this study could help to improve the 
representation of the diurnal cycle of precipitation in state-of-the-art 
weather and climate models, which to date fail to adequately represent 
its intensity and phase (e.g., Dai, 2006; Da Rocha et al., 2009; Dirmeyer 
et al., 2012; Watters et al., 2021). In addition, it lays the groundwork 
for future research on the role of local factors and different triggers 
linked to the heterogeneous diurnal cycle of precipitation experienced 
by the AB. For example, understanding how the presence of a river 
and the seasonal flooding it experiences can affect the thermally 
induced local circulations and the formation of a certain behavior of 
the diurnal cycle of precipitation.
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