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ABSTRACT

The Intertropical Convergence Zone (ITCZ) is a key atmospheric system on a global scale, primarily driven by
trade wind convergence near the equator. The ITCZ plays a crucial role in modulating the climate of the borders of
tropical continental areas. For instance, Northeastern Brazil experiences a climate influenced by the ITCZ over the
Atlantic Ocean. In some periods, the ITCZ exhibits double bands, known as the double ITCZ. While the features of the
ITCZ have been described using various approaches and atmospheric variables, there is still a lack of regional studies
focusing on the ITCZ and double ITCZ in the Atlantic Ocean. In this context, the main goals of this study are (1) to
describe a simple algorithm based on precipitation to identify the ITCZ and double ITCZ, (2) to present a climatology
(1997-2022) of the position, width, and intensity of these two convective bands, and (3) to investigate variabilities in
the ITCZ characteristics associated with anomalies of sea surface temperature (SST) in the tropical Pacific and Atlantic
oceans. The double ITCZ typically occurs southward of the main cloud band, and between February and April, both
bands are more distant (~4.5°). In the western sector of the Atlantic Ocean, the ITCZ and its double band extend to
more southerly latitudes in austral autumn. Considering the entire Atlantic basin, the annual mean of the latitudinal
position, width, and intensity of the ITCZ is 4.9°N, 4.2°, and 11 mm/day, respectively, while for the double ITCZ, it is
0.4°N, 2.6°, 10.3 mm/day, respectively. While the SST anomalies in the Pacific Ocean (EI Nifio and La Nifia episodes)
affect more the ITCZ width, the SST anomalies in the Tropical South Atlantic affect both its position and width.
Keywords: Double ITCZ; Precipitation; Latitudinal position; Northeastern Brazil; Atlantic Ocean; ENSO

*CORRESPONDING AUTHOR:
Michelle Simdes Reboita, Natural Resources Institute, Federal University of Itajuba, Itajuba, Minas Gerais, 37500-903, Brazil;
Email: reboita@unifei.edu.br

ARTICLE INFO
Received: 30 December 2023 | Revised: 11 January 2024 | Accepted: 15 January 2024 | Published Online: 22 January 2024
DOI: https://doi.org/10.30564/jasr.v7i1.6188

CITATION

Nogueira, N.C.O., Machado, P.H.G., Reboita, M.S., et al., 2024. Assessment of the Intertropical Convergence Zone over the Atlantic Ocean
through an Algorithm Based on Precipitation. Journal of Atmospheric Science Research. 7(1): 59-73. DOI: https://doi.org/10.30564/jasr.
v7i1.6188

COPYRIGHT

Copyright © 2024 by the author(s). Published by Bilingual Publishing Group. This is an open access article under the Creative Commons Attribu-
tion-NonCommercial 4.0 International (CC BY-NC 4.0) License (https://creativecommons.org/licenses/by-nc/4.0/).

59


https://journals.bilpubgroup.com/index.php/jasr/index
https://orcid.org/0000-0001-5383-9836
https://orcid.org/0000-0002-5557-3995
mailto:reboita@unifei.edu.br
https://orcid.org/0000-0002-1734-2395
https://orcid.org/0000-0002-1264-3025
mailto:reboita@unifei.edu.br
mailto:reboita@unifei.edu.br
https://doi.org/10.30564/jasr.v7i1.6188
https://doi.org/10.30564/jasr.v7i1.6188
https://doi.org/10.30564/jasr.v7i1.6188

Journal of Atmospheric Science Research | Volume 07 | Issue 01 | January 2024

1. Introduction

The Intertropical Convergence Zone (ITCZ) is a
large-scale atmospheric system originating from the
ascending branch of the Hadley cell ", It manifests
near the equator in various atmospheric fields as a
band of trade wind convergence, minimum in atmos-
pheric pressure, minimum in outgoing longwave ra-
diation (OLR), deep convective clouds, and frequent
intermittent rain events that transfer freshwater from
the atmosphere to the ocean ", These character-
istics do not necessarily occur simultaneously and/
or in the same location ""'?. The average annual po-
sition of the ITCZ globally is found slightly north of
the equator due to the Atlantic Ocean’s transport of
energy northward across the equator, resulting in the
Northern Hemisphere being warmer than the South-
ern Hemisphere . However, throughout the sea-
sons, the ITCZ exhibits spatial variability, migrating
toward the summer hemisphere "',

The cloudiness associated with the ITCZ plays
a crucial role in the atmospheric energy balance by
influencing albedo and releasing latent heat into the
atmosphere "', Additionally, it significantly con-
tributes to hydrological balances, accounting for
32% of global precipitation "', While the ITCZ is
well-defined over oceans, its characterization over
continental areas is more complex. Factors contrib-
uting to its complexity include the less homogenous
nature of continental surfaces, and in some instances,
the ITCZ is part of regional monsoons ''*, Therefore,
considering continental areas, coastal regions are the
most influenced by the ITCZ, as is the case with the
coastline of Northeastern Brazil """, which is influ-
enced by the ITCZ over the Atlantic Ocean.

Globally the ITCZ has a wider extent in the
Northern Hemisphere (200—600 km) than in the
Southern Hemisphere (~ 300 km) "®"". Over the At-
lantic Ocean, few studies are addressing the charac-
teristics of the ITCZ. Some of them include: ITCZ is
located farther north (~10°N), in September, and far-
ther south (~4°S), between February and May "%,
Along the longitude of 27.5°W, the ITCZ exhibits
maximum width (6°) between October and Novem-
ber and minimum width (3°) between January and
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March #?. Observational longwave radiation data
showed that the ITCZ is more intense in the central
region of the Atlantic Ocean than near the coast of
South America from July to December .

The ITCZ, over the Atlantic ***°, Pacific *"*"

and Indian oceans "’

, experiences episodes of dou-
ble bands. In other words, there is a secondary band
of the ITCZ that positions itself to the south of the
main cloudy band. Over the Atlantic Ocean, in the
climatology from 2010 to 2017 between December
and April, these episodes are more frequent and last
during the months of March and April *. Liu and
Xie ' suggest that the double ITCZ is caused by the
deceleration of surface winds as they approach the
cold upwelling water near the equator. Additionally,
decreases in vertical mixing and increases in vertical
wind shear in the atmospheric boundary layer may
contribute to the deceleration of trade winds as they
move from warmer to colder water. On the other
hand, Talib et al. ®"’ mention that the controls of the
location and intensity of the ITCZ remain a funda-
mental question in climate science. As the double
ITCZ is associated with heavy rainfall and convec-
tion, its understanding is crucial for comprehending
variations in rainfall distribution, particularly in
proximity to continental areas.

The location and intensity of the ITCZ in the
Atlantic Ocean can also be influenced by ocean-at-
mosphere interaction mechanisms such as the El
Niflo-Southern Oscillation (ENSO) phenomenon
and sea surface temperature (SST) anomalies in the
Tropical South Atlantic (TSA). Berry and Reeder "
compared the global position of the ITCZ during El
Nifio (EN) and La Nifna (LN) events. Over the Atlan-
tic Ocean, the ITCZ is located southward during La
Nifia episodes compared to El Nifio ones. A more re-
gional study focusing on the north of Northeast Bra-
zil by Xavier et al. ™! showed that during the rainy
season in the region (February to May), the average
position of the ITCZ in LN years is between 2°S and
4°S, which aligns with the climatological pattern.
On the other hand, in EN years, the ITCZ migrates
northward, approaching the equator. Therefore, the
latitudinal migration of the ITCZ impacts rainfall in
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the northern region of Northeast Brazil, so that very
rainy years may be influenced by LN, and less rainy
years by EN. However, Liu et al. ® found little var-
iability in the ITCZ in the Atlantic Ocean associated
with different phases of the ENSO.

Some studies suggest that the variability of the
ITCZ over the Atlantic Ocean, with its respective im-
pact on the coast of Northeast Brazil, is more closely
linked to SST anomalies in the TSA sector than with
SST anomalies in the Pacific Ocean. More intense
positive anomalies in the TSA than in the Tropical
North Atlantic imply a southward migration of the
ITCZ, contributing to rainfall on the coast of North-
east Brazil "%, Other studies also emphasize that
the combination of negative anomalies in the TSA
concurrent with EN events affects the position of the
ITCZ, leading to precipitation deficits in Northeast
Brazil. On the other hand, positive anomalies occur
when there are positive SST anomalies in the TSA
and LN events occurring simultaneously """,

Studies aiming to characterize the properties of
the ITCZ such as its location, width, and intensity
employ various approaches and atmospheric varia-
bles for system identification. For instance, Gadil and
Guruprasad "*' utilized daily 2.5° data of OLR and
albedo, applying thresholds: OLR < 185 W m ™ and
albedo > 0.5. Grid points meeting these conditions
were retained only if the conditions were satisfied
by at least two of the eight neighboring grid points.
Berry and Reeder *” defined the ITCZ as the loca-
tion where the magnitude of the horizontal gradient
of divergence is zero, applying additional techniques
to refine its location. Liu et al. " defined the ITCZ
position based on the maximum zonal mean precip-
itation. The maximum zonal mean precipitation be-
tween 20°S—20°N is considered the ITCZ intensity,
and the corresponding latitude is the ITCZ position.
A similar methodology was used by Elsemiiller **,
who quantified the latitudinal ITCZ mid-position
based on the minimum convergence over longitudes.

1 [40]

Samuel et a employed brightness temperature as

a proxy for deep convective cloud cores, associating
[22]

it with the ITCZ position. Carvalho and Oyama
characterized the properties of the ITCZ through
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pentad precipitation over a span of 10 years (1999
to 2008) with a data grid spacing of 1°. They used
a threshold of approximately 7 mm/day to outline
the region of ITCZ activity over the central Atlantic
Ocean (27.5°W).

Since the ITCZ over the Atlantic Ocean affects
the weather and climate of the Northeastern region
of Brazil, it is important to understand its main char-
acteristics as well as the variability associated with
some of the ocean-atmosphere interaction processes
(teleconnection patterns). A more detailed descrip-
tion of the ITCZ over the Atlantic Ocean can also
provide useful information for studies aimed at im-
proving global and regional climate models. Hence,
these are the motivations for this study.

Although there are studies about the ITCZ, most
of them have a global perspective, which differs
from the present study that focuses on a regional
scale. Additionally, some methodologies for identi-
fying the ITCZ are not very straightforward. There-
fore, here we aim to develop a simple and efficient
algorithm that can be adapted for any ocean basin
(the same is available in a public database, see meth-
odology) using one of the most widely observed
variables globally, which is precipitation. Hence, the
objectives of this study are (1) to describe the algo-
rithm developed to record the position, width, and
intensity of the ITCZ as well as its double band, (2)
based on the application of the algorithm, to present
the climatology of the basic characteristics of the
ITCZ (position, width, and intensity) from 1997 to
2022, and (3) to investigate variabilities in the ITCZ
characteristics associated with anomalies of SST in
the tropical Pacific (EN and LN) and the Tropical
South Atlantic.

2. Materials and methods

2.1 Study area

The study area comprises the region of the Tropi-
cal Atlantic Ocean situated between 10°S—18°N and
49°W-10°W, as defined previously ** (blue box in
Figure 1). Figure 1 also shows two regions, Nifio
3.4 (marked with a red box) and TSA (marked with
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a green box), which are used to compute SST anom-
alies for analyzing their impact on ITCZ characteris-
tics.

Region of Study
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Figure 1. Study region (blue box), areas used to compute TSA
(green box), and Nifio 3.4 indices (red box). Global Precipitation
Climatology Project (GPCP ") annual precipitation (mm/day)
climatology from 1997 to 2022 is shown in shaded.

2.2 Data

Precipitation

Daily precipitation data from 1997 to 2022
used in this study were obtained from the Global
Precipitation Climatology Project (GPCP) of the
National Oceanic and Atmospheric Administration
(NOAA) ™", These data have a horizontal resolution
of 1° x 1° and can be accessed at: https://www.ncei.
noaa.gov/products/climate-data-records/precipita-
tion-gpcp-daily.
Winds

Daily (0000 UTC) wind components (zonal, u,
and meridional, v) at 10 meters above ground level
were obtained from the ERAS reanalysis . ERAS
has a horizontal resolution of 0.25° x 0.25°, and data
access is available through the Climate Data Store
(CDS): https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-single-levels?tab=overview.
Climate indices

In this study, tree climate indices such as the Oce-
anic Niflo Index (ONI) and TSA index. The different
phases of ENSO were identified through the ONI,
calculated monthly data from the NOAA within
the Nifio 3.4 region (Figure 1), and is available at:
https://origin.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ONI_v5.php. The TSA index,
a monitoring index for the Tropical South Atlantic
Ocean (Figure 1), was computed using NOAA Op-
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timum Interpolation (OI) SST V2 (https://psl.noaa.
gov/data/gridded/data.noaa.oisst.v2.html). This da-
taset has a horizontal resolution of 1°x 1°. The TSA
index was obtained as follows: first, the monthly
mean of SST and its anomaly is calculated in the box
30°W-10°E, 20°S—0° (Figure 1). Given the positive
trend exhibited by this obtained time series, the trend
is removed. This final result is the TSA index.

2.3 Methodology

Algorithm description for identifying the ITCZ

Although there are different ways to identify
the ITCZ, we aimed for a simple methodology that
would be easy to apply and use by other researchers
interested in the subject. Thus, the algorithm de-
scribed below is an adaptation of the methodology
by Carvalho and Oyama **, who identified the ITCZ
in a single longitude band over the central Tropical
Atlantic. Our algorithm is written in Python, uses
only daily precipitation data converted into pen-
tads, and is freely available on the GitHub platform:
https://github.com/CATUnifei/ITCZ code. The var-
iable precipitation has one of the highest numbers of
observations and estimates globally, and it is used in
various studies for ITCZ identification ",

General idea of the algorithm

1) The process begins by reading daily precipi-
tation data in millimeters (mm) in NETCDF format
and transforming the daily data into pentads (5-day
averages). This allows the removal of high-frequen-
cy disturbances related to daily fluctuations .

2) The second step is to define the precipitation
threshold that will be applied at each grid point to
identify the ITCZ. Here, we defined the threshold as
the average precipitation over the entire dataset peri-
od in the study area (Figure 1) plus one standard de-
viation (threshold = mean + one standard deviation).
The values obtained were 3 mm/day for the average
and 4 mm/day for the standard deviation, resulting
in a threshold of 7 mm/day. It is a flexible threshold
that the user can configure as a mean of a specific
period, hence, being useful in climate change stud-
ies.

3) Grid points with precipitation greater than the
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threshold (> 7 mm/day) are coded with the number 1
(true), otherwise, with 0O (false). This information is
stored and will allow the identification of initial lat-
itudes (Li) and final latitudes (Lf) (technical details
are provided below).

4) Since the data are in grid points, a function is
created to read their information at all latitudes. The
data scan starts at the westernmost longitude and
given latitudes from north to south; after scanning
and identifying Li and Lf of the ITCZ band, the al-
gorithm moves on to the next longitude. Two empty
lists and three control variables are created, respec-
tively, to store (a) Li and (b) Lf, and to have (¢) a
counter (cont), (d) a value accumulator (value), and
(e) the ITCZ band number (n). This last information
is because a double ITCZ band can also occur. To
consider that there is an ITCZ band, it must have a
minimum width of 2° latitude (2 grid points) where
precipitation is above the threshold, meaning that for
every two consecutive “1” in the column, the code
records an ITCZ band.

This algorithm stands out by identifying both the
primary and secondary bands of the ITCZ. Its steps
are represented in Figure 2. Regarding the technical
aspects of the code, a brief description is presented
here.

Technical details of the algorithm

Initially, the variables cont, value, and n are set
to zero; at the beginning of the process, 1 is added to
cont, and the boolean (0 or 1) from the matrix is add-
ed to the value. After that, there are four situations:

1) If value = 1, Li is recorded, and the operation
continues;

2) If value # cont and value = 1, it indicates that
there is no continuation of the ITCZ band because
it lacks the prerequisite of 2 grid points, so cont and
value are set to zero to proceed with the analysis;

3) If value # cont and value = 0, it is verified that
the ITCZ band, and cont and value are set to zero for
the next analysis;

4) If value # cont and value > 1, the previous lati-
tude is recorded in Lf since the analysis stopped one
latitude ahead, and “1” is added to n to indicate that
the first ITCZ band has been found. Cont and value
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are reset to zero again in case the second ITCZ band
can be found at the same longitude (column). The
function then returns the values of Li and Lf to be
stored in two arrays for the same ITCZ band number.

ITCZ Band
Identification

precipitation
above the
threshold

Figure 2. Flowchart of the algorithm steps for identifying the
ITCZ bands.

As output, the algorithm provides, for each pentad
and longitude, the initial latitude (Li) and final lati-
tude (Lf) of the primary and secondary bands of the
ITCZ, representing the position of the ITCZ. From
this information, it is possible to obtain the width of
each band in degrees (Lf-Li) and its mean position.
The intensity of the ITCZ is calculated by averaging
all grid points between Li and Lf for each longitude.
Based on the algorithm output in pentads, monthly,
seasonal, and annual climatologies can be calculated.
In this study, the focus is the seasonal climatologies
(position, width, and intensity of the ITCZ).

ITCZ variability

We also analyzed the characteristics of the ITCZ
during EN and LN episodes and in different phases
of the TSA index. The months with the occurrence of
EN and LN events were selected in the time series of
the ONI and separated by the season of the year. The
ONI table provided by NOAA also includes the clas-
sification of the EN and LN periods. The next step
was to calculate the average characteristics of the
ITCZ during these seasonal periods with EN and LN
occurrences and compare them with the climatology
of the seasons. The same methodology was applied
to analyze SST anomalies in the TSA region, except
for the classification of the negative and positive
phases of the TSA index. For this purpose, we first
calculated the standard deviation of the time series.
Then, we selected only the months with a TSA index
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lower (higher) than one standard deviation for nega-
tive (positive index).

3. Results and discussion

3.1 Algorithm validation

Before applying the algorithm in any study, it is
necessary to evaluate its performance. Validation
was carried out by comparing the algorithm’s results
with the spatial map of precipitation, wind vectors at
10 meters height, and satellite images. One example
is provided for the pentad from October 27 to Oc-
tober 31, 2022 (chosen aleatory) (Figures 3 and 4).
As satellite images are not provided in pentads but at
various times throughout the day, five images from
the GOES-16 satellite in the visible channel were
selected, one for each day of the pentad, and at 1200
UTC (Figure 4).
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Figure 3. GPCP mean precipitation higher than 7 mm/day
(shaded), wind intensity and direction at 10 m (m/s, black
arrows), and the position of the ITCZ for the pentad from
October 27th to October 31st, 2022. The initial (Li) and final (Lf)
positions of the ITCZ are indicated by yellow lines. The mean
position and width of the ITCZ are displayed at the bottom right
of the panels.

In Figure 3, the band of precipitation > 7 mm/
day is positioned approximately between 5° to 10°N
and 50° to 20°W, which coincides with the region
where the trade winds converge (arrows with larger
size pointing south and meeting arrows with smaller
size) and with the region of maximum cloudiness
shown in the satellite images (Figure 4). The algo-
rithm’s result is represented by the two yellow lines
delimiting the Li and Lf of the ITCZ (Figure 3). The
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algorithm captures the location of the rain well and
does not show information between longitudes 20°
to 13°W, where there is no precipitation and winds
are weak (Figure 3). With Li and Lf, the width of the
ITCZ can be estimated to be approximately 5° (500
km), consistent with satellite images and also with

other studies "%,

30°w

25°W 20°N

Figure 4. GOES-16 satellite image from visible channel 02 (0.64
microns) for October (a) 27, (b) 28, (c) 29, (d) 30, and (e) 31,
2022 at 1200 UTC.

Source: https://satelite.cptec.inpe.br

3.2 Seasonal climatology of the ITCZ

In this section, the seasonal climatology (Figures
5 and 6) of the position (Li, Lf and mean position),
width, and intensity of the main band of the ITCZ
(hereafter referred to as the ITCZ) and the secondary
band (hereafter referred to as double ITCZ) are pre-
sented. Figures 5 and 6 also show the spatial varia-
bility of these features.

In MAM, the ITCZ reaches its southernmost po-
sition in most of the Tropical Atlantic Ocean, with
an average position of 1.4°N (Figure 5b). In this
same season, in the western sector of the domain,
the ITCZ is located between 2°N (Li) and 4°S (Lf),
directly affecting the northern regions of North and
Northeast Brazil. Meanwhile, in the center of the
Tropical Atlantic (27.5°W), the mean position is
around 1°N, consistent with Carvalho and Oyama .
The double ITCZ also occupies its southern position
in MAM in the western sector of the domain (Li =
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2°S, Lf = 5°S, and average = 3.5°S) (Figure 5b).
The average width of the ITCZ and the double ITCZ
is 4.14° and 2.44° (Figures 6a and 6b), respective-
ly, and ITCZ is wider than in the other seasons west
of 40°W. The intensity of the ITCZ and the double
band is approximately 11.1 mm/day and 10.0 mm/
day (average precipitation between Li and Lf, Fig-
ures 6¢ and 6d). Spatially, in MAM, precipitation
shows higher volumes west of 30°W, near the North
and Northeast regions of Brazil, which is in agree-
ment with Kousky **. Additionally, these areas also
exhibit higher standard deviation (Figure 7b).

5
Precipitation [mm/day]

2 .
45°W 40°W 35°W 30°W 25°W 20°W 15°W

Figure 5. Seasonal climatology from 1997 to 2022 regarding
the position of the ITCZ (yellow continuous lines) and double
ITCZ (red dashed lines) for each longitude, as well as the spatial
pattern of the precipitation > 7 mm/day (shaded): (a) DJF, (b)
MAM, (c) JJA, (d) SON. The mean position of the ITCZ and the
double ITCZ are displayed at the bottom right of the panels.

In JJA, the ITCZ migrates northward, positioning
itself at an average of about 7.4° (Figure 5c¢). It is
during this season that it reaches its northernmost
position near the African continent (Li = 12°N and
Lf = 6°N) and in the central Atlantic (Li = 9°N and
Lf = 5°N), consistent with Carvalho et al. **, who
identified the northernmost position of the ITCZ to
be approximately 8°N in August. The double ITCZ
also migrates northward (average position of 1.4°N)
but does not exhibit a zonal pattern like the ITCZ
(Figure 5c¢). The average width of the ITCZ and the
double ITCZ is approximately 4.4° and 2.6° (Figures
6a and 6b), respectively, while the average precip-
itation is 11.6 and 10.7 mm/day (Figures 6c and
6d). In JJA, the highest precipitation volumes and
standard deviation occur in the central and eastern
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Atlantic within the latitude band of 4° to 8°N. Daily
accumulations reach up to 13 mm/day (Figures Sc
and 6c¢) with a standard deviation exceeding 6 mm/
day (Figure 7c¢).

In SON, the ITCZ reaches its northernmost po-
sition in the western Atlantic (Li = 12°N and Lf =
8°N) and begins to migrate southward on the eastern
side (Li = 10°N and Lf = 5°N). Its average position
considering the entire Atlantic is 8°N (Figure 5d).
In SON, the double ITCZ is also positioned further
north (5.5°N). However, in the western sector of the
Atlantic, the double ITCZ shows a southwestward
tilt, affecting parts of the northern and northeastern
regions of Brazil (Figure 5d). The average width
of the ITCZ and the double ITCZ is approximately
4.6° and 3.2° (Figures 6a and 6b), respectively.
At 27.5°W, the ITCZ has a width of 5° (~500 km),
which is one degree smaller compared to Carvalho
et al. . This difference may be associated with
the study period and different databases used in the
works. The intensity of the ITCZ and the double
ITCZ are 11.0 and 10.3 mm/day, respectively (Fig-
ures 6¢ and 6d). Analyzing the spatial distribution
of precipitation, the highest accumulations and
standard deviations are recorded between 40°W and
25°W and 4° and 8°N, with values of 11-12 mm/day
(Figures 5d) and 6 mm/day, respectively (Figure
7d).

In DJF, the ITCZ and the double ITCZ begin to
migrate southward, with average locations of 2.7°N
and 1.7°S, respectively (Figure 5a). During this
season, the double ITCZ is unable to configure itself
to the east of 25°W (Figure 5a). The average width
of the ITCZ and the double ITCZ is 3.5° and 2.2°,
respectively (Figures 6a and 6b), while the intensity
is 10.6 and 10.1 mm/day, respectively (Figures 6c¢
and 6d). Additionally, in DJF, at 27.5°W, the width
of the ITCZ of 3° aligns with the study **. Spatially,
oceanic precipitation is maximum between 45° and
30°W and 0° and 7°N (Figure 5a), coinciding with
the region of the highest standard deviation (> 6
mm/day, Figure 7a). Over the Brazilian coast, pre-
cipitation exhibits the highest volumes and standard
deviation in MAM followed by DJF (Figures 6 and



Journal of Atmospheric Science Research | Volume 07 | Issue 01 | January 2024

7). This higher standard deviation may be associated
with the variability of large-scale transient systems
that affect the region, such as eastward wave distur-

: . 22,24,43-45
bances, upper-level cyclonic vortices etc. 2>,
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Figure 6. Seasonal climatology, from 1997 to 2022, of the
width (degrees) of the (a) ITCZ and (b) double ITCZ for each
longitude. The lines represent different seasons: DJF—green
line, MAM—red line, JJA—blue line, and SON—yellow line).
The mean width is also indicated in the panels.
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Figure 7. Seasonal standard deviation of the precipitation (mm/
day) from 1997 to 2022: (a) DJF, (b) MAM, (c) JJA, (d) SON.

The seasonal frequency of the double ITCZ at
various longitudes is depicted in Figure 8. Between
50°W and 42°W, the double ITCZ exhibits a similar
higher frequency in both DJF and MAM, while to
the east at 15°W, it is more frequent between JJA and
SON. West of 30°W, on average, the double ITCZ
occurs more frequently in MAM, agreeing with
Teodoro et al. ** (who focused on DJF and MAM
only) and aligning with the practical knowledge of
the third author in our study. When considering the
entire Atlantic basin, events of the double ITCZ are
slightly more prevalent in MAM (2 events) com-
pared to other seasons.
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Figure 8. Seasonal frequency of the double ITCZ from 1997 to
2022 (DJF—green line, MAM—red line, JJA—blue line and
SON—yellow line).

3.3 Monthly climatology of the ITCZ

To facilitate comparisons of the results with those
from the literature, we also present monthly climato-
logical values of the mean features (position, width,
and intensity) for both the ITCZ and double ITCZ
across the entire Tropical Atlantic basin (Figure 9).
Additionally, Figure 10 displays the monthly time
series of the mean position for both the ITCZ and
double ITCZ, aiming to identify any trends in these
time series and emphasize the mean distance be-
tween the two bands.

Both the ITCZ and double ITCZ reach their
northernmost position in September. The ITCZ
shows Li at 12°N, Lf at 7.2°N, and a mean position
of 9.6°N, while the double ITCZ has Li at 8.8°N, Lf
at 5.5°N, and a mean position of 7.2°N (Figure 9a).
Computing the difference between the mean posi-
tions of both bands, they are distant by 2.4°. When
considering both Li and Lf, the southernmost posi-
tion of the ITCZ occurs in March, with Li at around
2.1°N, Lf at approximately 1.6°S, and a mean po-
sition of about 0.24°N. However, when looking at
only Lf, the most southern position occurs in both
March and April. Applying the same criteria of Li
and Lf, the double ITCZ has its southernmost posi-
tion in February, with Li at approximately 3.3°S, Lf
at around 5.2°S, and a mean position of 4.3°S (Fig-
ure 9a). But, considering only Lf, the most austral
position occurs between February and April. During
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this period of the year, both bands are distant by ap-
proximately 4.54°, aligning with the climatological
value of 4° from December to May obtained by Teo-
doro et al. . The annual cycle of the ITCZ position

is consistent with some studies

, which showed
the ITCZ position in the west and east sectors of the
Tropical Atlantic Ocean using various atmospheric
variables.

The ITCZ has a greater width in August and
September (~4.7°) and a smaller width in January
(~3.4°), while the double ITCZ also exhibits a great-
er width in September (~3.3°) and a smaller width in
February (~1.9°) (Figure 9b). The obtained values
for the ITCZ are consistent with the global average
for the Southern Hemisphere, which is approximate-
ly 3° (300 km) ""*,
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Figure 9. Annual cycle of the (a) position (degree latitude), (b)
width (degree), and (c¢) intensity (mm/day) of ITCZ (yellow
continuous lines) and double ITCZ (red dashed lines) from 1997
to 2022. Annual mean values are displayed in the upper left
corner of the panels.

The ITCZ intensity is higher in June (~11.8 mm/
day) and lower in March (~10.5 mm/day), while the
double ITCZ exhibits its higher intensity in August
(~11 mm/day) and lower intensity also in March
(~9.7 mm/day) (Figure 9c¢). These results align with
those for the central Tropical Atlantic obtained by
Carvalho and Oyama . According to these authors,
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the higher intensity of the ITCZ occurs between May
and August (~13 mm/day), and the lower intensity
between February and March (~10 mm/day). Xie
et al. " also highlighted that in July-August, rainfall
in the ITCZ is considerably stronger than in March-
April, and this strengthening may be associated with
the abundance of strong westward propagating east-
erly wave disturbances that help trigger convection
over the ocean.

The time series of the monthly mean position
of the ITCZ and double ITCZ exhibit a slightly
southward trend, of —0.0036°/year and —0.02°/year,
respectively, but without statistical significance
(Figure 10). Liu et al. ® depicted the annual time
series of the ITCZ position in several locations
globally. For the Atlantic Ocean (20°N-20°S and
49°W-9°W), Figure 3d also indicates a slightly neg-
ative trend between 1998 and 2018.
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Figure 10. Monthly mean position (degree latitude) of the ITCZ
(yellow continuous line) and double ITCZ (red dashed line) from
1997 to 2022. Linear trends are also depicted with dashed lines.

3.4 ITCZ interannual variability

ENSO

During the EN events, atmospheric convection
intensifies in the central and eastern Tropical Pacific,
leading to tropical tropospheric warming and anom-
alous subsidence over the tropical Atlantic, resulting
in reduced precipitation . On the other hand, during
LN, it is expected that there will be more precipita-
tion over the Tropical Atlantic. Indeed, Figure 11
confirms the described pattern. In addition, it indi-
cates that Northeast Brazil is more impacted by the
ENSO phases in MAM (Figures 11c and 11d). To
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verify if these spatial patterns of precipitation anom-
alies cause changes in the ITCZ position and width,
Figures 12 and 13 are presented.
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Figure 11. Seasonal precipitation anomaly (mm/day) in El Nifio
cases (left column) and La Nifa cases (right column).

In periods with EN and LN, the mean position of
the ITCZ is little affected, showing variations lower
than 0.5° in comparison with the climatological val-
ue (Figure 12). On the other hand, when Li and Lf
are individually analyzed, there are more variations,
which affect the ITCZ width (Figure 13). During EN
episodes in DJF, Li and Lf, west of 35°W, are dis-
placed south compared to the climatological pattern
(Figure 12a). In MAM, Lf, west of 35°W, is slightly
retracted to the north (Figure 12b). In JJA and SON,
Lf is also retracted to the north but over a larger ex-
tent in the central region of the oceanic basin (37.5°W
to 17.5°W; Figures 12¢ and 12d). In SON, a differ-
ence is that Li, between 25°W and 17.5°W, is dis-
placed to the north about climatology (Figure 12d).
Considering LN episodes in DJF, west of 30°W, Li
and Lf shift to the north about climatology (Figure
12a). In MAM, Lf moves south between 40°W and
20°W (Figure 12b). In the other seasons, Li and
Lf have fewer differences about the climatological
pattern. Our results partially support the findings **

b
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who emphasized that during the rainy season in the
north of Northeast Brazil, the average position of
the ITCZ in LN episodes aligns with the climatolog-
ical pattern. However, they differ from those in EN
episodes; during EN episodes, the ITCZ migrates
northward, approaching the equator ", In our case,
a higher change is observed in Lf rather than in both
borders of the ITCZ.

In summary, during EN events, the ITCZ exhib-
its Lf slightly retracted to the north compared to the
climatology. In LN events, both Li and Lf tend to be
slightly more expanded than the climatology. These
features impact the width of the ITCZ: during EN
events, the ITCZ is narrower, whereas during LN
events, the ITCZ is wider than in the climatology
(Figure 13). The contraction of the ITCZ in EN
events can reach up to 0.8° west of 35°W, except in
SON. In JJA, the expansion of the ITCZ can reach
0.6° between 40°W and 30°W.
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Figure 12. Climatological mean position (degrees) of the ITCZ
(shaded), mean El Niflo events (red dashed line), and during La
Nida events (blue solid line). The mean position over the entire
Atlantic is depicted in the bottom right of the panels.
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TSA index

Figure 14 shows the spatial pattern of precipita-
tion anomalies associated with different phases of
the TSA index. Over the ocean, the ITCZ rainfall is
intensified in its southern sector and weakened in its
northern sector when a positive TSA index predomi-
nates (Figures 14a, 14¢, 14e, and 14g). Conversely,
precipitation anomalies of the opposite signal occur
when a negative phase of the TSA index predomi-
nates (Figures 14b, 14d, 14f, and 14h). Figure 14
also reveals that a great portion of the precipitation
in the north and northeast sectors of Northeastern
Brazil during MAM and JJA is influenced by SST
anomalies in the TSA region.

A combined analysis of Figures 11 and 14 cor-
roborates the findings """\, In other words, the nega-
tive (positive) phase of TSA and EN (LN) contribute
to rainfall deficits (excess) in Northeastern Brazil.
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Figure 14. Seasonal precipitation anomaly (mm/day) in positive
TSA index (left column) and negative TSA index (right column).

Figure 15 complements the results of Figure 14
by showing the seasonal changes in the ITCZ posi-
tion according to the dominant pattern of TSA anom-
alies. A positive TSA index is associated with the
southward displacement of the ITCZ in all seasons.
However, the mean position of the ITCZ is more
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southward displaced in DJF (0.97°), followed by JJA
(0.72°), in relation to the climatology (Figure 15).
The response of the ITCZ to a negative TSA index
is a northward displacement, which, in terms of the
mean position of the ITCZ, is higher in MAM (0.88°),
followed by JJ (0.82°). SST anomalies also affect the
width of the ITCZ. In the negative TSA index, gen-
erally, the ITCZ is narrower than the climatology ex-
cept in SON between 40° and 30° W (Figure 16b).
On the other hand, the width shows greater variabil-
ity in the positive TSA index. The ITCZ is wider in
JJA at all longitudes, and west of 40° W in MAM.
Conversely, west of 25° W, the ITCZ is narrower
than the climatology in DJF (Figure 16a).
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Figure 15. Climatological mean position (degrees) of the ITCZ
(shaded), mean during positive TSA index (red dashed line), and
negative TSA index (blue solid line). The mean position over the
entire Atlantic is depicted in the bottom right of the panels.
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4. Conclusions

As the ITCZ is one of the large-scale precipitat-
ing systems that greatly influences the climate of
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coastal tropical regions "***”), the main objective of
this study was to present an algorithm developed to
locate both the primary and secondary bands (double
ITCZ) of the ITCZ over the Atlantic basin. The algo-
rithm identifies the initial (Li) and final (Lf) limits of
the bands, providing information for the calculation
of the average position, width, and intensity of the
two bands. This algorithm is available on an open
platform (https://github.com/CATUnifei/ITCZ_code)
and can be easily adjusted for applications with oth-
er variables and in other oceanic basins. The study
also aimed to present the climatology of the basic
characteristics of the ITCZ and double ITCZ (posi-
tion, width, and intensity) from 1997 to 2022 and to
investigate variabilities in the ITCZ characteristics
associated with anomalies of SST in the tropical Pa-
cific (EN and LN) and the Tropical South Atlantic.
The main findings are as follows:

Double ITCZ: 1t is located southward of the ITCZ
with a mean distance reaching approximately 4.5°
(computed considering the mean position of both
bands) between February and April. West of 30°W,
the double ITCZ occurs more frequently in MAM
and has a mean position at 1°S, directly affecting the
northern regions of North and Northeast Brazil. Con-
sidering the entire Tropical Atlantic Ocean, the dou-
ble ITCZ shows a larger width (~3.3°) in September
and a higher intensity (~11 mm/day) in August.

ITCZ: In MAM, the ITCZ reaches its southern-
most position in most of the Tropical Atlantic Ocean,
with an average position of 1.4°N. Considering the
entire Tropical South Atlantic, the ITCZ shows a
larger width (~4.7°) in August and September and a
higher intensity (~11.8 mm/day) in June.

ITCZ interannual variability: Episodes of EN and
LN affect the ITCZ width more, while SST anoma-
lies in the TSA region affect both position and width.
During EN and LN episodes, the mean position of
the ITCZ is little affected, but changes in the limits
of the ITCZ lead to alterations in width. Specifically,
during EN events, the ITCZ is narrower, whereas
during LN events, the ITCZ is generally wider than
in the climatology. Considering the TSA index,
a positive index is associated with the southward
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displacement of the ITCZ in all seasons, while a
negative index indicates a northward displacement.
Regarding the width, the ITCZ is generally narrow-
er than the climatology during episodes of negative
TSA index. On the other hand, the width exhibits
greater variability during episodes of positive TSA
index.

This study can serve as a guide for others, and we
highlight that it is important to investigate the impact
of other teleconnection mechanisms on the ITCZ and
double ITCZ features.
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