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A B S T R A C T   

River breezes occur regularly along the Amazonia river but little is known about their effects on air pollution. 
During the first week of August 2014, river breeze events were observed on two days on the banks of the Negro 
River, central Amazonia. The WRF-Chem model was used to analyze this period to understand the formation 
mechanism and the influence of the river breeze on the transport of pollutants such as ozone (O3) and carbon 
monoxide (CO). We show that the river breeze occurred due to a reduction of the easterly winds associated with 
the cooling of the waters of the Negro River. The river breeze was responsible for inhibiting the transport of 
pollutants to the East, increasing its concentrations while breeze circulation is observed, as well as a re- 
circulation of these gases on the riverbank where the breeze was associated. The strongest breeze occurred in 
a forest region which maintained the highest concentrations of CO and O3 on the East bank of the Negro River. In 
the Urban region, the breeze was less intense and had a shorter duration, however, it was still able to maintain 
higher concentrations of CO and O3 in the western region of the city of Manaus, which is a predominantly 
residential region and therefore, the population of this region lives in a more polluted environment during the 
occurrence of breezes.   

1. Introduction 

The Amazonian rainforest region is one of the largest areas of trop
ical forest on the planet (Lapola et al., 2008), it has great a biodiversity 
and is one of the main sources of heat and humidity in the tropics, 
playing an important role in the local, regional and global climate sys
tem (Shukla et al., 1990; Werth and Avissar, 2002; Malhi et al., 2008; 
Cheng et al., 2013). In addition to its extensive forest area, it has the 
largest hydrographic basin in the world, made up of large rivers such as 
Negro, Solimões, Amazonas, Tapajós and Xingu. These rivers play a 
fundamental role in the hydrological cycle (Marengo, 2005). Several 
studies have shown the formation of a local circulation, known as a river 
breeze, in these rivers (Pereira Oliveira and Fitzjarrald, 1993; Silva Dias 
et al., 2004; Lu et al., 2005; Cohen et al., 2014; Matos and Cohen, 2016; 
Corrêa et al., 2021), which impact the distribution of precipitation, 
carbon dioxide (CO2) fluxes, the formation of low-level jets, among 
others. 

The river breeze is a type of local circulation that occurs due to the 
thermal contrast of large water bodies of rivers and an adjacent area 
with different characteristics (eg forest, city, pasture), and is observed in 
several places in the world (Zhong et al., 1991; Pereira Oliveira and 
Fitzjarrald, 1993; Hrebtov and Hanjalić, 2019; Jiang et al., 2021). The 
formation mechanism of the river breeze circulation is similar to that 
observed for the sea breeze, that is, they occur due to the temperature 
gradient generated by the different thermal capacities of the two 
different surfaces. During the day time, the land surface heats up faster 
than the water, which induces the formation of a circulation, bringing 
the less warm and humid air over the river towards the land surface. 

The city of Manaus is the largest metropolis in the northern region of 
Brazil, with a population of 2.255.903 inhabitants (IBGE, 2022) and a 
vehicle fleet of 855.9 thousand vehicles in 2021 (DETRAN, 2022). The 
city, located on the left bank of the Negro River, is home to the Industrial 
Pole of Manaus (IPM), with >500 industries established in various 
segments such as electronics, automobile, shipbuilding, mechanics, etc. 
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(SUFRAMA, 2022). All these elements combined form a large source of 
anthropogenic aerosol and gas emissions, within an area surrounded by 
forest and rivers. The effects of the urban area of Manaus on the 
chemical composition of the atmosphere have been the focus of several 
studies related to the formation of secondary aerosols and the transport 
of the plume of pollutants from the urban area to other regions (Kuhn 
et al., 2010; Trebs et al., 2012; Cirino et al., 2018; Shrivastava et al., 
2019). 

Carbon monoxide (CO) is a colorless and odorless gas generated by 
the incomplete burning of fuels that contain carbon in their composition. 
With an average lifetime of approximately one month and has a high 
concentration close to the surface, it is an excellent tracer of anthropo
genic pollution sources, such as those generated by industries, motor 
vehicles and forest fires. Several studies show an increase in CO emission 
during the dry season in the Amazonia region (Torres et al., 2010; 
Andreae et al., 2012; Vasconcelos et al., 2015; Santos et al., 2017; Mo
raes et al., 2022), and this may have many undesirable effects on the 
health of the population. When inhaled, CO is absorbed by the lungs and 
transported to the bloodstream, and its affinity for binding to hemo
globin is 200 times greater than oxygen, forming what is known as 
carboxyhemoglobin (COHb) (Bleecker, 2015). It needs to be reiterated, 
however, that air pollution is a complex mixture of heterogeneous 
gaseous and particulate pollutants that can affect human health (Block 
et al., 2012), and CO is rarely found at high concentrations in outdoors 
environments, but there are studies showing a concern on low level CO 
concentrations impacts on human health and positive association of 
daily mortality with short-term exposure to ambient CO at levels below 
the current air quality guidelines (Townsend and Maynard, 2002; Levy, 
2015; Chen et al., 2021), in addition to CO being a precursor of ozone 
(O3). 

The O3 is a gas that is naturally present in the stratosphere and plays 
a vital role for life on the planet against the action of ultraviolet radia
tion from the Sun. In the troposphere, this gas is classified as a secondary 
pollutant because it is not emitted directly, but is formed through 
chemical reactions of oxidant precursors. There are several precursors of 
O3 such as nitrogen oxides (NOx), CO, methane, among others (Parrish 
and Fehsenfeld, 2000; Yue and Unger, 2014). In plants, its absortion 
occurs through stomatal uptake, but impairs photosynthesis, reduces 
plant growth and biomass accumulation, limits crop productivity, and 
affects stomatal control over plant transpiration of water vapor between 
the surface of the leaf and the atmosphere (Avnery et al., 2011; Ains
worth et al., 2012; Hollaway et al., 2012; Yue and Unger, 2014, 2018). 
In animals, its main form of absorption is through inhalation, being 
absorbed by the respiratory tract and conducted to the bloodstream 
(Bush et al., 1996; Sarangapani et al., 2003). Studies show evidence of 
the effects of exposure to this gas on human health, such as difficulty 
breathing, inflammation of the airways, premature deaths, obesity, 
increased admissions to psychiatric emergencies, among others (Koman 
and Mancuso, 2017; Nuvolone et al., 2018; Zhang et al., 2019; Bernar
dini et al., 2020; Grulke and Heath, 2020). 

The city of Manaus is one of the sources of O3 in the central Ama
zonia region due to its industrial activity and the intense circulation of 
motor vehicles, which causes a great contrast with the large area of 
surrounding forest (Kuhn et al., 2010). It is also known that this gas can 
be transported by downdrafts to the surface (Betts et al., 2002; Dias- 
Junior et al., 2017; Melo et al., 2019; D’Oliveira et al., 2022), in addition 
to to have its concentration increased during biomass burning (Crutzen 
and Andreae, 1990; Bourgeois et al., 2021). 

Studies on the influence of breeze circulations on pollution of coastal 
cities have already been carried out in several locations, showing their 
impacts on the transport of O3 and aerosols in cities of the northern 
hemisphere (Boyouk et al., 2011; Monteiro et al., 2016; Li et al., 2020) 
and also in the Amazonia (Trebs et al., 2012; Zhao et al., 2021). 

However, recently the numbers of forest fires in the Amazonia have 
shown a significant increase (Barlow et al., 2020; Cano-Crespo et al., 
2021; Silveira et al., 2022). In addition, the urban area of Manaus also 

showed an increase of population and in the vehicle fleet. In this context, 
it is necessary to assess how local circulations can influence the transport 
of these anthropogenic pollutants. Therefore, this work aims to study the 
effect of river breeze circulations on the transport of gaseous air pol
lutants (CO and O3) in the central Amazonia region. We seek to better 
understand, through simulations with WRF-Chem, the mechanism of 
formation of these breezes and how they can alter the transport of these 
gases. 

2. Material and methods 

In this work, the WRF-Chem model was used to simulate the atmo
spheric flow for the first four days of August 2014 (between the 1st and 
5th), over the Manaus region, in central Amazonia. To verify the pre
dictions generated by the model, measurements collected during the 
experimental campaigns of the GoAmazon 2014/5 project were used in 
three different sites (T0z, T2 and T3) located in the surroundings of 
Manaus (Fig. 1B). The description of the study area, experimental sites, 
collected data and numerical experiment design are detailed below. 

2.1. Study area and experimental data 

The city of Manaus is located in the central Amazonia region, more 
precisely at the confluence of the Negro and Solimões rivers (Fig. 1B). 
With 377 km2 of urbanized area, inserted in a territorial extension of 
11,401.092 km2, it has an estimated population of 2,255,903 in
habitants (IBGE, 2022). This region is characterized by presenting an 
important contrast of atmospheric constituents between the polluted 
urban area and the surrounding natural environments, with more pris
tine air conditions. For this reason, this region was studied in the 
GoAmazon 2014/5 experiment (Martin et al., 2016). 

The experimental data used in this work were collected at three 
different experimental sites: T0z (2.5946◦ S, 60.2093◦ W); T2 (3.1392◦

Fig. 1. (A) WRF-Chem domains used in this work. Domain d01 has 10 km of 
horizontal resolution and domain d02 has 2 km. (B) Location of experimental 
sites, urban area of Manaus and rivers in the study region. 
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S, 60.1315◦ W); and T3 (3.2133◦ S, 60.5987◦ W). T0z is located in the 
central Amazonia Basin, 60 km NNW of downtown Manaus and 40 km 
from the metropolis margins. It is within a pristine terra firme rainforest 
in the Reserva Biológica do Cuieiras (Martin et al., 2010). T2 site is located 
at Hotel Tiwa, that is surrounded by a forest and adjacent to the river 
(Negro River) with river width of 7.5 to 11.7 km, and just downwind of 
Manaus, depending on direction of prevailing winds. The T3 site is 
located 70 km downwind of Manaus. It is a pasture site of 2.5 km by 2 
km in size. The information collected and the instruments used in each 
of the experimental sites are presented in Table 1. For more detailed 
information about the collected data and the experimental methodology 
employed, please see Martin et al. (2016). 

2.2. Model description and experimental design 

Numerical simulations of atmospheric flow were performed with the 
WRF-Chem model in version 4.2 (Grell et al., 2005). The settings and the 
main physical and chemical options used in our simulations are shown 

in Table 2, with the cumulus parameterization turned off in the two 
domains used in this work. The arrangement of the model’s domains is 
shown in Fig. 1A. 

The initial and boundary conditions for chemical and atmospheric 
aerosols were taken from CAM-Chem (Lamarque et al., 2012). The initial 
and boundary conditions for meteorological variables were taken from 
the reanalysis of the European Centre for Medium-Range Weather 
Forecasts (ECMWF) ERA5 global reanalysis (Hersbach et al., 2020), with 
spatiotemporal resolutions of 0.25◦ in the horizontal direction and 6 h, 
respectively. 

For anthropogenic emissions, information from the EDGAR-HTAP 
database (Emissions Database for Global Atmospheric Research with 
Task Force on Hemispheric Transport of Air Pollution) in version 2.2, 
was used. This information is representative of the year 2010, with a 
horizontal resolution of 0.1◦ x 0.1◦ (Janssens-Maenhout et al., 2019). 
Due to the lack of information on anthropogenic emissions in the 
Amazonia, some studies have carried out their own local emissions in
ventories to better represent the chemistry of the atmosphere in the 
central Amazonia region (Rafee et al., 2017; Medeiros et al., 2017; 
D’Oliveira et al., 2022). In this work, road transport and electricity 
emissions from EDGAR-HTAP were modified according to local emis
sions estimates obtained from the VEIN (Vehicle Emissions Inventory) 
model, version 0.9.13 (Ibarra-Espinosa et al., 2018) only in the domain 
d02. VEIN is a bottom-up model used to obtain high-resolution vehicle 
emissions inventories. The thermoelectric emissions, the type of fuel and 
its monthly consumption were provided by the brazilian electric power 
generation company ELETROBRAS (ELETROBRÁS, 2014). Gas emis
sions were entered in the d02 domain of the model as categories “POW” 
for energy emissions and “TRA” for transport emissions. 

For the biogenic emissions, we used the Model of Emissions of Gases 
and Aerosols from Nature (MEGAN) version 2 (Guenther et al., 2006). 
These emissions were calculated online based on driving variables such 
as ambient temperature, solar radiation, leaf area index and plant 
functional types, this model estimates the net terrestrial biosphere 
emission rates for different trace gases and aerosols with a global 
coverage of approximately 1 km2 spatial resolution. 

For emissions from biomass burning, NCAR’s Fire Inventories 
(FINN), version 1.5 (Wiedinmyer et al., 2011) was used. The FINN data 
comprises a daily estimate with grid spacing of 1 km2 based on the 
location and time of active fires detected by the product of thermal and 
fire anomalies from the MODIS satellite (Giglio et al., 2003). FINN data 
offers global coverage, high temporal and spatial resolution and includes 
emissions for a large number of chemical species including CO2, CO, 
NOx, NH3, CH4 volatile and semi-volatile organic compounds (VOCs and 
SMVOCs), black carbon (BC) and aerosols of organic carbon (OC). FINN 
emissions are incremented into the WRF-Chem using a diurnal cycle that 
peaks in the early afternoon (local time) based on Giglio (2007), and 
then injection of the emissions into the grid in the model is evenly 
distributed across the atmospheric boundary layer (Dentener et al., 
2006), as shown by the analysis of plume heights over the Amazonia 
region (Marenco et al., 2016; Gonzalez-Alonso et al., 2019). FINN has 
been widely used in studies using atmospheric chemical transport 
models to simulate changes in air quality from local to global scale (Xu 
et al., 2018; Ghude et al., 2020; Faulstich et al., 2022; D’Oliveira et al., 
2022). 

The model integration time was 120 h, in the period from 00:00 UTC 
on July 31th, 2014 to 00:00 UTC on August 5th, 2014, the first 24 h 
being used as spin up. In this period, the analyzes of the accumulated 
precipitation in the three experimental sites (Fig. 2) show the occurrence 
of precipitation only on the 4th of August: at 20:00 UTC in the T3 site 
(26.56 mm in the total accumulated); and at 21:00 UTC at the T0z site 
(0.5 mm in cumulative total). No precipitation was observed at T2 site. 
These days are part of the dry period in central Amazonia (Marengo 
et al., 2001), ideal for studying the effects of anthropogenic emissions 
and also because it is the period when river breezes are most evident 
(Planchon et al., 2006). 

Table 1 
Description of the instruments used in the experimental sites of the GoAmazon 
2014/5 project to collect gases (CO and O3) and meteorological data.  

Experimental 
Sites 

Measured 
Variables 

Sensors Sample 
Rate 

Height 

T0z 

CO Picarro Model 
G130 

5 min 38.75 m 

O3 Thermo 49i-TSi 5 min 38.75 m 
Temperature PT-100 5 min 51.1 m 
Precipitation EM ARG-100 30 min 51.35 m 
Wind Speed and 
Direction 

Vector W200P/ 
Vector A100R 30 min 

51.9/ 
51.45 m 

T2 

CO 
LGR ICOS N2O/ 
CO-23D 

5 min 2 m 

O3 Thermo 49i-TSi 5 min 2 m 
Temperature U30 Station 5 min 2 m 

Precipitation 
GSM-UDP 
(HOBO) 5 min 2 m 

Wind Speed and 
Direction 

Lufft WS800- 
UMB 5 min 2 m 

T3 

CO Picarro CRDS 
G2401 analyzer 

5 min 10 m 

O3 Thermo 49i-TSi 5 min 10 m 

Temperature WTX520 
(Vaisala) 

1 s 10 m 

Precipitation 
WTX520 
(Vaisala) 1 s 10 m 

Wind Speed and 
Direction 

WTX520 
(Vaisala) 

1 s 10 m  

Table 2 
WRF-Chem configurations used.  

WRF-Chem Configurations 
Domains d01 d02 
Points along x coordinate 111 171 
Points along y coordinate 80 135 
Vertical levels 60 60 
Grid resolution 10 km 2 km  

Physical Options 
Longwave radiation RRTMG 
Shortwave radiation RRTMG 
Surface layer MYNN Scheme 
Land-surface model NOAH Surface model 
Boundary layer scheme MYNN 2.5 
Microphysics Morrison 2-Moment  

Chemical Options 
Chemistry option Mozart with MOSAIC aerosols 
Photolysis option New TUV  
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2.3. Identification of the river breeze 

The criterion adopted in this work to identify a breeze circulation 
will be based on the diurnal change in surface wind direction in the 
opposite direction to the original direction (Borne et al., 1998; Furberg 
et al., 2002). It is known that the predominant wind direction in the 
Amazonia region is the easterlies winds (Pereira Oliveira and Fitzjarrald, 
1993; Silva Dias et al., 2004; Lu et al., 2005; Santos et al., 2014; Ger
mano et al., 2017; Corrêa et al., 2021; Zhao et al., 2021). Depending on 
the location where we are looking for the breeze signal, the breeze can 
be seen by changing the wind direction, but also in the weakening or 
intensifying of these winds (Germano et al., 2017; Corrêa et al., 2021). 

Our intention is just looking when these winds are in the opposite di
rection from the easterlies. This criterion was adopted due to the interest 
of verifying how the change in the predominant wind direction can alter 
the dynamics of gas transport in the region. In this work, the tempera
ture gradient between river and forest and river and urban was obtained 
as follows: We calculated the average air temperature at 2 m from the 
surface for the four areas indicated in the rectangles of Fig. 3. The 
temperature gradients (ΔT) between river and forest and between river 
and urban were obtained through the difference between the average air 
temperatures in the rectangles FOR and RIV (square 1) and URB and RIV 
(square 2). 

River breeze analyzes was carried out in two different areas (Fig. 3). 

Fig. 2. Accumulated precipitation in mm at the experimental sites T0z, T2 and T3 of the GoAmazon project, during the study period.  

Fig. 3. Classification of land use obtained through MODIS Land Cover Type Data Product (MCD12Q1) and classification of the International Geosphere-Biosphere 
Program (IGBP) and the geographic location of the analyzed areas in: (1) Forest; and (2) Urban. 
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Area 1 with a predominance of forest land cover on the banks of the 
Negro River (called “Forest”) and area 2, with the contrast between the 
urban region of Manaus and the Negro River (called “Urban”). The 
reason of these two areas was chosen results from previous analyzes of 

the wind field, which show the presence of river breeze circulation in 
places with different land cover characteristics, in addition to the 
different position in relation to the Negro River. Furthermore, a separate 
analysis for the city is important, as it will be possible to investigate the 

Fig. 4. Horizontal wind (arrows, m s− 1) and zonal wind (shaded, m s− 1) at 925 hPa from ERA5 reanalysis between 1st and 4th August 2014: (A) and (E) 18:00 UTC of 
the 1st of August; (B) and (F) 18:00 UTC on the 2nd of August; (C) and (G) 18:00 UTC on 3rd August; and (D) and (H) 18:00 UTC on 4th August. 

Fig. 5. Air temperature at sites (A) T0z, (B) T2 and (C) T3. The solid black line represents the experimental data and the solid blue line the simulation data with the 
WRF at 2 m. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Comparison of the wind rose data from the experimental sites for the observed data (Obs) on the left, and simulated (Sim) on the right, during the entire 
simulation period separated into day and night. The colors represent the wind speed in m s− 1. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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impact of urbanization on local circulation and, consequently, on the 
quality of life of the population. 

3. Results and discussion 

3.1. Large scale analysis and validation of the simulation 

Analysis of large-scale wind field is important as it affects the 
development of breeze circulation (Bechtold et al., 1991; Arritt, 1993). 
For example, Silva Dias et al. (2004) observed that river breezes that 
occurred on the east bank of the Tapajós River (in central Amazonia) 
were associated with weaker easterly wind events caused by a phe
nomena called friagem (Camarinha-Neto et al., 2021). Another impor
tant example for the same region is showed by Lu et al. (2005), who 
observed no change in wind direction on the Tapajós River caused by 
river breezes during conditions of strong easterly winds. The analysis of 
large-scale winds is important to verify whether they exert any influence 
on the formation or intensification of the river breeze. 

During the analyzed period, the ERA5 reanalysis data show that the 
large-scale wind field (925 hPa pressure level) is essentially from the 
east, with wind direction variations between northeast and east (Fig. 4). 
However, it was observed that on the 3rd and 4th of August there was a 
weakening of the zonal wind in the region of the city of Manaus 
(Figs. 4C,D,G,H) in relation to the 1st and 2nd, where the zonal wind at 
the grid point closest in the city of Manaus was − 3.97, − 4.66, on the 1st 
and 2nd of August, and − 3.07, − 3.24 m s− 1 on the 3rd and 4th of 
August, respectively. This scenario favors the intensification of the river 
breeze as previously observed in other studies (Silva Dias et al., 2004; Lu 
et al., 2005). It should also be noted that during this period there were 
no occurrences of cold front that would justify the weakening of these 

winds (Silva Dias et al., 2004; Camarinha-Neto et al., 2021). 
Fig. 5 shows the temperature values obtained experimentally and the 

simulated values in the experimental sites T0z, T2 and T3. It is possible 
to notice that the values of both temperatures were quite similar, with 
synchronized maximums and minimums. Some small variations can be 
observed, for example: at the T0z site the simulation underestimated the 
temperature, mainly the minimum temperatures (− 0.44 ◦C). At site T2 
the simulation underestimated the maximum temperatures, but over
estimated the minimum temperatures (0.33 ◦C). The temperature 
behavior at the T3 site was similar to that observed at T2, however 
slightly overestimating with a mean bias of 0.72 ◦C. In general, the 
simulation captured the diurnal temperature variation in the three sites 
when compared to what was observed, and this is important for the 
formation of the breeze. 

Fig. 6 shows the wind rose with data measured experimentally and 
simulated at the level closest to the surface of sites (27 m) during the 
entire integration time and separated in periods of the day (10:00 UTC to 
22:00 UTC) and night (23:00 UTC to 09:00 UTC). It is observed that the 
simulation represented the wind direction well during the day, with the 
greatest differences occurring during the night, mainly at the T2 site. In 
general, the simulation tended to slightly overestimate the magnitude of 
the wind speed at sites T0z, T2 and T3 by 0.76, 1.94 and 1.29 m s− 1, 
respectively. 

Fig. 7 shows the experimentally obtained and simulated CO and O3 
concentrations. The simulated CO values were underestimated in rela
tion to those measured at the experimental sites, and due to this, 
different scales were assumed on the y-axes: the scale of the experi
mental data is on the left and that of the simulated data on the right of 
Figs. 7A-C-E. Despite underestimating, it can be seen that the simulation 
was able to capture the variability of CO at sites T0z, T2 and T3. It is this 

Fig. 7. CO and O3 concentration measured and simulated at the level closest to the surface in experimental sites T0z, T2 and T3. The black line represents the 
collected data and the blue line the WRF-Chem simulation data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

F.A.F. D’Oliveira et al.                                                                                                                                                                                                                         



Atmospheric Research 295 (2023) 107010

8

variability that interests us, since we want to know the role of the river 
breeze presence on the scalar transport. 

For the period investigated in this work, there was no data available 
for O3 at the T0z site. It is possible to observe that the simulation was 
able to show the daily cycle of O3, that is, the increase during the day 
and the decrease at night. Furthermore, it is noted that the simulated O3 
values are very close to the experimental values, especially for the 
daytime period (Figs. 7D-F). Another issue that deserves attention is that 
the simulation was able to show that the concentrations of CO and O3 in 
the T2 and T3 sites were higher than in the T0z site. This occurs since T2 
and T3 are located close to the city of Manaus and in the direction of 
mean flow (Fig. 1) and often pollution plumes from Manaus are trans
ported to T2 and T3, as already shown by several studies (Trebs et al., 
2012; Cirino et al., 2018; Camarinha-Neto et al., 2021; D’Oliveira et al., 
2022). 

Table 3 shows the mean and standard deviation values in the 
experimental sites during the month of August, and the values of some 
statistical parameters, such as mean bias (MB), root mean square error 
(RMSE) and correlation coefficient (r), for obtained from simulated and 
measured data. Such parameters provide us with information on the 
effectiveness of the simulation in reproducing the behavior of the 

experimental data. Note that the r values were >0.5 for all variables and 
at all sites, except for CO. The RMSE and bias values were also relatively 
low for all sites and variables, except for CO. As previously mentioned, 
the simulated CO values were underestimated in relation to the 
measured data, which is why we obtained high RMSE and MB values. 
However, the values presented in Table 3 reinforce that the values of the 
simulated variables are consistent with the observed values. 

3.2. River breeze 

The following results represent the outputs from the WRF-Chem 
simulations. Fig. 8 presents the temperature at the 2 m level. The ar
rows correspond to the difference between the average daily wind speed 
and the hourly average wind speed at 150 m extracted from the simu
lation between August 1st and August 4th, 2014. We proceeded in this 
way so that the breezes are easily identified. The times shown in Fig. 8 
correspond to 15:00 UTC. This time was chosen because it was during 
this period that the river breeze was more intense (Fig. 10). The FOR 
(Forest) and URB (Urban) ellipses indicate the regions where the most 
intense breezes and with the greatest temperature contrast were 
observed. 

It was observed that the temperature gradients between the river and 
the forest region (forest-river) and the river and the urban region (urban- 
river) intensified over the days, reaching a higher value on the 3rd and 
4th of August (Fig. 8). On those days when the temperature gradient was 
greater, a change in wind direction (from the river towards the conti
nent) is observed. This change marks the entrance of the river breeze in 
both the Forest and Urban areas. Similar results were found in other 
breeze circulation studies (Pereira Oliveira and Fitzjarrald, 1993; Silva 
Dias et al., 2004; Lu et al., 2005;, Saad et al., 2010; Santos et al., 2014; 
Germano et al., 2017; Corrêa et al., 2021). 

Fig. 9 is similar to Fig. 8, and the rectangles RIV (Negro River), FOR 
(Forest) and URB (Urban) indicate the regions where the most intense 
breezes and with the greatest temperature contrast were observed. Here 
we separate the regions where river-forest breezes occur (Figs. 9A-B-C- 
D) and river-urban breezes (Figs. 9E-F-G-H). Table 4 shows the average 
temperature at the near surface level for the RIV and FOR area in the 
Forest region, and RIV and URB in the Urban region represented in 
Fig. 9, on the 1st, 2nd, 3rd and 4th of August. It is also observed that the 

Table 3 
The mean and standard deviation values of the experimental sites during the 
month of August, and statistical parameters between experimental and simu
lated data for Mean Bias (MB), Root Mean Square Error (RMSE) and Pearson 
correlation coefficient (r).  

Variable Site Mean Std MB RMSE r 

Temperature (◦C) 

T0z 26.56 3.1 − 0.47 1.82 0.85 
T2 28.52 3.45 − 0.33 2.43 0.63 
T3 26.45 3.04 0.73 1.69 0.87 
T0z 2 0.96 0.76 1.09 0.66 

Windspeed (m s− 1) 
T2 1.38 1.07 1.94 2.18 0.55 
T3 1.63 1.25 1.29 1.78 0.54 
T0z 180 78.06 − 37.48 42.24 − 0.04 

CO (ppbv) 
T2 222 113.48 − 65.09 83.27 0.45 
T3 168 37.57 − 47.04 57.97 0.36 
T0z 10.28 10.2 NaN NaN NaN 

O3 (ppbv) 
T2 17.74 15.14 − 0.14 10.07 0.50 
T3 16.53 15.02 4.71 11.14 0.71  

Fig. 8. Temperature (shaded, ◦C) at 2 m height. The arrows correspond to the difference between the average daily wind speed and the hourly average wind speed at 
150 m extracted from the simulation between August 1st and August 4th, 2014. The white ellipses represent the river breeze identified in: (1) Forest (FOR); and (2) 
Urban (URB). 
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average temperature over the river decreased over the days, with the 
lowest average temperature observed on August 4 (reduction of 1.86 ◦C 
in the region surrounding the FOR and 0.37 ◦C in the region surrounding 
the URB). On the other hand, above the region in FOR and URB the mean 

temperatures did not show a cooling trend as observed for the river. 
However, it is noted that the greatest temperature differences between 
RIV and FOR and RIV and URB occurred on August 3rd, the day on 
which the breezes had their origins (Figs. 8 and 9). 

The temperature difference (ΔT) between FOR and RIV (FOR-RIV) 
and URB and RIV (URB-RIV) during the first hours of the day throughout 
the period analyzed for Forest and Urban can be seen in Fig. 10. In the 
Forest (Fig. 10A) it is evident that the ΔT values were higher on the 3rd 
and 4th of August. Although these values were similar, on day 4 the river 
breeze was more intense than on day 3, with the west wind entering the 
forest area (Fig. 9D). An hypothesis for this occurred is due to the growth 
of ΔT in the first hours of day 4 (between 10:30 and 14:00 UTC), and it 
was slightly higher than on the previous day. Furthermore, it is noted 
that on day 4 the value of ΔT remained approximately constant after the 
beginning of the breeze period. This is associated with cooling caused by 
the breeze, an effect that was documented by Zhou et al. (2019) for a 

Fig. 9. Zoom in on Fig. 8. Temperature (shaded, ◦C) at 2 m. The arrows correspond to the difference between the average daily wind speed and the hourly average 
wind speed at 150 m extracted from the simulation between the entire period. White rectangles indicate the analyzed area in the Negro River (RIV), forest (FOR) and 
urban (URB). 

Table 4 
Average simulated temperature in the FOR and URB areas at 2 m in degrees 
Celcius (◦C) during the daytime period (12:00 to 22:00 UTC) on 1st, 2nd, 3rd and 
4th of August 2014.   

FOR URB  

River Forest River Urban 

Day 1 30.06 32.02 30.09 31.54 
Day 2 30.98 32.88 30.49 32.16 
Day 3 28.85 32.62 30.34 32.24 
Day 4 29.1 31.77 29.72 31.65  
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coastal city in Australia. 
For the Urban area (Fig. 10B) the ΔT values were considerably higher 

between the times of 13:00 and 16:00 UTC on day 4 and this may explain 
the greater intensity of the river breeze on that day, compared to day 3. 
It is noticed that after 16:00 UTC there is a drop in ΔT. This is associated 
with cooling caused by the breeze, an effect that was observed by Zhou 
et al. (2019). Another important observation is that on day 4 the ΔT 
values associated with the river-forest breeze were >1 ◦C when 
compared to river-urban breeze values for the same day. This explains 
why the river breeze is more intense in the Forest region than in the 
Urban region, and thus, the cooling effect of the forest surface was more 
evident. 

Also in Fig. 10, it can be seen that breezes only occurred when ΔT 
was >3 ◦C between forest and river and >2.5 ◦C between urban and 
river. That is, the case studies investigated here suggest that there is a 
temperature threshold for the occurrence of breezes. 

The attention has been given to the formation of river breezes, so far, 
in two regions with different characteristics (FOR and URB) located on 
the east bank of the Negro River. It was observed that these breezes play 
an important role in the organization of flow near the surface, as already 
shown by previous works (Fitzjarrald et al., 2008; Cohen et al., 2014; Lu 
et al., 2005; Camarinha-Neto et al., 2021) for the Amazonia region. 
From now on, attention will be given to the role of breeze circulation in 
the transport of CO and O3, especially for the urban region of the city of 
Manaus, where there is a region with significant gas emissions through 
thermoelectric plants, in addition to the transport of gases from fires in 
the east of the region. 

3.3. Transport of gases 

3.3.1. Transport of carbon monoxide 
Fig. 11 shows the CO concentration at the level closest to the surface 

and wind at 150 m on the four days analyzed at 15:00 UTC for Forest 
(Figs. 11A-B-C-D) and Urban (Figs. 11E-F-G-H) regions. The 1st of 
August stands out for the high concentrations of CO near the surface. 
This high concentration is associated with the many fires spots present 

on August 1 (not shown), several of them located to the east of the re
gions investigated here, that is, it is believed that CO was transported 
from the fires to the FOR and URB regions. On August 4th, fires were 
located predominantly to the south, and therefore had little influence on 
CO concentrations in the regions investigated here. 

In Forest, on day 3, the breeze was weaker than on day 4 (Fig. 10). 
This becomes evident when analyzing CO transport (Fig. 11C-D). Note 
that the breeze keeps the air with higher concentrations of CO on the 
east bank of the Negro River (Fig. 11D). In Urban, the river breeze on 
day 3 (Fig. 11G) is barely perceptible. The influence of the river breeze is 
more evident on day 4 (Fig. 11H), where the westerly winds from the 
breeze meet the east winds on the west bank of the city of Manaus. In this 
region, it is possible to notice that the breeze also maintains the air with 
higher concentrations of CO in the western portion of the city of Manaus. 

The difference between the two regions can be observed both in the 
intensity of the river breeze and in the concentrations of CO. Except for 
August 1st, it is observed that CO concentrations are lower in Forest, 
however, it is noted that there is a CO plume being transported from the 
east to the region. While in the Urban region, it is possible to see that the 
emission of the city of Manaus is continuous, which is associated with 
thermoelectric plants and cars in the region, and therefore in this region 
there are greater amounts of CO even if there are no large fire spots in 
the east of the city. 

To further explore the effects of river breezes on CO transport, ver
tical cross sections were made at latitudes of 2.964◦S and 3.1079◦S for 
Forest and Urban, respectively, from the closest surface level to 1200 m 
on August 4th, the day in which that the breeze was more intense in both 
regions (Fig. 12). 

A first observation to be mentioned is that the breeze (west winds) is 
relatively shallow, not exceeding 400 m in height. In Forest, four 
different hours were analyzed: 15:00, 16:00, 17:00 and 18:00 UTC 
(Figs. 12A-B-C-D). A CO plume can be seen between 1000 and 1200 m 
being transported from the east, while the breeze is seen entering the 
forest region (the river bank is represented by the dashed line) 
(Fig. 12A). Over time, the CO plume is transported from east to west, 
however, the region where the river breeze and the prevailing winds 

Fig. 10. Simulated difference in temperature at 2 m (ΔT) between FOR and RIV and URB and RIV (◦C) for the period from 1st to 4th August 2014 between 10:00 and 
22:00 UTC. The solid black line represents the ΔT on day 1 (D1), the solid blue line represents the ΔT on day 2 (D2), the solid red line represents the ΔT on day 3 
(D3), and the solid green line represents the ΔT on day 4 (D4). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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converge shows an area with different concentrations of CO, which can 
be seen as a “CO front region”. This region of confluence of the winds 
causes the CO coming from the east to be transported upwards, and thus 
the flow to the east continues, but above the breeze circulation. How
ever, this circulation causes this air mass with high concentrations of CO 
to descend in a region of the river, and distributed in the region of the 
Negro River. This result corroborates the results found by Zhao et al. 
(2021), where the authors observed a region of recirculation of pollut
ants near the city of Manaus, in a forest region. 

In Urban, it is noted that there is a similar behavior. Again, four 
different hours were analyzed: 14:00, 15:00, 16:00 and 17:00 UTC 
(Figs. 12E-F-G-H), being different from the times of Forest due to the 
river breeze being weaker, and therefore, a shorter duration. The Man
aus city region is represented between the two black dashed lines. It is 
observed that the breeze did not enter the urban area. It is noteworthy 
that the region with the highest concentrations of CO can be observed in 

the eastern region of the city at 14:00 UTC (industrial region of the city). 
At 15:00 and 16:00 UTC, the breeze traps CO in the west region of the 
city (Fig. 12G). 

3.3.2. Transport of ozone 
The city of Manaus is a major source of O3 in the central Amazonia 

region (Kuhn et al., 2010) due to its intense vehicular and industrial 
activity, which causes a great contrast with the surrounding forest area. 
With that in mind, we analyze how the breeze can influence O3 transport 
in the Forest and Urban regions. 

Fig. 13 shows the O3 concentration at the level closest to the surface 
and the wind at 150 m on the four days analyzed at 15:00 UTC for Forest 
(Figs. 13A-B-C-D) and Urban (Figs. 13E-F-G-H). Opposite to what was 
observed with CO, the environment on day 1 was not a day with high O3 
concentrations in either region. In Forest, the days that stand out are the 
days when there is a river breeze on the east bank of the Negro river 

Fig. 11. CO concentration (shaded, ppbv) near surface and wind (arrow, m s− 1) over 150 m between August 1st and 4th, 2014 at 15:00 UTC in: (A), (B), (C) and (D) 
for Forest; (E), (F), (G) and (H) for Urban. The area of the Negro River in Forest is indicated in (A) as River, and the urban area of the city of Manaus is represented by 
the black dashed line in (E), (F), (G) and (H). 
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(Figs. 13C-D). As observed with CO, the breeze also traps air with higher 
concentrations of O3 in the wind confluence region. Another point to 
note is that the 4th of August was the day when there are the lowest 
concentrations of O3 in this region. 

In Urban region there is intense urban activity, and therefore it is 
expected that O3 concentrations are higher when compared to Forest. 
Figs. 13E-F-G-H show that, contrary to what was observed in Fig. 11, 
where there was a source of CO in the city of Manaus, it now shows that 
these points act as sinks for O3, however, a few kilometers to the east of 
these sinks, it is possible to see a region with higher concentrations. 
These lower concentrations of O3 can be explained by the presence of 
thermoelectric plants that emit NOx (NO and NO2), which acts as an O3 
sink in some environments (Ryerson et al., 2001). In addition, Arin and 
Warneck (1972) show that there is also a possibility of interaction be
tween O3 and CO to form CO2 and O2, that is, where there are large 
sources of CO, these can act as an O3 sink. Therefore, the highest con
centrations of O3 will be found west of its source of emission (west of the 
city of Manaus) due to the transport of easterly winds. However, 
although O3 has its highest concentrations in the Negro River region, on 
August 4th it is possible to notice that there is a region with high con
centrations of O3 in the western portion of the city. 

Fig. 14 shows the vertical section of the O3 concentration in Forest 
(Figs. 14A-B-C-D) and in Urban (Figs. 14E-F-G-H) through the same 
analysis performed for CO in Fig. 12. In Forest, the O3 plume can be seen 
being transported from the east until it finds the confluence region of the 
winds and is observed as an “O3 frontal region” (Figs. 14B-C). In the 
same way as observed with CO, it is seen that the O3 plume is trans
ported over the breeze circulation, as well as part of this air mass with 
slightly higher O3 concentrations, descends and is distributed in the 
Negro River region. 

In Urban an O3 plume is observed above 600 m at 14:00 UTC 
throughout the analyzed area (Fig. 14E). As the river breeze intensifies, 
it is noted that in the region where the confluence of the winds is 
observed, an air mass with lower concentrations of O3 is transported to 
levels above 1000 m, as well as there is also a recirculation through the 
river breeze circulation at levels close to the ground (Fig. 14F). It is 

noteworthy that during the entire period analyzed in Urban, no large 
concentrations of O3 were observed in the area between longitudes 
59.975◦W and 59.8◦W, which represent the eastern regions of the city of 
Manaus and the Negro River. 

4. Conclusions 

Through numerical simulations with the WRF-Chem model, the river 
breeze circulations of the Negro River were investigated, in the region of 
the city of Manaus (Urban) and a forest region northeast of the city 
(Forest), both localized in the central Amazonia region, during the 
period from 1st to 4th of August 2014. The formation of the river breeze 
and its influence on the transport of gases such as O3 and CO in urban 
and forest areas were analyzed. The results showed that the WRF-Chem 
model was able to satisfactorily represent the meteorological variables 
and the O3 concentrations. The CO concentrations were underestimated 
by the model, however the CO variability was well represented by the 
simulations. 

The Negro River is an important river in the central Amazonia, which 
also borders the city of Manaus. Its geographical location close to the 
city makes the river breeze in the west region responsible for winds in 
the opposite direction to the east winds, which are predominant in the 
region. The mechanism that leads to the formation of the breeze was 
explored in two different areas: a region with contrast between river and 
forest west of Manaus, and the region of contrast with the river and the 
urban area of Manaus. 

The results show that the formation of the breeze, in addition to the 
favorable large-scale condition with the weakening of the easterly 
winds, was dependent on the temperature variation of the Negro River. 
These results corroborate other studies that show the same behavior in 
other places in the Amazonia region. It is also concluded that the tem
perature difference between the river and the ground is important 
during the first hours of the day. 

During the analyzed period, the formation of a river breeze was 
observed in both regions in two days (August 3rd and 4th). The change 
in the direction of the winds caused by the river breeze has implications 

Fig. 12. Vertical cross section at latitude 2.964◦S for Forest and 3.1079◦S for Urban up to 1200 m of CO concentration (shaded, ppbv) zonal and vertical wind 
multiplied by 10 (u;w*10) (arrows, m s− 1) on August 4th, 2014 for FOR in: (A) 15:00 UTC; (B) 16:00 UTC; (C) 17:00 UTC; (D) 18:00 UTC, and for URB in: (E) 14:00 
UTC; (F) 15:00 UTC; (G) 16:00 UTC; e (H) 17:00 UTC. The dashed line in (A), (B), (C) and (D) represents the bank of the Negro river, and in (E), (F), (G) and (H), it 
represents the limits of the urban region from Manaus. 
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Fig. 13. O3 concentration (shaded, ppbv) near the surface and wind at 150 m (arrows, m s− 1) in Forest: (A) 15:00 UTC on the August, 1st; (b) 15:00 UTC on the 
August, 2nd; 15:00 UTC on the August, 3rd; and (D) 15:00 UTC on August, 4th of 2014. The area of the Negro River in Forest is indicated in (A) as River, and the 
urban area of the city of Manaus is represented by the black dashed line in (E), (F), (G) and (H). 
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for the concentrations of CO and O3 in the confluence region of the 
winds, delaying advection to the west during the period when the breeze 
is active. 

In the Forest region, the breeze was more intense, and because of 
that, it kept the CO and O3 on the east bank of the Negro River at levels 
closer to the surface, as well as the circulation caused the gases to be 
transported to higher levels. Since O3 is associated with a reduction in 
gross primary production in forests (Pacifico et al., 2015; Yue and Unger, 
2018), scenarios in which there is an increase in concentrations of this 
gas at levels close to the surface, together with trapping in regions where 
the river breeze occurs, can represent a growing threat to the produc
tivity of the ecosystem. In addition high O3 concentrations are a risk to 
the people who live on the banks of the rivers. In the Urban region, it was 
seen that the breeze was less intense and had a shorter duration, how
ever, it was still able to maintain higher concentrations of CO and O3 in 
the western region of the city of Manaus. 

These results show a concern about future scenarios of climate 
change and increased deforestation, fires and urbanization in the 
Amazonia. With greater emissions of pollutants, the risk caused to those 
living in the affected regions also increases. Another point to note is that 
the gases emitted into the city of Manaus end up being trapped in the 
western region, which is predominantly residential. 
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