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Abstract: Results of a joint Russian-Brazilian expedition to study the dynamics of continental river
runoff in the ocean associated with the Amazon plume are presented. The stations of the study
region covered the seaward part of the Amazon plume. The work was carried out in the dry season
(November). The data of in situ measurements and satellite data show that the most desalinated
and rich in suspended particulate matter and chlorophyll-a waters were localized on the shallow
inner shelf. The horizontal and vertical structure of the thermohaline fields indicates the presence of
a well-pronounced river plume about 15 m thick. The decrease in salinity in the plume relative to
the background values exceeded 6 PSU even at 300–400 km from the river mouth. The plume waters
were characterized by increased concentrations of suspended matter. The best approximation to
the in situ measurements is provided by the SMOS satellite salinity data and reanalysis GLORYS12.
Chemical determinations in the surface layer in the area of the plume reveal elevated concentrations
of silicates, phosphates, and nitrites compared to the seaward part.
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Introduction

River plumes are dynamic structures in the ocean, which are the main links of in-
teraction between the ocean and land and the main carriers of pollution. Plumes from
large river mouths can occupy hundreds of thousands of square kilometers in the ocean;
they form the regime of the active layer of the ocean in vast water areas, on shelves, on
continental slopes, and in open parts of the ocean affected by runoff.

Atlantic waters off the coast of South America are the most interesting region of the
World Ocean in terms of studying the global role of continental runoff. The Amazon River
is a unique region of the Earth with a huge catchment area. Its length is almost 7000 km.
The Amazon freshwater runoff reaches 0.20 Sv (0.20Sv = 106 m3/s) or 6300 km3/year,
with an average value of 5500 km3/year [Nordin and Meade, 1985], (6300 km3/year is
approximately 200,000 m3/s). For comparison, the average flow from the Yenisei River is
only about 18,000 m3/s, and the runoff of the Volga is about 8000 m3/s.

The main source of Amazon waters is evaporation from the Atlantic, which is trans-
ported by the trade winds from the Atlantic Ocean to the west and falls as rain. A large
amount of moisture is deposited on the eastern slopes of the Andes. Precipitation here
reaches 3000 mm/year. The water balance of the Amazon is estimated as follows:
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• Precipitation: 12 × 1012 m3/year or 12,000 km3/year;
• Runoff into the ocean: 5500 km3/year;
• Evaporation: 6500 km3/year.

The annual mean precipitation in the rainforest regions of Amazonia is 2942 mm; the
wet season is in March–June (>320 mm/month) and the minimum is in August–December
(140 mm/month) [Aventura do Brasil, 2023; Ecuador & Galapagos Insiders, 2023]. The
Amazon plume extends to the northwest from the river mouth under the influence of the
trade winds and the North Brazil Current. The current core is located on the continental
slope, and the plume is located at shallow depths on the shelf.

According to the results of recent studies [e.g., Varona et al., 2019], dynamics of
the Amazon plume significantly affects the regime of the entire equatorial part of the
Atlantic Ocean [Jo, 2005; Muller-Karger et al., 1988] (at least within the square 60°–24°W
and 5°S–16°N), reducing surface salinity by 4–8 PSU and the thickness of the upper quasi-
homogeneous layer by 15–50 m. The plume also reduces the heat content of the ocean due
to the “barrier effect” even at a large distance from the mouth (up to 4000 km and further),
as well as increasing the eastward transport of currents. The quantitative aspects of this
influence remain poorly understood.

In March 1983, an expedition of the Shirshov Institute of Oceanology onboard the
R/V Professor Shtokman (cruise 9) performed measurements at the mouth of the Amazon
River and upstream the river reaching the city of Manaus and further upstream along the
Rio Negro River [Monin and Gordeev, 1988]. Almost 40 years later, we again turned to the
study of the Amazon River outflow in the context of current scientific problems, as well as
in the new conditions of the Earth’s climate system. We are interested in the influence of
the Amazon on many processes in the ocean. In November 2022, an expedition onboard
the Russian R/V Akademik Boris Petrov (cruise 52) worked in the region of the Amazon
plume together with the leading oceanographers from Brazil.

Since the previous joint work in 1983 we entered the era of satellite oceanography.
The goal of our expedition and this publication was to analyze the new data of field
measurements and interpret them together with the available satellite observations of the
region to get a new comprehensive view on the processes in this important region of the
ocean.

Data and Methods

This study is based on the oceanographic and optical data combined with the satellite
observations. The measurements over the survey region at 28 stations were carried out
using a CTD probe up to 200 m and water sampling with Niskin bottles close to the
surface. An AML Oceanographic BaseX CTD probe was used for these measurements.
Sampling rate was set to 20 Hz, the CTD vertical speed was 1 m/s, which gives the initial
vertical resolution equal to 0.25 m. Only downcast data were used as the CTD profile
data. The standard SeaCast software (Version 4.4.0) was used for the data collection. The
LADCP data measured by TRDI WorkHorse Monitor 300 kHz profiler were processed
using programming package LDEO Software version IX.10 [Visbeck, 2002].

Temperature and salinity were continuously measured using the SeaBird SBE-45 flow-
through thermosalinograph, into which water was supplied approximately from a depth
of 5 m during the motion of the ship with a time step of 10 s. The resulting values have
been corrected using the AML Oceanographic BaseX CTD data to eliminate the effect of
the flow-through system.

Studies of suspended particulate matter included its separation under a vacuum of
400 mbar on polycarbonate nuclear filters (pore size 0.45µm, cloth produced at the Joint
Institute of Nuclear Research in Dubna), which were preliminarily washed with hydrochlo-
ric acid. To obtain reliable results, the determination was carried out on three parallel
filters, which were weighed in a stationary laboratory with an accuracy of 0.000,01 g. The
composition of the suspended particulate matter was studied using a VEGA-3sem scanning
electron microscope, TESCAN (Czech Republic).
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The contents of the main forms of nutrients were determined: inorganic forms of
silicates, mineral phosphorus, nitrate, nitrite, dissolved oxygen, total alkalinity, and pH.
Further processing of samples for the study of all these parameters was carried out in the
onboard laboratory immediately after sampling. Water samples were taken with Niskin
bottles from the surface and processed after 6–12 hours using standard methods adopted
in marine chemistry [Bordovsky and Chernyakova, 1992]. All samples were preliminarily
filtered through nuclear filters with a pore diameter of 0.45µm.

Bio-optical measurements were carried out using a Turner C6P profiling hydrooptical
probe, which measures the intensity of chlorophyll-a (chl-a) and colored dissolved organic
matter (CDOM) fluorescence, as well as turbidity, to the depths not exceeding 300 m with
a frequency of 1 Hz. The chl-a fluorescence intensities were converted into chl-a mass con-
centrations (Cchl−a, mg/m3) by comparison with the standard extract spectrophotometric
method [Jeffrey and Humphrey, 1975]. The CDOM fluorescence intensity was calibrated to
the Quinine Sulfate units (QSU) and turbidity values to formazin turbidity units (FTU)
under laboratory conditions just before the expedition.

Field studies in the study site in the zone of mixing of the river and sea waters on
the Amazon shelf were conducted from November 22 to 28, 2022. Locations of stations
during our survey superimposed on the bathymetry chart are shown in Figure 1. During
our survey in the Amazon delta region, 28 stations were made over sections located normal
to the coastline, from 2 to 6 stations over each section. LADCP current measurements
were made only at a few stations. When planning work, we used the current satellite
information provided by the AEROCOSMOS Research Institute. Collection, processing,
systematization, and storage of heterogeneous space data were carried out using a special
information infrastructure previously developed at the AEROCOSMOS Research Institute.
Preliminary information products of satellite oceanography were sent to the ship. In the
period from October 15 to November 25, 2022, four updates of the spatial distributions
were sent to the ship.

Figure 1. Topography of the study region based on the GEBCO 2022 data and points of our
stations with numbers. The inset shows surface salinity in the Atlantic demonstrating the
global influence of the Amazon River on Atlantic salinity as depicted on the NOAA website
(https://salinity.oceansciences.org/quiz_salty_fresh.htm).

The satellite information products used in the planning of ship operations and in the
analysis, which are presented in this article, include:

• chl-a concentrations based on the GCOM-C data [Murakami, 2020],
• particulate organic carbon concentrations based on the TERRA MODIS data [NASA

Ocean Biology Processing Group, 2018],
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• sea surface temperatures (satellite products based on the AQUA, TERRA MODIS
data [NASA Ocean Biology Processing Group, 2020a,b], satellite products based on
the GCOM-C data [Kurihara, 2020],model products based on the NOAA OISST data
[Reynolds et al., 2008],

• salinity of the sea surface and water column (satellite products based on the SMAP
data [Fore et al., 2016], satellite products based on the SMOS data [Barcelona Expert
Center, 2016]),

• spectral characteristics of the sea surface in natural colors (Sentinel-3A/B multispectral
space images [Donlon et al., 2012], SeaHawk CubeSat multispectral space images [NASA
Ocean Biology Processing Group, 2021].

Regional Settings

We used previously published information when planning work. According to satellite
data and many other observations, the Amazon plume propagates to the northwest in the
shallow coastal part of the shelf. The seasonal variability of temperature and salinity in the
Amazon plume was considered in [Smith and Demaster, 1996] based on the data of four
expeditions onboard the R/V Columbus Iselin in 1989–1991. The surveys were carried out
according to the scheme, which was similar to our scheme of stations, but they were able to
work at shallower depths. Salinity distribution based on four surveys of this experiment is
shown in Figure 2.

Figure 2. Maps of surface salinity (color scale) based on four surveys in 1989–1991 [Lentz and
Limeburner, 1995]. Black dots indicate CTD stations. The dashed lines are the 5, 20, 100, and 1000-m
isobaths.
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Figure 3. Seasonal runoff cycle of the Amazon. Data from measure-
ments at Óbidos stream gauge station 700 km from the ocean (red
line [Giffard et al., 2019]; blue line [Dai and Trenberth, 2002; Liang
et al., 2020]).

The authors of [Smith and Demaster, 1996] distin-
guish three zones: the coastal zone of turbid waters
with suspended particular matter concentration exceeding
10 mg/L; plume boundary zone with concentration less
than 10 mg/L and salinity less than 32 PSU; and an off-
shore zone with a salinity greater than 32 PSU. The highest
chl-a concentrations were measured in the narrow inter-
mediate zone of the plume boundary outside the turbid
low-salinity waters. Intermediate values were found in
low-salinity turbid waters near the coast and river mouth,
and low concentrations were in high-salinity waters away
from the coast. The maximum surface chl-a levels for peak
and minimum discharge periods were 25.5 and 3.8 mL/L,
respectively.

The concentration of nutrients was maximum in the coastal zone up to 7µM, in the
intermediate zone the concentration was about 0.5µM, and in the seaward zone, they were
even lower. The maxima of chl-a and nutrients were observed in the subsurface layer at
a depth of about 5 m.

In addition, SMAP ocean surface salinity satellite data in 2019 were analyzed. Satellite
images show strong variability in the Amazon runoff and plume propagation. Plume
development begins in April and reaches a maximum in July–August, in contrast to the
seasonality of rains, which are maximum in March. After maximum precipitation (which
is over the rainforests far from the coast), water should drain into the river from the
catchment area, flow downstream, and only after this the maximum discharge of fresh
water into the ocean occurs. The flow of water in the Amazon was measured near the city
of Óbidos, which is 700 km from the river mouth. The maximum was observed here in
May–June (Figure 3).

Figure 4 shows annual variability of the Amazon plume based on satellite salinity data
in 2019. Similar variability is discussed in [Hu et al., 2004] based on direct measurements
and satellite images. The authors provide monthly maps of the Amazon plume in 1988–
1991.

Figure 4. Annual salinity variations in the Amazon plume based on SMAP satellite data in 2019.
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Salinity map near the Amazon mouth is shown in Figure 5 based on the measurements
in 1983, during the cruise of the R/V Professor Shtokman [Monin and Gordeev, 1988]. The
grid of our stations in 2022 is superimposed on this map. The most important difference
in measurements is related to seasonality. The cruise of the R/V Professor Shtokman
was in March 1983 during the period of high runoff of the Amazon in contrast to our
measurements in November 2022 during the driest period. In different seasons, the runoff
of the Amazon differs several times, and similarly, the Amazon plume narrows and expands.
The 35 PSU isotherm displaced by about 30 miles closer to the coast compared to its location
in March 1983.

Salinity isoline 35 PSU is shown in Figure 5 based on the GLORIS12 reanalysis data
for November 2022. Salinity 30 PSU based on our in situ measurements was found only at
the southwestern point of the station grid.

Figure 5. Map of salinity isolines (PSU) based on the data of the R/V Professor Shtokman cruise in
1983 (black isolines) [Monin and Gordeev, 1988]. Our 2022 station points are shown in red. The
yellow line shows the surface salinity contour of 35 PSU according to the GLORYS12 reanalysis data
for November 2022.

The most recent research in remote sensing of the Amazon plume is given in [Yu
et al., 2022]. The authors studied suspended particulate matter in the delta and plume.
They revealed that the Amazon estuary has a “filter effect”. Concentration of suspended
particulate matter was high in the nearshore area and lower offshore. Most of the suspended
particulate matter accumulated within the estuary in a fan shape. Research presented in
[Geyer et al., 1996] suggests that suspended particulate matter in the shallow regions of the
Amazon estuary and shelf region northwest of the river is higher than that in the Amazon
River, which can be caused by resuspension and strong mixing due to tides. Curtin and
Legeckis [1986] report that during peak discharge concentrations of suspended particulate
matter exceeding 0.01 g/L at the surface extend over a distance of 200 m in the Amazon
plume.
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Data Analysis and Discussion

Figure 6. Profile of the current velocity at station 52046 (3°30.74′N,
48°24.66′W) on the continental slope on November 11, 2022. The
direction of the vector is northwest 315°.

The velocities that we measured with LADCP at a few
stations were high: more than two knots (100 cm/s) to
the northwest. At a depth of 200 m, the current velocities
decrease to lower than 20 cm/s (Figure 6). The ocean in
this part of the shelf is shallower than 20 m, where the
vessel could not enter. The curve of the northern coastline
here forces the fresh water from the Amazon River to
run closer to the coast and be reinforced by the outflow
[Magliocca, 1971]. Judging by the spatial distribution of
salinity recorded during field works, the stations of the
study area were mostly in the offshore part of the Amazon
River plume and its periphery above the continental slope,
as well as the outer water area of ocean waters.

The satellite data over the period of the field works
show that the most desalinated and rich in suspended par-
ticulate matter and chl-a waters were localized on the inner
shelf. At the same time, in the area covered by ship mea-
surements, salinity did not decrease below 30 PSU. Never-
theless, the horizontal and vertical structure of the thermo-
haline fields indicates the presence of a well-defined river
plume (Figure 7) about 15 m thick, which forms a vertical

stratification. The decrease in salinity in the plume relative to the background values was
more than 6 PSU even at 300–400 km from the mouth. Water desalination due to the flow
of fresh water from the Amazon in the area of the plume extends to the depths of about
10–15 m. Salinity section normal to the coast (Figure 8) clearly shows the region of the

Figure 7. Vertical profiles of salinity (blue curves), temperature (red curves), and density (black
curves) in the upper layer of the ocean within the Amazon plume (thin lines, station 52039) and
outside it (thick lines, station 52034).
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plume, decreased salinity in the upper layer caused by long-term spreading of the plume
and wind mixing, and salinity maximum below low salinities in the upper layer.

Figure 8. Salinity section from station 52034 to station 52039.

Figure 9 shows several salinity contour lines on the ocean surface based on our survey
with the AML-probe and two reanalyses. The AML survey almost coincides with the data
from the SBE19 instrument in the ship’s flow-through system. The best approximation to
the field data is provided by satellite data on salinity SMOS and reanalysis GLORYS12.

Figure 9. Surface salinity from the GLORYS12 reanalyses, surface salinity satellite data (SMOS), and
survey results (AML data).

The flow-through system of the ship installed to let the surface water flow made it
possible to map the surface salinity also in the Para River (a branch in the Amazon delta).
At the entrance to the river, salinity sharply decreases to the values in the freshwater bay.
The measurements stopped at a salinity of 30 PSU (Figure 10).

Let us compare our measurements in the region with the data of historical CTD casts.
Surface salinity based on the data of our survey using the flow-through system is shown
in Figure 10a. The position of the plume according to the GLORYS12 reanalysis data in
November 2022 is shown in Figure 10b. The GLORYS12 reanalysis data show similar
distribution of salinity at the surface. It provides data in the regions inaccessible for the
ship measurement. One can see that our survey covers only the outer boundary of the
plume and almost does not cover the region of the plume itself, since it is located at shallow
depths. Sea surface temperature based on the GLORYS12 data is higher near the coast

Russ. J. Earth. Sci. 2023, 23, ES4006, https://doi.org/10.2205/2023es000863 8 of 18

https://doi.org/10.2205/2023es000863


Spreading of the Amazon River Plume Morozov et al.

Figure 10. Surface salinity map based on the data of the flow-through system and map of the ship
route (thin lines) (a). Historical CTD-measurements in the region based on the WOD18 database
(black dots) [Boyer et al., 2018]. The background surface salinity is shown based on the GLORYS12 re-
analysis for November 21, 2022 [Lellouche et al., 2021]. Our stations are shown with white circles (b).

Figure 11. Sea surface temperature map based on the GLORYS12 reanalysis data on November 21,
2022. Our stations are shown with white circles.

in the Amazon plume and decreases in the outer shelf region (Figure 10b). Sea surface
temperature based on the GLORYS12 reanalysis is shown in Figure 11.

The distribution of total titratable alkalinity and dissolved silicates correlates well
with the distribution of temperature and salinity (Figure 12). These parameters can be also
used as markers of the river runoff. The lowest values of total alkalinity (2038–2200µM)
and the highest values of dissolved silicates (8.95–12.32µM) were observed at coastal
stations 52039 and 52050. Total alkalinity increased and silicates decreased to 2433µM
(stations 52048 and 52031) and 0.45–0.55µM (stations 52036 and 52032), respectively
with the distance from the coast and from the river plume.

The pH values varied from 8.18 to 8.23 (average is 8.19). The minimum values were
recorded at stations 52049 and 52040. The maximum values were recorded at station
52038, since the Amazon waters are characterized by low pH values (4–5 units of the pH
scale).

The concentration of dissolved oxygen in the study region ranged from 4.35 to
4.95 mL/L (94–111% saturation) (Figure 13). The maxima were recorded at stations 52038
and 52040 (4.94–4.95 mL/L, at 110–111% saturation), minima, at stations 52049 and
52039 (4.35 mL/L, at 94–98% saturation). Such low concentrations of dissolved oxygen are
characteristic of this region [Lyakhin, 1990]; however, a high percentage of water saturation
with oxygen indicates active photosynthesis processes.
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Figure 12. Maps of the surface distribution of alkalinity (a) and silicates (b). Our stations are
indicated with black dots.

Figure 13. Maps of the surface distribution of dissolved oxygen (a) and oxygen saturation (b) at the
surface. Our stations are indicated with black dots.

Figure 14. Maps of the surface distribution of phosphorus (a) and nitrites (b).

The content of dissolved phosphorus, nitrates, and nitrites in the study region was
extremely low, averaging 0.10, 0.14, and 0 µM, respectively. Local maxima of their content
were located near the coastal stations in the region of the plume. The distribution of
nitrates was more uniform over the study area. At station 52049, the amount of dissolved
phosphorus was 0.23µM, nitrates, 0.20µM, and nitrites, 0.04µM; in the offshore region
they decreased almost to zero (Figure 14). This conclusion correlates with the results in
[Smith and Demaster, 1996].
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We note that at station 52040 maxima of dissolved oxygen and local minima of nitrates
and nitrites were observed, and at station 52049 we recorded maxima of phosphates,
nitrates and nitrites, and minimum of dissolved oxygen.

Spatial distributions of nutrient concentrations in the plume of the Amazon River were
studied based on interpolated satellite data on the concentration of chl-a (mg/m3), formed
for each day of the expedition period (from November 22 to November 28, inclusive)
based on the combined data from the S-NPP VIIRS, NOAA-20 VIIRS, and Sentinel-3A
OLCI satellite radiometers [Wang et al., 2017]. An image for November 28 is shown in
Figure 15. To identify the conditional boundaries of the plume of the Amazon River and
calculating its area, a threshold value of ≥3 mg/m3 was applied to each spatial distribution
of chl-a concentration. The square of the region with high concentration S (≥3 mg/m3)
was calculated from the number of pixels in the image. Within the week of observations it
varied from 91,530 to 99,468 km2.

One should keep in mind that satellite estimates of chl-a concentrations in the Amazon
plume include a large portion of CDOM [Del Vecchio, 2004]. The authors emphasize that
comparisons of satellite-derived chl-a concentrations with in situ High-performance liquid
chromatography (HPLC) based measurements showed an overestimation due to additional
CDOM light absorption. Therefore, the satellite data on the concentration of chl-a in the
study area should be interpreted as a sum of the concentration of chl-a and the content of
CDOM.

According to satellite maps of the distribution of chl-a in the study region, its max-
imum was generally in the Amazon plume. Beyond the plume, the chl-a concentration
sharply decreased. Generally, emission of chl-a to the ocean was recorded from the main
river stream of the Amazon, not from the branch of the delta (Para River), in which Belem
is located.

The plume of the Amazon River identified by the threshold cutoff of chl-a concen-
tration ≥3 mg/m3 in the period from November 22 to 28, 2022, was characterized by an
almost unchanged contour and a slightly changing area, the values of which varied from
91,530 to 99,468 km2. It was found that the chl-a concentration reached significantly high
values (15 mg/m3) in the tip of the eastern bay (Para River) at about 100 km from the
coastline into the continent. Since the runoff of freshwater from the Para River is low, these
chl-a is not transported into the ocean.

Figure 15. Spatial distributions of chl-a concentration (mg/m3) on the surface based on the satellite
radiometers SNPP VIIRS, NOAA-20 VIIRS, and Sentinel-3A OLCI on November 28, 2022 using the
algorithm in [Wang et al., 2017]. Blue isoline shows the boundary of concentration 3 mg/m3.
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Figure 16. Map of chl-a concentration at the surface based on in situ data from stations mg/m3)
measured using the Turner C6P instrument (a); Map of concentration of dissolved organic matter
(CDOM, QSU in mg/m3) based on the in situ data at stations measured using the Turner C6P
instrument (b).

The spatial distribution of chl-a concentration was also measured at stations using the
Turner C6P instrument (Figure 16). The spatial distribution of chl-a also corresponds to
the results in [Smith and Demaster, 1996]. The maximum was observed at the boundary
of the plume and the concentration decreased in the open ocean. The maximum of chl-a
spread from the main river stream of the Amazon.

The depth distribution of chl-a as a function of the distance along the section normal
to the coast is shown in Figure 17. The maximum was found in the upper ocean layer of
the plume, the second maximum was at the depths of 50–70 m, which corresponds to the
results of [Smith and Demaster, 1996].

Figure 17. Concentration of chl-a (mg/m3) along the section between stations 52034 and 52039 mea-
sured using the Turner C6P instrument. Bold vertical lines indicate stations.

Spatial distribution of the concentration of CDOM based on in situ data (Figure 16b)
is similar to the distribution of satellite-derived particulate organic carbon (POC) in the
discharge region of the river (Figure 18). The maximum values are determined by the flow
of the river waters.

It was found that the satellite estimations of the particulate organic carbon concen-
trations in the processed part of the plume and in the right branch of the river delta
(Para River) in the area of the Belem city reached relatively high values together with the
distribution of satellite chl-a.

In addition to the spatial distributions of the satellite-derived chl-a concentration,
similar distributions of the concentration of particulate organic carbon formed on each day
of the expedition period (from November 22 to 28, inclusive) were studied based on the
Aqua, Terra MODIS data [NASA Ocean Biology Processing Group, 2018, 2022]. Unlike the
data on the interpolated products on the concentration of chl-a, the spatial distributions
of the concentration of POC have a non-continuous coverage of the study site. The daily
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distributions were averaged over the entire period of the expedition from November 22 to
28, 2022 to form a denser coverage (Figure 18).

The standard POC algorithm was developed for the global open ocean with POC
concentrations ranging between 10 and 270 mg/m3 [Stramski et al., 2008] and was applied
by NASA to routinely generate POC products. But it usually results in overestimation of
POC concentration in coastal waters with complex optical properties and multiple POC
sources [Chen et al., 2022; Son and Wang, 2012] due to additional CDOM influence [Le et al.,
2018]. Therefore, some regional algorithms have been developed for different regions [Le
et al., 2017; Liu et al., 2015]. In our work we used standard POC data to analyze the spatial
distribution of the parameter.

Figure 18. Mean spatial distribution of POC concentration based on the Aqua, Terra MODIS data
from November 22 to 28, 2022 from the datasets [NASA Ocean Biology Processing Group, 2018, 2022]
Blue color indicates lack of data.

Analysis of Figure 18 indicates that the boundaries of the Amazon River plume are
not less clearly traced by the MODIS-derived distribution of concentration of POC, whose
values along the plume perimeter change sharply from ≤20 mg/m3 to ≥400 mg/m3. Also,
the concentrations of suspended organic matter immediately in the main river channel
were not determined.

Spatial distributions of concentrations of suspended particulate matter in the area of
the alluvial fan of the Amazon River were studied based on the corresponding interpolated
satellite data generated for each day of the expedition period (from November 22 to 28,
2023, inclusive) based on the combined data from the S-NPP VIIRS, NOAA-20 VIIRS,
and Sentinel-3A OLCI satellite radiometers [Wang et al., 2017] (Figure 19a). The highest
concentrations were found at the mouth of the main channel of the Amazon River and
continued along the coast north of the main channel. Lower concentrations were found in
the bay, in which the port of Belem is located (Para River).

It was found that the studied concentrations in the period from November 22 to 28,
2022, as well as the previously studied concentrations of chl-a, were characterized by the
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spatial distribution in the study site that remained almost unchanged over the observation
period, allowing one to clearly track the plume of the Amazon River in the open ocean at
the stations.

In addition, suspended particulate matter has been measured in the water samples
from the surface at stations. A map of the concentration of suspended particulate matter
at the surface is shown in Figure 19b based on in situ data. This map also shows that the
peak concentration was found near the region of the continuation of the flow from the
main branch of the river. In surface waters (Figure 19b), the concentrations of suspended
particulate matter varied from 0.01 (station 52042) to 2.00 mg/L station 52049, closest to
the Amazon River delta). The suspended particulate matter contained biogenic particles
(mainly diatoms), which dominated at station 52043 (Figure 20a) on the outer shelf and at
the southernmost station 52060 almost not affected by the river runoff (Figure 20c). Almost
no mineral suspended particles were found here unlike the filter at station 52049, which
was saturated with mineral particles and their fragments (Figure 20b). According to the
optical parameters of the Secchi disk, its visibility varied from 3 m at the plume boundary
to 22 m in the offshore part of the survey.

Figure 19. Spatial distributions of the concentration of suspended particulate matter at the sea
surface on November 22, 2022 based on the SNPP VIIRS, NOAA-20 VIIRS, and Sentinel-3A OLCI
data using the algorithm described in [Wang et al., 2017] (a). Concentration of suspended particulate
matter based on the water samples from the surface at stations (b).

Figure 20. Suspended particulate matter composition at stations 52043 (a), 52049 (b), and 52060 (c).
Mineral particles were found in the filters from station 52049.
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Figure 21 shows additional data demonstrating the boundaries of the studied plume.
This is a multispectral image of the sea surface from the Sentinel-3B satellite on Novem-
ber 23, 2022 [Donlon et al., 2012].

Figure 21. Multispectral satellite image of the surface in natural colors on November 23, 2022 based
on the data of Sentinel-3B satellite. Isobaths of the regional bottom topography are shown.

The satellite image of the surface in natural colors (Sentinel-3B satellite) in Figure 20
gives a more detailed assessment of the plume configuration than the previous information
products (presented in Figures 15, 18, 19), due to its higher spatial resolution. The image
combined with the bathymetric information makes it possible to track the variability of the
plume of the Amazon River in comparison with the depths of the shelf zone. It was found
that the spectral characteristics of the plume surface generally follow the contours of the
isobaths, which may be due to the absence of river runoff mixing with the ocean waters
over shallow depths.

We emphasize that at very shallow depths, the radiation reflected from the bottom
can take part in the formation of an optical image of the sea surface [Bondur, 2004; Bondur
et al., 2018]. As the depth increases, the spectral characteristics of the plume of the Amazon
River change. In the region of the main part of the plume (at depths up to 10 m), the waters
are characterized by a saturated yellow tint, indicating high concentrations of suspended
particulate matter and dissolved substances. In the area of depths in the range from 10 to
50 m, the waters acquire a less saturated shade. At depths exceeding 50 m, the plume is
almost not identified by the satellite multispectral image, as a result of which the waters
in this zone are characterized by a blue-green hue typical of open ocean areas. This is
confirmed by visual observations and measurements with a Secchi disk.

In general, the revealed spatial distributions of suspended and dissolved organic
substances in the study area are similar, but there are some peculiarities that require
additional discussion. Suspended particulate matter concentration near the city of Belem
based on the satellite estimates, is lower than in the area of influence of the Amazon River
(Figure 20). However, according to the spatial distribution of satellite estimates of chl-a and
POC concentrations, which are also largely determined by the content of CDOM (Figures
16, 18), the amount of dissolved organic matter near Belem is also large, as in the zone of
influence of the Amazon River. This is also confirmed by ship data. It can be assumed that
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an additional source of CDOM (but not suspended particulate matter) in the Belem region
is associated with some kind of anthropogenic activity, for example, with the release of
wastewater. This fact favors the idea of the greater emission of CDOM from the Belem city
compared to the main stream from the river where there are no large cities.

Summary

Horizontal and vertical structure of the thermohaline fields during the dry season
in the study site of the Amazon plume indicates the presence of a well-pronounced river
plume about 15 m thick. The flow is driven to the northwest along the coast by wind and
the North Brazil Current. Salinity in the offshore part on the shelf covered by the ship’s
measurements did not drop below 30 PSU. The decrease in salinity in the plume relative to
the background values was more than 5 PSU even at 300–400 km from the mouth. The
best approximation to the measurement data is provided by satellite data on salinity SMOS
and reanalysis GLORYS12.

The data of in situ measurements and satellite data show that the most desalinated
and rich in suspended particulate matter and chl-a waters were localized on the inner shelf.
Waters with a high content of chl-a are carried out from the main channel of the Amazon
River, which may indicate their predominantly natural origin. A stream of waters with
a high concentration of colored dissolved organic matter and particulate organic carbon is
carried out in the most eastern branch of the delta (Para River), where the two-million city
and port of Belem is located.

Chemical determinations in the surface layer of the ocean in the plume reveal elevated
values of silicates, phosphates, and nitrites compared to the seaward part.

The plume does not strongly change within a week, and ship measurements dis-
tributed over time give a relevant pattern of the plume.
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