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Abstract This article focuses on the interaction between the Ob- and Yenisei-dominated parts of the
large Ob-Yenisei buoyant plume formed in the southern part of the Kara Sea during ice-free periods. It was
shown that certain wind forcing and river discharge conditions cause the formation of a specific structure
of the Ob-Yenisei plume with significantly different properties of the Ob- and Yenisei-dominated water
masses. Under these conditions, the Yenisei runoff generates a narrow coastal current propagating north-
ward from the Yenisei Gulf along the Taymyr Peninsula, which is isolated by the Ob-dominated water mass
from ambient sea water. As a result, the low-salinity Yenisei-dominated water mass occupies a relatively
small area, while more saline Ob-dominated water mass spreads over a wide area between the Gulf of Ob
and the Taymyr Peninsula. The formation of the “isolation” configuration of the Ob-Yenisei plume described
above is presumed to be caused by the eastward Ekman transport and the resulting downwelling flow of
the Ob-dominated waters under the low-saline and warm Yenisei-dominated waters along the Taymyr Pen-
insula. Based on satellite imagery, wind reanalysis, and river discharge data collected and derived for the
period of 2005-2011, it was estimated that the “isolation” configuration is regularly formed during late sum-
mer and autumn when the Ob discharge to the Kara Sea exceeds the Yenisei discharge and the local atmo-
spheric circulation is dominated by the northerly wind regime. Assessment of the frequency and duration
of the occurrence of the “isolation” configuration showed their synoptic time scale and significant interan-
nual variability.

Plain Language Summary This study focuses on spreading of discharge of the Ob and Yenisei riv-
ers in the Kara Sea. Under certain wind and discharge conditions the Ob discharge isolates the Yenisei dis-
charge from the ambient sea and induces northward transport of low-saline Yenisei-dominated water to
the open part of the Kara Sea. This transport is presumed to regularly occur in summer and late autumn
and can influence ice formation processes in the central part of the Kara Sea. Spreading of the low-saline
Yenisei-dominated water can also affect primary productivity and food webs in the study region.

1. Introduction

The Kara Sea is a shallow semienclosed sea in the Arctic Ocean located between the northern coast of Siberia,
Novaya Zemlya, Severnaya Zemlya, and Taymyr Peninsula (Figure 1). It is connected with the Barents (to the
west) and Laptev (to the east) seas through the narrow Kara and Vilkitsky straits. In the north, the Kara Sea is
open to the Barents Sea and the deep basin of the Arctic Ocean. The sea depth generally does not exceed
50 m at the southern and southwestern parts of the Kara Sea, which is approximately 40% of its area.

Freshwater discharge significantly modulates climatology of the Arctic; in particular, it affects ocean stratifi-
cation, heat flux, circulation, biogeochemical cycling, ice cover, and deep water formation [e.g., Carmack
et al, 2016; Nummelin et al., 2016]. The Kara Sea receives approximately 1350 km? of river water annually,
which is more than a quarter of the total continental runoff to the Arctic Ocean [Pavlov and Pfirman, 1995;
Gordeev and Tsirkunov, 1998]. Most of this volume is discharged from the Yenisei Gulf (630 km?® yr ™' from
the Yenisei River) and the Gulf of Ob (400 km? yr~ ' from the Ob River and more than 85 km® yr ™' from the
Taz, Pur, and other small rivers) (Figure 1).
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Figure 1. Bathymetry of the study region (in m), gauge stations at the Ob and Yenisei rivers (circles), and the ship track (black line) of the
field survey performed on 16-18 September 2011 at the southern part of the Kara Sea (left); location of the Yenisei section between the
Taymyr Peninsula and the Sibiryakov Island (right).

The hydrological regime of Yenisei, Ob, and other rivers that enter the Kara Sea is characterized by a low
discharge rate during cold season (October-May) and a flooding period during summer and early autumn
[Pavlov and Pfirman, 1995]. In particular, more than 70% of the annual continental runoff into the Kara Sea
is discharged from the Ob and Yenisei gulfs from June to September, which is approximately 3% of the total
annual continental runoff into the world ocean [Meade et al., 2000; Oki and Kanae, 2006]. This huge volume
of fresh water forms a large buoyant plume that occupies an area of up to 350,000 km? in the southern part
of the Kara Sea [Johnson et al., 1997; Zavialov et al., 2015].

The general circulation at the Kara Sea is governed by water exchange with the Barents Sea, deep basin of
the Arctic Ocean, and river runoff. Surface waters at the southern part of the Kara Sea freshened by the Ob
and Yenisei discharge are transported mainly northeast along the Siberian coast and north to the Novaya
Zemlya and open Arctic Ocean [Paviov and Pfirman, 1995; Harms and Karcher, 1999; McClimans et al., 2000;
Panteleev et al., 2007]. However, the surface circulation in the southern part of the Kara Sea occupied by the
Ob-Yenisei river plume strongly depends on wind forcing conditions and is characterized by high spatial
and temporal variability [Zatsepin et al., 2010, 2015]. M2 is the main tidal constituent in the southern part of
the Kara Sea, with its amplitude estimated as 0.2-0.5 m. Velocities of tidal currents in the study area do not
exceed 0.2 m s~ '; therefore, tidal mixing has limited influence on the Ob-Yenisei river plume [Kagan et al.,
2010, 20111.

The Kara Sea is frozen during the majority of a year. The southern part of the sea adjacent to the Ob and Yeni-
sei gulfs is covered by landfast ice (~1.8 m thick) from November to June. The ice regime in this area is signifi-
cantly influenced by continental runoff [Dmitrenko et al., 2000]. The summer freshet discharge of relatively
warm water from the Ob and Yenisei rivers accelerates breaking of the landast ice and transport of ice floes to
the central part of the Kara Sea. As a result, during late summer and autumn, the share of remnant ice water
in the surface layer is negligible in the southern and central parts of the Kara Sea [Dubinina et al., 2017].

Many previous studies focused on the important role of the Ob-Yenisei river plume in the large-scale physi-
cal, chemical, and biological processes in the Kara Sea [Neelov and Kouraev, 1996; Harms and Karcher, 1999;
McClimans et al., 2000; Harms and Karcher, 2005; Galimov et al., 2006; Panteleev et al., 2007; Zatsepin et al.,
2010; Makkaveev et al., 2015; Zavialov et al., 2015; Zatsepin et al., 2015]. Other papers examined the chemical
and biological characteristics of the plume and spatial and temporal variations in these parameters [Gordeev
et al, 1996; Kohler et al., 2003; Gebhardt et al., 2004; Unger et al., 2005; Makkaveev et al., 2010; Kubryakov
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et al,, 2016]. However, little attention has been paid to the physical aspects of plume evolution that results
from the interaction between the Yenisei and Ob outflows (hereinafter, including all river waters discharged
into the Gulf of Ob), and the ambient sea under various external forcing conditions.

An essential feature of the Ob-Yenisei plume is a significant spatial heterogeneity of the physical and chemical
characteristics of its far-field part, caused by the following reasons. First, although the Ob and Yenisei gulfs are
adjacent to one another, they are distinctly separated and the distance between them (~250 km) is significantly
greater than the local Rossby deformation radius (~5 km). As a result, the Ob and Yenisei discharges dominate
plume areas adjacent to the respective gulfs and form complex mixing zones within the plume. This situation
differs from buoyant plumes formed by two or more rivers sharing the same estuary (e.g., the Parana and Uru-
guay rivers) or joint delta (e.g., the Ganges and Brahmaputra rivers). Second, the different soil characteristics of
the catchment areas of the Gulf of Ob (peatlands) and the Yenisei Gulf (permafrost) result in a significant differ-
ence between the physical and chemical properties of the Ob and Yenisei rivers [Kohler et al., 2003], which can
be used to differentiate the Ob- and Yenisei-dominated parts of the plume. Finally, both freshwater sources
have relatively equal discharge rates; therefore, spatial scales of the Ob- and Yenisei-dominated parts of the
plume have the same order of magnitude and the internal structure of the far-field part of the Ob-Yenisei plume
is significantly influenced by both rivers. There is only one other large and spatially nonuniform buoyant plume,
formed from freshwater sources of which have properties similar to those of the Ob-Yenisei plume. This plume
is formed in the northern part of the Andaman Sea by the Ayeyarwady River (13,000 m®s™") and the Salween
River (5000 m® s~ ') that have deltas located 250 km apart [Ramaswamy et al., 2004; Robinson et al,, 2007].

A number of observational, laboratory, and numerical modeling studies focused on the interaction between
two or several river plumes and its influence on plume structure and dynamical characteristics under vari-
ous river discharge configurations and external forcing conditions. They addressed geostrophic adjustment
of river plumes [Cenedese et al., 2012], the diversity of plume frontal collision types [Warrick and Farnsworth,
2017], impact of river plume collisions on coastal circulation [Burrage et al., 2008; Yuan et al., 2011; Mendes
et al,, 2016], and transport pathways of river-borne material [Osadchiev and Korshenko, 2017]. However, we
are not aware of any work that considers the formation of a buoyant plume from two large freshwater sour-
ces under external forcing conditions or any observational work that focuses on the related physical aspects
of the internal structure of the Ob-Yenisei plume or the Ayeyarwady-Salween plume. Therefore, studying
the Ob-Yenisei plume structure and the interaction between its water masses, which influence a large area
of the Kara Sea, has certain societal and ecological significance.

In this study, we first identified the Ob-Yenisei plume water masses and the mixing zone formed between the
plumes for the mid-September 2011 period. We did this using in situ data collected in the southern part of the
Kara Sea and coincidental satellite imagery of ocean surface color. We show that the Yenisei-dominated water
mass was isolated from the ambient sea by the Ob-dominated water mass during this period. Then, we ana-
lyzed the satellite images of the study region taken during ice-free periods during the summers and autumns
of the period 2005-2011 and the related wind and river discharge data. These data sets reveal presumable
roles of wind forcing and river discharge conditions in forming the “isolation” configuration of the Ob-Yenisei
plume. Based on these data sets, we propose a dynamical setting for the “isolation” structure, which allows us
to evaluate the seasonal and interannual variations in the frequency and duration of this structure.

The paper is organized as follows. Section 2 provides detailed information about the in situ data collected
during field measurements in the southern part of the Kara Sea influenced by freshwater discharge in Sep-
tember 2011. Section 3 focuses on the identification of the different water types of the Ob-Yenisei plume
based on the statistical analysis of the in situ data and its validation using vertical profiling data and satellite
imagery. The analysis of the influence of external forcing on the structure of the Ob-Yenisei plume, the
related dynamical interpretation, and the discussion about its variability are given in section 4, followed by
the conclusions in section 5.

2. Data and Methods

2.1. Data Used

The in situ data used in this work was collected during the 59th cruise of the R/V “Academician Mstislav Kel-
dysh.” The field work addressed in this study took place in the southern part of the Kara Sea within the area
influenced by the Ob and Yenisei discharges during 16-18 September 2011 (Figure 1).
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Continuous measurements of temperature (T), salinity (S), and pH in the upper sea layer (1 m depth) were
performed at 250 m spatial resolution along the ship track using a ship board pump-through system
equipped by a CTD instrument (SeaBird SBE911) and by an ionometer (Ekonis Expert 007) with a glass com-
posite pH electrode (Akvilon). Moreover, 28 water samples were collected from the pump-through cell
mainly while crossing frontal zones and were used for the determination of total alkalinity (Alk) and pH in a
vessel laboratory. Based on these samples as reference points, we reconstructed the continuous distribution
of Alk using a partitioned correction calculated from the continuous data of T, S, and pH. Analyses of Alk
were conducted using direct titration, i.e., the Bruyevich method with visual determination of the titration
end point [Edmond, 1970; DOE, 1994; Dickson et al., 2003; Pavlova et al., 2008]. Accuracy of this method is
equal to 2%, while its precision is 0.005 mg eqv/L.

Optical remote sensing was performed by a ship-mounted ultraviolet fluorescent LiDAR (UFL) and was used
to derive simultaneous concentrations of chlorophyll a (Chl-a), total suspended matter (TSM), and colored
dissolved organic matter (CDOM) at the sea surface with a 250 m spatial resolution along the ship track. The
explicit description of the UFL instrument and the algorithms used for retrieving Chl-a, TSM, and CDOM are
given in Palmer et al. [2013] and Pelevin et al. [2017].

Continuous vertical profiling measurements of T, S, and current velocity were performed using CTD (/dro-
naut Ocean Seven 316) and ADCP (RDI WHM-300) instruments along the Yenisei section located near the
Taymyr Peninsula (Figure 1). The CTD and ADCP instruments were installed into a streamlined and dynami-
cally balanced body, which was towed along the ship track aside of the ship wake and was repeatedly low-
ered and raised between the sea surface and the bottom. The horizontal towing velocity was about 2 m
s~', while the vertical lowering/raising velocity was about 1 m s~ '. Horizontal/vertical resolution of the
obtained CTD and ADCP data is about 0.5/0.25 m.

In addition to in situ data, we used surface distributions of Chl-a, TSM, and CDOM of the study region
retrieved from MERIS/EnviSat satellite imagery taken in September 2011 with a 300 m spatial resolution.
The Level 1 satellite products were processed using the MERIS Case-2 Regional water processing module
[Doerffer and Schiller, 2008] of the BEAM software [Fomferra and Brockmann, 2015] based on neural network
algorithms [Doerffer and Schiller, 1997].

Finally, to study the influence of external factors on the structure of the Ob-Yenisei plume, we used the fol-
lowing river runoff and wind forcing data. Discharge measurements at the Ob and Yenisei rivers were per-
formed at gauge stations situated in the cities of Salekhard and Igarka, respectively (Figure 1). Although
these stations are the most downstream stations for these rivers, the distances between Salekhard/Igarka
and the mouths of the Ob/Yenisei gulfs are about 1000/800 km. Thus, by estimating the flow speed as
0.15m s~ ' in the Gulf of Ob [Dianskii et al., 2015],0.3 m s~ ' in the Yenisei Gulf [Graevskii, 1980; Dolgopolova,
2015], and 0.45 m s~ ' in the Yenisei River [Vakulovsky, 2003; Semizhon et al., 2010], the hydrographs at the
mouths of the Ob/Yenisei gulfs are presumed to be shifted forward by 87 and 35 days, respectively, com-
pared to the hydrographs in Salekhard/Igarka.

The atmospheric influence on the Ob-Yenisei plume was examined using wind data obtained from a 12 h
ERA-Interim reanalysis with a 0.75° resolution. The time series of the net surface Ekman transport at the
study region for ice-free periods (July-October) were calculated in the following manner. First, the wind
stress field T was computed from the wind speed field v according to the equation t = p,Cpv]v|, where p, is
the density of the air, Cp is the drag coefficient prescribed equal to 0.0013 [Smith, 1998]. Second, zonal and
meridional components of the surface Ekman transport (M,, M,) were calculated as M, = 1,/f, M, = —t,/f.
Finally, the obtained values of the surface Ekman transport were averaged over the study area (72.5°N-
74°N, 72.5°E-81°E) for a period of 3 days. This time scale was defined according to estimates of velocities of
wind-driven currents and spatial scale of the study area given in Kubryakov et al. [2016].

2.2, Statistical Analysis of In Situ Data

The in situ measurements described above showed strong spatial heterogeneity of the far-field part of the
Ob-Yenisei plume formed as a result of the interaction of the Ob and Yenisei discharges and the ambient
sea water. The measurements demonstrated significant variability of the thermohaline, chemical, and opti-
cal water surface characteristics and revealed multiple frontal zones within the far-field part of the Ob-
Yenisei plume. Comparison of measurements performed in the areas adjacent to the Ob and Yenisei gulfs,
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i.e., strongly dominated by the Ob and Yenisei discharges, respectively, can be used to differentiate differ-
ent water masses of the plume and identify their origins. Hereinafter, we will use the term “water mass”
referring to real water body, while the term “water type” will represent the output of the applied statistical
methods.

To identify the disposition of different water masses within the Ob-Yenisei plume, we applied a statistical
analysis to the collected data sets of water surface characteristics (T, S, pH, Alk, Chl-a, TSM, and CDOM). The
general scheme of the performed analysis is as follows. First, we identified statistically independent charac-
teristics using the principal component analysis. Subsequently, we performed a cluster analysis of the inde-
pendent variables. The resulting set of clusters along the ship track was interpreted as the disposition of
different water masses of the Ob-Yenisei plume and was validated against satellite imagery and vertical
CTD and ADCP profile data collected independently from the surface measurements. The detailed descrip-
tion of these operations is given below.

Clustering is the core procedure of the statistical analysis and aims to distinguish different water types
within the Ob-Yenisei plume. Cluster analysis requires specific data preprocessing before its application to
the in situ data. In particular, the input variables have to be statistically independent; otherwise, clustering
will lead to inconsistent results. For this reason, we used multiple linear regressions to identify statistically
independent variables among the seven registered sea surface characteristics. Salinity (S) was a priori con-
sidered as an independent variable, because it depends only on the concentration of the continental runoff
in surface water and can be regarded as a passive tracer. According to Dubinina et al. [2017], we presume
that the influence of other sources of fresh water, in particular, remnant ice melt, was negligible.

Statistical independence of the measured variables was examined as follows. Once a coefficient of determi-
nation between the considered variable and all other variables (including S) exceeded a certain threshold,
the examined variable was regarded as dependent; otherwise, it was marked as statistically independent.
The threshold value was prescribed equal to 0.8 as providing accurate and stable clustering results.

S, TSM, and pH were identified as statistically independent variables and defined three dimensions for the
subsequent cluster analysis. The ship track was considered as a set of points in this three-dimensional space,
and these points were separated into several groups using the k-means clustering algorithm with a pre-
scribed number of clusters [MacQueen, 1967]. Values of S, TSM, and pH were initially adjusted to a common
scale, i.e, normalized by their ranges, because we presume that all statistically independent variables have
equal importance in distinguishing water types and should be weighted equally. Distances between points
were calculated using standard Euclidean metrics. Initial centers of clusters were selected to maximize dis-
tances among them. The number of iterations was set to 50 to ensure stability of the clustering results.

The set of water types determined by cluster analysis represents different water masses of the Ob-Yenisei
plume if the number of clusters is prescribed equal to the number of water masses. This number is initially
unknown; therefore, the first cluster analysis was performed with ten prescribed clusters, which is a priori
greater than the number of water masses. As a result, several water masses were distributed into more than
one cluster, and this effect was indicated by significantly shorter distances between the centers of such
clusters as compared to the distances between centers of other clusters. Based on this preliminary result,
we identified five different water types of the Ob-Yenisei plume and performed the final cluster analysis
with five prescribed clusters.

3. Structure of the Ob-Yenisei Plume

3.1. Water Types of the Ob-Yenisei River Plume

The resulting disposition of the clusters along the ship track is presented in Figure 2. We assume that differ-
ent clusters represent different water masses of the Ob-Yenisei plume, formed as a result of interaction
among the Ob and Yenisei runoffs and the ambient sea, due to the fact that the values of the analyzed vari-
ables were significantly different in these initial water masses.

First, we can identify that the region adjacent to the mouth of the Gulf of Ob (region |) is characterized by
relatively simple configuration of water types as compared to the region adjacent to the Yenisei Gulf (region
I1). Region | consists of three clusters that occupy relatively long segments of the ship track (Figure 2). Aver-
age salinity values of the represented water types show direct coherence with their distances to the mouth
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Figure 2. Satellite surface distributions of concentrations of total suspended matter (left) and chlorophyll-« (right) on 14 September 2011;
disposition of the clusters along the survey track (top) and general configuration of water types at region | (bottom) of the Ob-Yenisei
plume on 16-18 September 2011. Dashed white line illustrates regions | and Il solid black lines represent approximate disposition of fron-
tal zones between the identified water types at region I.

of the Gulf of Ob. There was a steady salinity decrease from ~20 to the minimum value of 15 registered at
the part of the ship track closest to the Gulf of Ob and then a steady increase to 28. More detailed informa-
tion about the surface salinity distribution in the study region is given by Zavialov et al. [2015]. The disposi-
tion of water types in region | reproduces a typical configuration of a river plume; therefore, we can regard
the most saline and distant water types from the Gulf of Ob cluster as “ambient sea water” (AS), the freshest
and closest cluster as “Ob-dominated plume water” (OP), and a third cluster (OP/AS) that defines the mixing
area between AS and OP.

Conversely, region Il has a fragmentary configuration of five clusters, which occupy relatively short seg-
ments of the ship track (Figure 3). The average salinity values of clusters show dependence neither on their
distance to the Yenisei Gulf nor to the Gulf of Ob. Nevertheless, the origins of the water masses represented
by three of the five clusters appear to be from region I. The origins of the two remaining water masses also
can be identified on the basis of their location and properties. The southernmost cluster, situated in the
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Figure 3. Satellite surface distributions of the total suspended matter (left) and chlorophyll-« (right) on 14 September 2011; disposition of
the clusters along the survey track (top), and general configuration of water types (bottom) at region Il on 16-18 September 2011. Solid
black lines represent approximate disposition of frontal zones between the identified water types at region II.
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Yenisei Gulf, has very low salinity (0-2) and can be regarded as “Yenisei River water” (YR). The final water type
is a small segment between the YR and OP water masses near the mouth of the Yenisei Gulf and as a large
segment adjacent to the OP water mass near the Taymyr peninsula. Due to the relatively low salinity (2-12) of
this water mass and its proximity to the Yenisei Gulf, we call it the “Yenisei-dominated plume water” (YP).

Once we determined the origins of the identified water masses, we extended the boundary points between
the clusters located along the ship track to approximate frontal zones formed between the various water
masses in region | (Figure 2) and region Il (Figure 3).

3.2. Validation Against Satellite Data

The spatial structure of the Ob-Yenisei plume obtained from the cluster analysis of the in situ data collected
in the surface layer requires specific quantitative and qualitative validation. We need to prove that the
resulting configuration of clusters is not a statistical artifact and represents the real disposition of different
water masses within the Ob-Yenisei plume. For this purpose, we validated the estimated frontal zone loca-
tions against the frontal zones visible in satellite imagery.

Due to the low spatial resolution of ocean salinity satellites, e.g., 35-50 km for SMOS [Kerr et al., 2001] and
100-150 km for Aquarius/SAC-D [Le Vine et al., 2007], we used satellite imagery of ocean color that can be
applied to determine the internal structure of a large river plume [e.g., Walker, 1996; Thomas and Weather-
bee, 2006]. However, the Kara Sea region is often cloudy, which greatly limits the availability of optical satel-
lite imagery. In particular, overcast skies occurred during the in situ measurements, which hampered
satellite observations of the sea surface. However, cloud conditions were much better during several days
preceding the period of field survey (13-16 September 2011).

The available sequence of satellite images of the study region showed that the internal structure of the Ob-
Yenisei plume, particularly the location of the frontal zones in region I, were stable during 13-16 Septem-
ber. The direction of the net surface Ekman transport was eastward and southeastward during 13-18 Sep-
tember. The magnitude of the net surface Ekman transport steadily increased from 290 to 540 kg m ™' s™'
and then decreased to 370 kg m~' s™'. Based on these facts, we assume that the structure of the Ob-
Yenisei plume did not significantly change during 13-18 September. Thus, we will use the satellite imagery
acquired on 14 September, which had the best quality (i.e., the minimal cloud cover) among the available
satellite data, to validate the structure of the Ob-Yenisei plume retrieved from the in situ measurements per-
formed on 16-18 September.

Frontal zones identified by the satellite imagery are presented in Figure 4. First, the area with the lowest
concentrations of TSM and Chl-a was in the northern part of the region and recognized as AS. This area has
a sharp southern border (fz-1) that separates it from the Ob-Yenisei plume. Another distinct frontal zone
can be identified near the mouth of the Yenisei Gulf. It appears as a narrow meandering jet, which origi-
nated along the western shore of the mouth of the Yenisei Gulf and propagated northward along the Tay-
myr Peninsula (fz-3). Based on the disposition of this jet and the properties of the regional water masses,
we regarded this jet as a frontal zone between the Ob-dominated waters (high concentration of TSM and
low concentration of Chl-a) and the Yenisei-dominated waters (low concentration of TSM and high concen-
tration of Chl-a) [Gordeev et al., 1996; Kohler et al., 2003; Gebhardt et al., 2004; Unger et al., 2005].

Two less distinct frontal zones also can be recognized in the satellite images. One, fz-2, separates the area
between fz-1 and fz-3 and represents the transition from less turbid and less fluorescent waters in the
northern part of this area to greater concentrations of TSM and Chl-a in the southern part. Thus, we regard
the southern part as OP, while the northern part is the OP/AS mixing zone. Another frontal zone (fz-4) is sit-
uated inside the Yenisei Gulf and separates the YP-waters with low concentrations of TSM and Chl-a at the
northern part of the Yenisei Gulf from the YR-waters with high concentrations of TSM and Chl-a in
the southern part. Thus, there is qualitative agreement between the general patterns and configurations of
the frontal zones identified in the satellite images using the cluster analysis results (Figure 5).

3.3. Validation Against Vertical Profiling Data

To perform a quantitative validation of the clustering results, we analyzed the in situ data obtained from
continuous CTD and ADCP vertical profiling measurements along the Yenisei section (Figure 6). The vertical
thermohaline structure interpolated along the Yenisei section from a depth of 1-2 m to the sea bottom is
presented in Figure 7. We estimated eight major constituents of the barotropic tide (M2, S2, N2, K2, K1, O1,
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Figure 4. Frontal zones (top) and disposition of the water masses at region Il according to satellite surface distributions of total suspended
matter (left) and chlorophyll-« (right), on 14 September 2011.

P1, and Q1) along the Yenisei transect from the Arctic Ocean Tidal Inverse Model (AOTIM-5) [Padman and
Erofeeva, 2004] and subtracted this estimate from the velocity data. The area to the west of the Taymyr Pen-
insula, where the Yenisei section is located, has a relatively flat bottom, whose depth varies mainly between
10 and 25 m (Figure 1). Therefore, baroclinic tides are not strong there and were neglected. Figure 8 illus-
illustrates the resulting distribution of detided velocities from a depth of 5 m to bottom along the Yenisei
section. The horizontal axis in Figures 7 and 8 represents the distance from the end of the Yenisei section
located in the south.
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14/09/2011 16-18/09/2011

AS

Figure 5. Configuration of the water masses of the Ob-Yenisei plume at region Il obtained from satellite imagery (left) and configuration
of the water types obtained from the statistical analysis (right).

Salinity ranges of different water masses identified by the clustering analysis at the surface layer have little
overlaps. Transitions between YR, YP, OP, OP/AS, and AS water masses along the ship track generally corre-
spond to salinity values equal to 2, 12, 19, and 27, respectively. Based on this fact, we regard the 2, 12, 19,
and 27 isohalines obtained along the Yenisei section (and indicated in Figure 7) as the frontal zones
between the different water masses of the study region. These isohalines are also shown in Figure 8 to high-
light dynamical features of the different water masses along the Yenisei section.

The low salinity (0-2), warm (8-10°C) YR water mass is located in the southern part of the Yenisei section
within the Yenisei Gulf. The well-mixed YR layer occupies the whole water column from the surface to the
bottom as far offshore as the 10 m isobath. After YR separates from the bottom, a two-layer vertical struc-
ture is formed with sharp vertical temperature and salinity gradients below the YR water mass. YR surface
salinity and temperature remain nearly constant until its northernmost extent, although bottom salinity
(temperature) increases (decreases) to 28-29 (1-2°C). Approximately 30 km from the beginning of the Yeni-
sei transect YR transforms to the 5 m deep YP water mass. Salinity (temperature) of the surface layer within
the 10 km long YP water mass (30-40 km of the transect) continues to (increase) decrease to 12 (7°C). All
water masses along 0-40 km of the Yenisei transect from a depth of 5 m to the bottom flow in the eastward
and southeastward directions. However, the velocities of YP and YR water masses (15-20 cm/s) are signifi-
cantly smaller than velocities of OP and OP/AS water masses (30-40 cm/s), which occupy the 4-10 m deep
layer below them.

The surface layer (5-8 m deep) along 40-55 km of the Yenisei transect are formed by the OP and OP/AS
water masses. Surface salinity (temperature) steadily increases (decreases); the highest (lowest) value is
about 23 (5°C) at a distance of 50 km from the beginning of the Yenisei transect. Circulation over this por-
tion of the Yenisei section between 5 m and the bottom was dominated by moderate (0-10 cm/s) south-
eastward currents. However, over 55-70 km of the Yenisei transect, the thermohaline and circulation struc-
tures change dramatically. The surface layer salinity (temperature) slowly decreases (increases) as OP/AS
transforms to OP, and currents become northeastward and intensify (10-20 cm/s).

Seventy to one-hundred and five kilometers of the Yenisei transect consisted of intense northward and
northwestward flow of the YP water mass (20-50 cm/s), which occupied the upper 9 m of the surface layer.
Minimal (maximal) values of salinity (temperature) at the surface were 5 (7°C) at the distances of 90 and
105 km from the beginning of the Yenisei transect. The two-layered vertical structure with sharp vertical
gradients (from 12 to 28 and from 6 to 2°C in the 2-4 m of water column) was observed at 85-90 km of the
Yenisei transect below the YP water mass. At 95-105 km of the Yenisei transect, a wide layer (10-15 m) of
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OP and OP/AS water masses was
formed below YP, which resulted
in a three-layer vertical structure
(YP; OP and OP/AS; AS).

The northern part of the Yenisei
transect (125-140 km) was char-
acterized by a steady increase
(decrease) of salinity (tempera-
ture) in the surface layer to 27-
29 (3-4°C). Strong northeastward
and southwestward flows (20—
50 cm/s) of OP/AS water mass
were observed to the north in
the surface layer and below the
northern part of the YP water
mass, respectively.

4, Discussion

4.1. “Isolation” Configuration

of the Ob-Yenisei River Plume
Satellite imagery and vertical
profile data used for the valida-
tion of the clustering results
reveal a general scheme for the
0 10 20 km formation of the structure of
—— the Ob-Yenisei river plume. The
Ob discharge formed the OP
water mass that was spread
over a wide area between the
Gulf of Ob and the Taymyr Pen-
insula as a result of strong east-

ward and southeastward Ekman
Figure 6. Disposition of different water masses along the survey track and location of the transport, as addressed in sec-

Yenisei section (solid line), along which continuous CTD and ADCP vertical profiling meas- tion 33. Mixing of OP with
urements were performed.
ambient sea resulted in the
formation of the OP/AS water
mass. The Yenisei discharge formed the YP water mass that propagated northward along the Taymyr Penin-
sula as a narrow coastal current in response to northward and northeastward wind forcing.

Bl ambient sea (AS) Bl Yenisei plume (YP)

mixed Ob plume / ambient sea (OP/AS)

B Ob plume (OP) M Yenisei river (YR)

Indeed, the vertical profile measurements revealed eastward flow (10-20 cm s~ ') of the YR and YP water
masses near the mouth of the Yenisei Gulf, where the narrow coastal current is formed. On the other hand,
the intense eastward flow of OP and OP/AS water masses below the less dense YP waters was registered by
ADCP measurements near the Yenisei Gulf and at the northern part of the Yenisei transect (Figure 8). Based
on the obtained surface distribution of water masses and wind reanalysis, we presume that this flow was
caused by downwelling of more saline OP and OP/AS below YP. As a result, YP was isolated from AS by OP
and OP/AS water masses, which reduced salinity gradients and, thus, caused slow increase of salinity of YP.
Deep (5-8 m) and strong (20-50 cm/s) alongshore jet of the low-saline (5-8) YP waters was registered
approximately 100 km far from the Yenisei Gulf. A well-developed three-layer vertical structure (YP; OP and
OP/AS; AS) with steep salinity gradient in this region was presumably caused by the OP and OP/AS downw-
elling flow as shown in Figure 7.

To validate and clarify the dynamical interpretation of the formation of the Ob-Yenisei plume configuration
(hereinafter, the “isolation” configuration), we analyzed MERIS/EnviSat satellite images of the study region
taken in 2005-2011 during July-October when the southern part of the Kara Sea was free of ice. Due to a

OSADCHIEV ET AL.

STRUCTURE OF THE OB-YENISEI RIVER PLUME 11



&JAQGU Journal of Geophysical Research: Oceans 10.1002/20164C012603

Distance, km
140 120 100 80 60 40 20 0
0.
32
28
-10 i oo
s OP/AS 172}
. H2o A~
-a =20 16 2
2 12 E
-30 vrl 8 g
4
0 0
9
8 O
-10- 7 on
. -
—‘g- L Hs @
7] 13 kY
| [=9
S 2 £
- 1 3
0 =
-1
140 120 100 80 60 40 20 0

Distance, km

Figure 7. The vertical thermohaline structure along the Yenisei section: salinity (top) and temperature (bottom). White contours at the top
represent frontal zones between different water masses, namely, 2, 12, 19, and 27.

common overcast weather, we detected only 19 periods (1-5 days long) when the area adjacent to the Ob
and Yenisei gulfs was free of clouds and the configuration of the Ob-Yenisei plume could be identified.

The “isolation” configuration of the Ob-Yenisei plume was distinctly observed only in 6 cases of the 19 con-
sidered periods (Table 1). The other 13 cases were characterized by the opposite pattern of the Ob-Yenisei
plume (hereinafter, “nonisolation” configuration).

A typical example of the “nonisolation” configuration was observed on 1 August 2008 (Figure 9). The Ob-
dominated water mass, characterized by elevated concentrations of TSM and Chl-a, was located in the west-
ern part of the study region and had a sharp border (fz-1) with ambient sea water, identified by the lowest
concentrations of TSM and Chl-a. The Yenisei-dominated water mass (YP) occupied about half of the area
between the Taymyr Peninsula and the Gulf of Ob and was separated by a frontal zone (fz-3) from the more

Distance, km

Depth, m

Current velocity, cm/s

Depth, m

140 120 100 80 60 40 20 0
Distance, km

Figure 8. The vertical structure of currents along the Yenisei section: zonal (directed eastward, top) and meridional (directed northward,
bottom) components of current velocities. Black lines indicate frontal zones between different water masses, obtained from salinity
measurements.
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Table 1. Configurations of the Ob-Yenisei Plume, Wind Forcing Conditions, and Discharges of the Yenisei and Ob Rivers During the
Selected Periods in 2005-2011

Presence of the “Isolation”  Averaged Zonal Wind Averaged Meridional Wind  Yenisei Discharge, Ob Discharge,
Date Configuration Stress, X 10> N/m? Stress, X 10> N/m? x10% m%/s X10> m*/s
10 Jul 2005 - -31.6 —22.8 90 5
1 Sep 2005 aF 6.9 21.6 18 35
20 Jul 2006 - 9.2 51.0 70 5
3 Aug 2006 - —244 -30.1 30 5
30 Aug 2006 + 36 18.0 20 35
5 Jul 2007 - =179 —14.7 95 5
1 Aug 2007 - —288 —155 40 10
16 Sep 2007 + -74 21.1 20 38
3 Jul 2008 - -21.7 —439 110 5
24 Jul 2008 - —-78 27.6 50 6
1 Aug 2008 - -6.0 -34 40 7
24 Aug 2008 + —23.0 47.6 22 38
7 Sep 2008 + -12.0 95.4 24 35
17 Aug 2009 - 10.2 36.3 20 20
30 Jul 2010 - 354 -16.2 40 10
18 Aug 2010 - 8.6 46.9 20 35
15 Jul 2011 - 54 —135 30 8
8 Aug 2011 - 49 10.5 20 38
12 Sep 2011 aF 18.2 26.0 20 28

turbid Ob-dominated water mass. The zonal width of YP increased from 60 km near the mouth of the Yeni-
sei Gulf to 100 km at the northern part of the study region, where the frontal zones separated YP from
ambient sea water (fz-2) and the turbid waters of the buoyant plume formed by the discharge of the Pya-
sina River (fz-4).

4.2. Wind Forcing and River Discharge Conditions

River discharge rates and local wind forcing are the main factors that govern plume structure and its
dynamical characteristics [e.g., Whitney and Garvine, 2005; Horner-Devine et al., 2015].The discharge rates of
Ob and Yenisei rivers and estimates of the Ekman transport averaged over the study area (72.5°N-74°N,
72.5°E-81°E) and over a period of 3 days preceding satellite measurements (described in section 2) for the
19 selected periods, along with the indication of the occurrence of the “isolation” configuration, are shown
in Figure 10.

Based on the disposition of the frontal zones visible in the satellite imagery, we estimated surface areas
occupied by the YP water mass for all considered periods. Figure 11 illustrates dependence of the area of
the Yenisei-dominated part of the plume on the zonal (M,) and meridional (M,) Ekman transport as well as

Total Suspended Matter, g/m’

P | TTaae

0 8 16 24 32 40 48 56 o4

Figure 9. Frontal zones (left) and disposition of the water masses at the study region according to satellite surface distribution of total sus-
pended matter (right) illustrating the “nonisolation” configuration of the Ob-Yenisei plume observed on 1 August 2008.
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Figure 10. Discharges of the Yenisei (circles and dashed lines) and Ob (squares and solid lines) rivers (top) and Ekman transport (bottom)
for the “isolation” (filled circles/squares) and “nonisolation” (empty circles/squares) periods observed by satellite imagery during 2005-

2011.
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Figure 11. Dependence of the area of the Yenisei-dominated part of the plume on the zonal (a) and the meridional (b) components of
Ekman transport and the ratio of discharges of the Yenisei and Ob rivers (c) for the “isolation” (black) and “nonisolation” (gray) periods
observed at the satellite imagery during 2005-2011. The following cases referred in the text were indicated by the following numbers:
8 August 2011 (1), 30 August 2006 (2), 16 September 2007 (3), 24 August 2008 (4), 20 July 2006 (5), 24 July 2008 (6), 17 August 2009 (7).
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on the ratio of the discharges of the Yenisei and Ob rivers with an indication of the occurrence of the “isola-
tion” configuration.

Figures 10 and 11 show that all considered “isolation” configuration periods were preceded by strong
northward winds, which induced eastward Ekman transport with M, equal to 130-680 kg m~' s~ . Figure
11 reveals a negative correlation between the surface area occupied by the YP water mass and zonal
Ekman transport during the “isolation” periods. Moreover, it appears that if the zonal Ekman transport was
small (<100 kg m~' s7") the “isolation” configuration did not form. For example, all external forcing
parameters were similar on 8 August 2011 (“nonisolation” configuration) and 30 August 2006 (“isolation”
configuration), except M,, which was equal to 75 kg m~' s~' on 8 August 2011 and 130 kg m~' s~ on
30 August 2006.

Second, the magnitudes of the meridional components of Ekman transport for the “isolation” periods were
relatively small and varied between —130 and 90 kg m ™' s~'. Moreover, a large value of M, was a negative
factor for the formation of the “isolation” configuration, which can be shown by comparing the external
forcing conditions observed on 16 September 2007 (“isolation” configuration) and 24 August 2008 (“noniso-
lation” configuration). The Ob and Yenisei discharge rates were almost equal during both periods. Although
the value of M, on 24 August 2008 (340 kg m™~' s™') was twice than of 16 September 2007 (150 kg m™"
s~ "), the large value of M, (170 kg m ™" s™") on 24 August 2008 compared to 50 kg m~' s~ ' on 16 Septem-
ber 2007 caused significant northward propagation of the OP water mass and hindered the isolation of the
YP water mass between the Gulf of Ob and the Taymyr Peninsula.

River discharge rates also play a crucial role in the formation of the “isolation” configuration. The Ob dis-
charge exceeded the Yenisei discharge during all “isolation” events; otherwise, the “isolation” configuration
did not form even if wind forcing conditions were “isolation” favorable. This situation was observed on 20
July 2006 and 24 July 2008 when the YP water mass formed under Yenisei discharges of 50,000 and
70,000 m? s, respectively, and occupied a very large area. The Yenisei water mass was not isolated by the
Ob-dominated waters even though northward winds were strong, M, = 370 and 200 kg m ™' s~ ', M, =—70
and 60 kg m~" s™" on 20 July 2006 and 24 July 2008, respectively. Finally, if both Ob and Yenisei discharges
were as low as observed on 17 August 2009 (when both discharged at 20,000 m® s~ "), the area of the OP
water mass is too small to isolate the Yenisei-dominated waters.

4.3. Dynamical Interpretation

We suggest the following dynamical interpretation of the formation of the “isolation” configuration. First,
northward winds, on the one hand, induce downwelling flow along the Taymyr Peninsula, which causes the
formation of a deep and narrow jet of YP and, on the other hand, cause the eastward Ekman transport of
OP water mass. The latter process can induce downwelling of moderate salinity Ob-dominated waters
under low-salinity Yenisei-dominated waters and cause formation of a three-layered vertical structure along
the Taymyr Peninsula.

As shown by Cenedese et al. [2012] the transition from two-layered to three-layered vertical structures

causes decrease in the baroclinic pressure gradient at the western front of the YP water mass from —g, %L;

to —gi, % -3 % where g§j=g"’;0"" is the reduced gravity, p, is the reference density, p; is the density of
fluid j, g is the gravitational acceleration, h; is the thickness of fluid i, YP, OP, and AS correspond to fluids 1,
2, and 3, respectively. Thus, this mechanism induces eastward shear of the western front of the YP water

mass, which narrows and intensifies the flow of the Yenisei-dominated plume.

The extent of isolation of the YP water mass from the underlying ambient sea water by Ob-dominated
waters and, therefore, the salinity of YP depends on the vertical overlap of YP and OP. According to Cened-
ese et al. [2012], if two buoyant fluids with different densities are in geostrophic equilibrium in a more dense
ambient fluid, their horizontal and vertical alignments are determined by the ratio of baroclinic Rossby radii
of deformation I'y = A3,/45; and ', = 235/45,, Where ),,]:W is the baroclinic Rossby radius of deforma-
tion between fluids i and j, H; is the initial depth of fluid i, fis thefCorioIis parameter.

Based on the vertical profiling data obtained in the mid-September 2011 (Figure 7) we prescribe densities
of the Yenisei-dominated waters (p,), Ob-dominated waters (p,), and ambient sea (ps) as equal to 1005,
1016, and 1030 kg m ™3, respectively, and depths of the Yenisei-dominated (H;) and Ob-dominated (H,)
water masses as equal to 7 and 5 m, respectively. In this configuration, we have g3,/g5, =2.27,
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J5,/95, = 1.27, so the ratios of baroclinic Rossby radii of deformation are the following: I'y=/31//21=
Vs H1 /9 Hi= 151, T2=132/ 2 =1/g5,H2/\/ g5, H1 = 0.96.

The obtained values of I'; and I, indicate that the YP and OP water masses are vertically aligned, i.e., a sig-
nificant part of the western front of YP is isolated by OP from mixing with ambient sea water. Dependence
of horizontal and vertical alignments of two buoyant fluids on I'; and I', values was derived by Cenedese
et al. [2012] under the assumption of geostrophic equilibrium, in particular, in the absence of wind forcing.
Nevertheless, northward winds that cause the formation of a three-layered structure will intensify downwel-
ling flow of Ob waters below Yenisei waters and, thus, wind forcing will tend to increase their vertical over-
lapping and isolation of the YP water mass.

4.4, Seasonal and Interannual Variability

In order to estimate the frequency and duration of the occurrence of the assumed “isolation” configuration
of the Ob-Yenisei plume, we parameterized its formation conditions by the following inequalities:
M,>100kgm~"s™!, M, <100 kg m~' s~", Qo >20,000 m*> s, and Q,/Qp < 1, where Qo and Qy are the
Ob and Yenisei discharge rates, respectively. Then, by applying these inequalities to ERA-Interim wind
reanalysis and river discharge data, we identified 36 periods of “isolation”-favorable conditions during the
ice-free seasons of 2005-2011 (Figure 12).

The duration of the majority of the identified “isolation"-favorable periods varied between 1 and 8 days,
while their total duration was equal to 133 days, which is only 19 days per year on the average. However,
the “isolation”-favorable conditions occurred only during late summer and autumn when, first, the atmo-
spheric circulation at the southeastern part of the Kara Sea is dominated by northward winds, second, the
Ob discharge exceeded the Yenisei discharge, and, third, the southern part of the Kara Sea is free of ice. The
average duration of the “isolation” periods in August, September, and October was equal to 4, 8, and 7
days, respectively.

The number of “isolation” days showed substantial interannual variability from 11 in 2011 to 29 in 2009,
caused mainly by the interannual variability of local atmospheric circulation. As a result, the total duration
of the “isolation” periods, which is negligible on an annual scale, is much more significant during certain
weeks and months. In particular, the Yenisei-dominated part of the plume was estimated to be isolated
from the sea water during approximately 50% of days during September-October 2009, including 18 suc-
cessive days from 27 September till 14 October 2009. Moreover, 8 of 14 considered Septembers and Octo-
bers were characterized by at least 8 “isolation” days.

5. Conclusions

A large set of in situ data was collected in the southern part of the Kara Sea influenced by the Ob and Yeni-
sei river discharge in September 2011. Based on the statistical analysis of these data, we identified a com-
plex spatial structure of the buoyant plume formed by the Ob and Yenisei runoff and distinguished the Ob-
and Yenisei-dominated water masses, characterized by different physical, chemical, and dynamical proper-
ties. These results were validated using satellite imagery and vertical CTD and ADCP profiling data.

We showed that in mid-September 2011, the Ob-dominated water mass was spread over more than
25,000 km? between the Gulf of Ob and the Taymyr Peninsula as a result of eastward Ekman transport and
that plume properties were significantly modified by mixing with ambient sea water. On the other hand,
the Yenisei-dominated water mass formed a narrow coastal current and propagated northward from the
Yenisei Gulf along the Taymyr Peninsula. The Yenisei-dominated water mass was isolated from ambient sea
water by the Ob-dominated water mass. As a result, the salinity of the Yenisei-dominated water was signifi-
cantly lower than of the Ob-dominated waters, while its area was less than 2000 km?.

In particular, the 35 km long and 5-9 m deep surface layer of the Yenisei-dominated water mass, with a salin-
ity of ~5-8, was observed ~100 km to the north from the Yenisei Gulf. Such low salinity values far from the
freshwater source are typical for long river estuaries and the near-field part of the large Amazon river plume
[Lentz and Limeburner, 1995; Geyer et al., 1996]. However, to the best of our knowledge, such salinity values
were not registered at far-field parts of buoyant plumes located in the open sea, including those formed by
the world’s largest rivers such as the Congo [Eisma and Van Bennekom, 1978; Denamiel et al., 2013],
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Figure 12. Discharges of Ob (blue lines) and Yenisei (red lines) into the Kara Sea in 2005-2011 and periods of the “isolation”-favorable con-
ditions (gray bands) identified using ERA-Interim wind reanalysis. The “isolation” (solid lines) and “nonisolation” (dashed lines) configura-
tions of the Ob-Yenisei plume observed at the satellite imagery are indicated.

Yangtze [Beardsley et al., 1985; Yuan et al., 2016], Orinoco [Bonilla et al., 1993; Del Castillo et al., 1999], and Mis-
sissippi [Schiller et al., 2011; Huang et al., 2015] rivers.

Based on satellite imagery, the ERA-Interim wind reanalysis, and gauge measurements of the Yenisei and
Ob discharge, we suggest that the formation of the “isolation” configuration is induced by high discharge
of the Ob River, low discharge of the Yenisei River, and strong northward wind forcing. These external forc-
ing conditions cause eastward Ekman transport and downwelling of more dense Ob-dominated waters
below the Yenisei-dominated waters along the Taymyr Peninsula and result in a vertical alignment of these
water masses. However, the response of a stratified inner shelf to cross-shelf wind forcing, in particular, its
role in driving along-shelf flows, has received little attention yet and is not extensively studied, especially in
areas with complex bathymetry and shoreline [Lentz and Fewings, 2012]. Thus, the dynamical interpretation
described above requires verification based on more specific and detailed in situ measurements in the
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study region and/or numerical modeling of interaction between the Ob and Yenisei plumes under various
external forcing conditions.

We identified periods of potential formation of the “isolation” configuration during 2005-2011. The monthly
average duration of the “isolation”-favorable conditions was equal to 4 days in August, 8 days in September,
and 7 days in October. The majority of the potential “isolation” events lasted from 1 to 8 days, and their
average duration was 4 days. However, the total annual duration of the “isolation”-favorable conditions as
well as their monthly distribution showed significant interannual variability. The most frequent and long-
term “isolation” events occurred in September-October 2009, when the Yenisei-dominated water mass was
isolated from the ambient sea during 29 days, including 18 successive days from 27 September to 14 Octo-
ber 2009.

The formation of the “isolation”/"nonisolation” configuration determines areas occupied by Ob- and
Yenisei-dominated waters with significantly different water properties. Long-term and/or frequent occur-
rence of the “isolation” configuration of the Ob-Yenisei plume can cause increased absorption of solar radia-
tion by turbid Ob-dominated surface waters over the large area between the Gulf of Ob and the Taymyr
Peninsula compared to the “nonisolation” configuration. Also, it could result in the northward transport of a
large volume of low-saline Yenisei-dominated water to the open part of the Kara Sea. This transport is pre-
sumed to occur mainly in September—-October, when the “isolation”-favorable wind and discharge condi-
tions are typical in the study region. As a result, it can decrease the salinity of the surface water and, thus,
accelerate ice formation in the central part of the Kara Sea, which starts in late October as was revealed for
the other Arctic seas [Bauch et al., 2013; Nghiem et al., 2014; Whitefield et al., 2015]. Spreading of the low-
saline Yenisei-dominated water along the Taymyr Peninsula can modify distributions of river, brackish, and
marine plankton communities and, therefore, influence primary productivity and local food webs.

Interaction and collision of two or multiple river plumes and formation of a joint buoyant plume is a com-
mon process for coastal areas, e.g., with closely spaced river mouths [Warrick and Farnsworth, 2017; Osad-
chiev and Korshenko, 2017] and/or with large buoyant plumes, which occupy long segments of sea shore
[Burrage et al., 2008]. These processes significantly influence spreading dynamics of river plumes, as well as
local transport patterns of river-borne sediments, nutrients, and pollutants, and, therefore, govern local
physical, biological, and geochemical processes. A number of previous studies focused on subduction of
more dense plumes underneath more buoyant plumes, however, with idealized bathymetry and shorelines
and/or in absence of wind forcing [Marmorino et al., 1998; Cenedese et al., 2012; Warrick and Farnsworth,
2017]. Thus, the dynamical mechanism of formation of subduction of water masses with different densities
in response to wind forcing, addressed in this study, could be useful for studying the related issues in many
world coastal areas.

Finally, the presented method of forecasting the spatial structure of a river plume based on river discharge
and wind reanalysis data, which can be adapted and adjusted using both in situ and satellite measure-
ments, hold promise of providing improved qualitative and quantitative insights into river plume dynamics
and related coastal processes, especially for poorly sampled areas.
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