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ABSTRACT

We use near simultaneous ocean color satellite imagery from NASA's Landsat 8 and ESA's Sentinel-2 missions to
reconstruct surface currents along the northeastern shore of the Black Sea and study the spread of a small river
plume formed in this area. Several times a year Landsat 8 and Sentinel-2 satellites both pass over the study area
within a time interval of < 10 min. Analysis of near simultaneous ocean color composites obtained during these
periods provides an opportunity for accurate reconstruction of surface currents. It is especially efficient for
detecting motion of frontal zones associated with river plumes which are visible in optical satellite imagery.
Using an optical flow algorithm we reconstructed surface currents associated with the motion of a small plume
formed by the Mzymta River in response to different wind forcing conditions. We show that the dynamics of the
Mzymta plume are significantly different to those of large plumes. First, a near-field jet of the small plume is
abruptly decelerated by friction with the subjacent ocean and does not form a recirculating bulge even under low
wind forcing conditions. As a result, freshwater discharge does not accumulate near the river mouth and is
transported to the far-field part of the plume. Second, under certain external forcing conditions the angle be-
tween wind direction and Ekman transport within the plume takes anomalously large values of 60-80°. As a
result, onshore winds cause upstream accumulation of the river plume, while offshore/downwelling and up-

welling winds result in downstream and offshore transport of freshwater discharge, respectively.

1. Introduction

Buoyant river plumes are important features of the coastal sea in
many world regions. Despite their relatively small surface areas and
volumes as compared to the saline ambient sea they govern land-ocean
fluxes of buoyancy, heat, terrigenous sediments, nutrients and anthro-
pogenic pollutants and, thus, significantly influence many physical,
biological, and geochemical processes on the continental shelf (e.g.,
Emmett et al., 2006; Milliman et al., 2007; Zhou et al., 2008; Rabalais,
2010; Huang et al., 2015; Osadchiev et al., 2017; Kubryakov et al.,
2018). Structure, dynamics, and variability of river plumes are key
factors for understanding mechanisms of advection, convection, trans-
formation, accumulation and dissipation of fluvial discharge as well as
suspended and dissolved river-borne constituents in the coastal sea
(O'Donnell, 2010; Hetland and Hsu, 2013; Horner-Devine et al., 2015).

The processes of formation, spreading and mixing of river plumes
are governed by two groups of factors. The first group consists of im-
manent characteristics of local landscapes, which include shoreline and
seabed configurations, landforms and geographical disposition of river
mouths, and latitude, which defines the local magnitude of the Coriolis
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force (Chao and Boicort, 1986; Simpson, 1997; Horner-Devine et al.,
2006; Warrick and Farnsworth, 2017). The second group consists of
variable external forcing conditions, which include river discharge,
local wind, coastal circulation, tides, waves, and stratification of the
ambient ocean (O'Donnell, 1990; Fong and Geyer, 2001, 2002; Avicola
and Hug, 2003; Yankovsky et al., 2001; Whitney and Garvine, 2005;
Korotenko et al., 2014; Yuan et al., 2018; Osadchiev, 2018).

The structure and dynamics of a river plume strongly depend on its
spatial scale, which varies in order of magnitude from a few meters to
hundreds of kilometers due to over four orders of magnitude of varia-
bility of freshwater discharge rate among world river systems.
Moreover, the size of an individual river plume can have significant
intra-annual variability and, thus, diverse formation, spreading and
mixing patterns within a year caused by inter-seasonal variability of
river discharge rate (Geyer et al., 2000; Thomas and Weatherbee, 2006;
Ostrander et al., 2008; Osadchiev et al., 2016; Osadchiev and
Korshenko, 2017).

Many previous studies have addressed general aspects of the
structure and dynamics of river plumes as well as their regional fea-
tures. However, the majority of these works were focused on river
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plumes formed by large and medium-size rivers and/or river plumes
formed during high-discharge periods, while relatively little attention
has been paid to small rivers plumes. This can be attributed to the small
influence of individual small plumes on the coastal ocean as compared
to large plumes. In addition, small plumes are characterized by very
high temporal variability (of order of hours) in response to external
forcing due to their small horizontal and vertical sizes. This fact hinders
precise measurements of their circulation patterns and mixing me-
chanisms. Yet, the total share of small rivers influxes of fluvial water
and suspended sediments to the world ocean is estimated at about 25%
and 40%, respectively (Milliman and Syvitski, 1992; Milliman et al.,
1999). Furthermore, this contribution is much more significant on a
regional scale for many coastal regions.

In this work we focus on the buoyant plume formed by the Mzymta
River, a small river at the northeastern part of the Black Sea. We study
the dynamics of this river plume based on satellite imagery from NASA's
Landsat 8 and ESA's Sentinel-2 missions. Both missions provide global
coverage with a 5-day repeat cycle for Sentinel-2 (which was equal to
10 days before Sentinel-2B was launched in March 2017) and a 16-day
repeat cycle for Landsat 8. The orbital paths of Sentinel-2 and Landsat 8
intersect at some points with small time intervals (< 10-15 min). As a
result, since June 2015, when the Sentinel-2 mission started and
especially since March 2017 when Sentinel-2B was launched, some
world areas are regularly observed by Sentinel-2 Multi Spectral
Instrument (MSI) and Landsat 8 Operational Land Imager (OLI) sensors
nearly simultaneously and with similar view angles (Li and Roy, 2017).
One of these areas covers the northeastern coast of the Black Sea in-
cluding the area adjacent to the Mzymta mouth (Fig. 1). In this work we
used near simultaneous images of this area taken by Sentinel-2 and
Landsat 8 during nine cloud-free days in 2016-2018.

Many previous works have focused on reconstruction of sea surface
currents from optical, near-infrared, and thermal-infrared satellite
imagery using maximum cross correlation (MCC) method (Emery et al.,
1986, 1992; Bannehr et al., 1996; Domingues et al., 2000; Zavialov
et al., 2002; Bowen et al., 2002; Matthews and Emery, 2009; Mercatini
et al., 2010) and optical flow (Bannehr et al., 1996; Sun et al., 2016)
algorithms. However, as time spans between pairs of analyzed satellite
images in most of these studies were of order of days this negatively
affected the accuracy of the applied motion detection algorithms. In
particular, it resulted in low efficiency of reconstruction of surface
currents related to motion of highly variable sub-mesoscale ocean
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Fig. 1. Bathymetry and topography of the study region, locations of the Adler
airport meteorological station (blue circle) and the Kazachiy Brod gauge station
(red circle). Location of the study region at the northeastern part of the Black
Sea is shown in the inset. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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structures including buoyant river plumes (Marcello et al., 2008; Chen,
2011). In the last several years a number of relevant studies used sa-
tellite images from Geostationary Ocean Color Imager (GOCI), a geos-
tationary satellite, which has an observational interval of order of
hours, but relatively low spatial resolution (500 m) (Yang et al., 2014,
2015; Hu et al., 2016; Sun et al., 2016). Geostationary satellites also
have limited spatial coverage and cannot be used for reconstruction of
surface currents in temperate and polar latitudes.

In this work we present a new approach that is based on near si-
multaneous Sentinel-2 and Landsat 8 measurements, which has poten-
tial to provide accurate detection of surface currents in many world
regions. Sharp frontal zones associated with river plumes in general are
distinctly visible on medium resolution ocean color composites from
Sentinel-2 (10m) and Landsat 8 (30 m). Thus, satellite observations
captured with small time intervals (of order of minutes) provide the
opportunity for precise detection of small frontal shifts, while general
frontal patterns do not change. Therefore, a surface velocity field as-
sociated with motion of a plume can be accurately reconstructed by a
calibrated motion detection algorithm applied to near simultaneous
satellite images. The main drawback of this approach is low temporal
coverage and a dependence on cloud-free conditions at the time of
image capture. However, this method can be extremely useful for
studying surface processes with significant spatial and temporal varia-
bility that require instantaneous measurements of surface currents with
high spatial resolution, in regions where in situ measurements are not
feasible.

The paper is organized as follows. Section 2 provides detailed in-
formation about the study area, the Sentinel-2 and Landsat 8 satellite
data and in situ data used in this study, and the optical flow algorithm
applied for motion detection. The results of reconstruction of surface
currents within the Mzymta plume from near simultaneous satellite
images and analysis of characteristics of frontal zones of the Mzymta
plume observed in the satellite imagery are described in Section 3.
Section 4 focuses on physical interpretation of the reconstructed
spreading dynamics of a small river plume under various external for-
cing conditions. Summary and conclusions are given in Section 5.

2. Data and methods
2.1. Study region

In this work we focus on the Mzymta plume formed in the north-
eastern part of the Black Sea (Fig. 1). The average annual discharge of
the Mzymta River is approximately 50 m®/s with a drought period in
autumn and winter and a freshet in spring and early summer associated
with snow melting (Jaoshvili, 2002; Alexeevsky et al., 2016). The
Mzymta River forms a buoyant plume with small horizontal (< 10 km)
and vertical (< 4 m) dimensions. It results in a quick response of the
Mzymta plume to the highly variable river discharge rate and wind
forcing revealed by in situ and satellite measurements (Korotkina et al.,
2011, 2014; Osadchiev and Zavialov, 2013). The continental shelf at
the study area is very steep and narrow; therefore, the Mzymta plume
does not exhibit friction with the sea bottom. Tidal amplitudes at the
study area are < 6 cm; thus, tidal circulation does not significantly in-
fluence the Mzymta plume (Medvedev et al., 2016; Medvedev, 2018).
The annual average concentration of suspended sediments in the dis-
charge of the Mzymta River is 165 gm ™2 (Jaoshvili, 2002). As a result,
the turbid Mzymta plume can be effectively detected by optical satellite
imagery, as was addressed in Zavialov et al. (2014) and Osadchiev
(2015).

2.2. Satellite and in situ data
Spreading dynamics of the Mzymta plume were studied using

Sentinel-2 MSI and Landsat 8 OLI data collected in 2013-2018 with
emphasis on nine near simultaneous pairs of Sentinel-2 and Landsat 8
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Table 1
Observation times and difference in capture times between the analyzed near
simultaneous pairs of Sentinel-2 and Landsat 8 ocean color composites.

Date Landsat 8 observation Sentinel-2 observation Time difference
time time
23.04.2016  8:07:26 8:14:36 0:07:10
12.07.2016  8:07:51 8:10:13 0:02:22
30.09.2016  8:08:09 8:13:38 0:05:29
9.03.2017 8:07:42 8:14:38 0:06:56
28.05.2017  8:07:29 8:10:43 0:03:14
10.09.2017  8:01:51 8:09:59 0:08:08
17.02.2018  8:01:32 8:10:09 0:08:37
12.03.2018  8:07:31 8:17:29 0:09:58
6.04.2018 8:01:08 8:16:01 0:14:53

images acquired on 23 April, 12 July, 30 September 2016, 9 March, 28
May, 10 September 2017, 17 February, 12 March, and 6 April 2018.
Observation times of these satellite images and difference in capture
times are given in Table 1.

The Landsat 8 Surface Reflectance Level-2 products were down-
loaded from the United States Geological Survey web repository
(http://earthexplorer.usgs.gov). The Sentinel-2 Level-1C products were
downloaded from the Copernicus Open Access Hub (https://scihub.
copernicus.eu/). Atmospheric correction was applied to these products
using Sen2Cor module version 2.2.1 within the Sentinel-2 Toolbox
(S2TBX), Sentinel Application Platform (SNAP) version 5.0.7. Due to a
misregistration issue of Sentinel-2 and Landsat 8 imagery reported by
Storey et al. (2016) the residual difference between the near simulta-
neous pairs of ocean color composites is equal to 25 m which is more
than two Sentinel-2 10-meter pixels. Also processing of the near si-
multaneous pairs of satellite images by motion detection algorithms
requires their resampling to a common pixel resolution. Therefore, we
improved alignment between these pairs of images and resampled them
to a common pixel resolution by manually identifying several control
points at the study region (buildings and piers) and downsampling
Sentinel-2 ocean color composites (10m) to spatial resolution of
Landsat 8 ocean color composites (30 m) using bilinear algorithm.

The Mzymta discharge and local wind forcing data was used to
study the influence of external forcing conditions on dynamics of the
Mzymta plume. The Mzymta discharge data was obtained from the
Kazachiy Brod gauge station, while local wind measurements were
performed at the Adler airport meteorological station located 2 km far
from the Mzymta mouth at the altitude of 27 m (Fig. 1).

2.3. Motion detection algorithms

Velocity fields in the ocean surface layer addressed in this study
were retrieved from satellite imagery using computer vision techniques,
namely, optical flow approach. Optical flow estimation is one of the
oldest branches of the computer vision and has been actively developed
during recent decades (e.g., Baker et al., 2011; Fortun et al., 2015). In
the last several years optical flow algorithms have been applied to sa-
tellite imagery for various geoscientific applications including ocean
circulation (Sun et al., 2016), sea ice drift (Petrou and Tian, 2017),
cloud motion (Wu et al., 2016), and glacier flow estimation (Altena and
Kaab, 2017; Lenzano et al., 2018). However, the number of relevant
studies is still relatively small despite the great potential of optical flow
algorithms in reconstruction of motion vector fields.

The main principle of optical flow algorithms used for calculation of
motion from two consecutive pictures is the following. It is assumed
that for each point X (i.e., pixel) on both frames a certain signal in-
tensity property I G.e., brightness) is conserved:
[(X,ty = I(X + AX,t + At). By linearizing the intensity of the second
frame with respect to the intensity of the first frame a gradient con-
straint  equation is obtained in the following way:
VI(?, t)-l_f + Il(?, ty =0, where VI=(I,I)) is the spatial partial
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derivatives of intensity, U = dX/dt is the velocity, I, is the temporal
derivative of intensity. The derivatives VI and I; can be directly calcu-
lated, while the 2D velocity field U is unknown. Therefore, this equa-
tion requires an additional constraint and it is assumed that the dis-
placement AX is constant in any small neighborhood, i.e., we search for
a  displacement that minimizes the  constraint error
E(X) = 2% g(i’)(VI(Y, t)Tf + It(?(’, t))?, where g(X) is a weight func-
tion. Thus, minimization of E(X) with respect to T provides an addi-
tional condition for gradient constraint equation. The resulting vector
field T calculated from these two equations is regarded as an optical
flow estimate. Optical flow algorithms operate with gradients of signal
intensity; therefore their results are not sensitive to relative variations
of surface reflectance within processed images. As a result, differences
in atmospheric correction of Landsat 8 and Sentinel-2 satellite data do
not hinder application of optical flow algorithms for motion detection,
as long as both images are in the same relative scale.

In this work we compared three optical flow algorithms with dif-
ferent weight functions, namely, Lucas and Kanade (1981), Horn and
Schunck (1981), and Farneback (2003) algorithms. Quality analysis of
results obtained by the three optical flow algorithms was based on, first,
general accordance between current shapes and visually inspected
shifts of frontal zones at consecutive satellite images, and, second, the
number of implausible vectors and continuity of currents. In general,
the Farneback algorithm captured more accurately both small and large
displacements and provided the most realistic optical flow estimations
for the analyzed satellite imagery. This algorithm approximates a
neighborhood of a pixel in each pair of frames by a quadratic poly-
nomial function applying the polynomial expansion transform. Thus, a
constraint equation is based on a polynomial approximation of the
given signal. On the assumption of small variability of a displacement
field, the algorithm minimizes quadratic error of the constraint and
calculates the optical flow estimation. Estimation of surface velocity
fields in the study region was performed in two stages. First, we applied
the Farneback optical flow algorithm with large prescribed sizes of
pixel neighborhood for the reconstruction of motion of distinct plume
boundaries and fronts. Second, we reconstructed motion within the
river plume using the optical flow algorithm with a reduced neigh-
borhood size. The resulting velocity field was smoothed by an aver-
aging filter using the surface velocity field obtained at the first stage as
a skeleton.

Spatial scale of motion, which is intended to be reconstructed, po-
sitively correlates with optimal size of a pixel neighborhood. An algo-
rithm with a small pixel neighborhood more accurately reconstructs
small-scale motion, but shows lower quality for large motion patterns,
as compared to algorithm with a large pixel neighborhood. The overall
neighborhood size is prescribed according to spatial scales of ocean
surface features (e.g., river plume fronts), which motion is expected to
be detected by optical flow algorithm. Thus, optimal neighborhood size
intended to reconstruct large-scale motion of river plumes should be
equal to width of distinct plume boundaries and fronts. In this study,
large size of a pixel neighborhood was prescribed equal to 5 pixels
(150 m). On the other hand, neighborhood size is limited by spatial
resolution of the analyzed satellite imagery. Therefore, small size of a
pixel neighborhood was set equal to 1 pixel (30 m). Values of neigh-
borhood sizes were fixed for all pairs of analyzed satellite imagery due
to low variability of spatial extents of the Mzymta plume. In case of
application of this algorithm to other regions, we suggest prescribing
neighborhood sizes equal to relevant spatial scales of considered ocean
surface features. However, many specific aspects of this issue (depen-
dence between optimal neighborhood size and motion spatial scale,
accuracy, sensitivity, computational efficiency, etc.) require a detailed
study and are beyond the scope of the current work.

At both stages we obtained velocity vectors, which reproduced
movement of clouds in the sky and vessels in the sea and were not
related to surface water flow. These vectors have significantly different
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Local wind forcing, the Mzymta discharge rate during the considered periods and their climatological mean monthly values and standard deviations.

Date Mzymta discharge, Mean value and standard deviation of monthly Wind direction Wind speed, Mean value and standard deviation of
m®/s Mzymta discharge, m®/s m/s monthly wind speed, m/s
23.04.2016 118 90.4 = 21.6 SW (onshore) 3 3.0 = 1.4
12.07.2016 59 48.5 + 19.3 SE (downwelling) 4 32 £ 1.1
30.09.2016 70 19.2 = 11.0 N (upwelling) 2 3.4 + 1.3
9.03.2017 75 49.8 + 11.9 0 0 31 + 1.3
28.05.2017 115 107.0 = 21.2 S (downwelling) 4 27 + 1.2
10.09.2017 44 19.2 = 11.0 0 0 3.4 + 1.3
17.02.2018 41 36.6 = 7.7 SW (onshore) 3 3314
12.03.2018 94 49.8 = 11.9 SW (onshore) 3 3.1 = 1.3
6.04.2018 96 90.4 + 21.6 SW (onshore) 3 3.0 + 1.4

motion characteristics, as compared to vectors related to sea surface
circulation. These false vectors were manually identified and removed
from the resulting velocity fields of nine pairs of near simultaneous
satellite images. However, for a larger dataset, or for cases with many
potential sources of aliasing(mainly ships and clouds, but also fog, dust
and smoke, planes, birds, large sea mammals, etc.) automated detection
and removal of non-circulation-related features could be applied.

3. Results
3.1. Surface currents

The optical flow processing of near simultaneous Landsat 8 and
Sentinel-2 ocean color composites revealed surface velocity field asso-
ciated with spreading of the Mzymta plume on 23 April, 12 July, 30
September 2016, 9 March, 28 May, 10 September 2017, and 12 March
2018. Diverse wind and discharge conditions occurred during the
considered periods (Table 2) resulting in significantly different spatial
extents and motion patterns of the Mzymta plume.

The spreading pattern of the Mzymta plume under calm wind for-
cing conditions was observed on 9 March 2017 and 10 September 2017
(Fig. 2). The near-field part of the Mzymta plume spread radially from
the river mouth, decelerated, and rotated clockwise approximately
2km from the river mouth. The anticyclonic flow formed along the
edge of the semi-circular near-field plume transitioned to an alongshore
current propagated northwestward from the Mzymta mouth (herein-
after referred as downstream alongshore direction). Thus, the near-field
plume did not form an anticyclonic recirculation bulge adjacent to the
river mouth, which is typical for river plumes under low wind forcing
conditions as identified in a number of theoretical (Yankovsky and
Chapman, 1997), in situ (Chant et al., 2008; Horner-Devine, 2009;
Kudela et al., 2010), laboratory (Avicola and Huq, 2003; Horner-Devine
et al.,, 2006; Thomas and Linden, 2007; Yuan et al., 2018), and

numerical (Fong and Geyer, 2002; Whitney and Garvine, 2005; Soosaar
et al., 2016) studies. A sharp front formed between the Mzymta plume
and the ambient sea was distinctly visible in the optical satellite ima-
gery. It extended from the coast at a distance of 3 km to southeast from
the Mzymta mouth (hereinafter referred as upstream alongshore di-
rection), contoured the near-field plume, and propagated approxi-
mately 6 km downstream where the strong gradient between the far-
field plume and the ambient ocean decayed. The Mzymta discharge rate
on 9 March 2017 was low (75 m>/s), however, the distance between the
plume front and the shore was 3-5 km, while the alongshore extent of
the far-field geostrophic current was approximately 7-8 km.

Moderate southerly and southeasterly winds (4 m/s) dominated in
the study area during satellite observations on 12 July 2016 and 28
May 2017 and induced similar spreading patterns of the Mzymta plume
(Fig. 3). The near-field plume jet decelerated on a distance of 0.5-1 km
from the Mzymta mouth, rotated clockwise, and transformed into the
far-field plume. The far-field plume was spreading northward along the
shore in response to downwelling favorable wind forcing. As a result,
the sharp front of the Mzymta plume originated from the coast < 1 km
upstream the Mzymta mouth and was stretched downstream. The
Mzymta discharge rate on 28 May 2017 was two times greater than on
12 July 2016, which resulted in difference in offshore shifts of the
alongshore front of the Mzymta plume (3 km and 1 km, respectively).
Downstream alongshore extents of the far-field plume were 8-10 km for
both discharge conditions.

Spreading pattern of the Mzymta plume under upwelling favorable
winds (2 m/s) observed on 30 September 2016 is characterized by large
offshore spreading of the near-field plume, its subsequent clockwise
rotation and transition to the far-field plume (Fig. 4). The sharp cross-
shore front between the near-field plume and the ambient sea was
formed approximately 1.5km upstream from the Mzymta mouth and
was stretched in a westerly direction. The far-field plume spread
northwestward and covered a large coastal area (exceeding 50 km?)

Fig. 2. Sentinel-2 ocean color composite from 9 March 2017, plume spreading scheme (left), and surface velocity field within the Mzymta plume (right) re-
constructed by the optical flow algorithm. The white line reproduces the sharp front between the plume and ambient sea.
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1 km

Fig. 3. Sentinel-2 ocean color composites from 28 May 2017, plume spreading scheme (left), and surface velocity field within the Mzymta plume (right) re-
constructed by the optical flow algorithm. The white line reproduces the sharp front between the plume and ambient sea, the green arrow indicates wind direction.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

despite the relatively low river discharge rate of the Mzymta River
(70m3/s). The longshore scale of the far-field plume was > 15 km. The
distance between the alongshore front of the far-field plume and the
shoreline increased from 4 km near the river mouth to 6-8 km in its
downstream part.

The spreading of the Mzymta plume in response to light south-
westerly winds (3m/s) was reconstructed from satellite imagery ac-
quired on 23 April 2016, 17 February 2018, 12 March 2018, and 6 April
2018 (Fig. 5). During these days the near-field jet was propagating
southward and southeastward from the Mzymta mouth for distances of
1-2km. Then the near-field jet rotated counterclockwise and trans-
formed into the far-field plume, which spread upstream with decaying
velocity. As a result, onshore winds arrested the far-field plume near the
shore and an upstream alongshore current did not form. Despite high
discharge rates of the Mzymta River on 23 April 2016 (118 m%/s), 12
March 2018 (94 m®/s), and 6 April 2018 (96 m3/s) alongshore extents
of the Mzymta plume were only 5-6 km, respectively, while during the
low discharge period observed on 17 February 2018 (41 m3/s) the
plume alongshore extent was 1km. The Mzymta plume accumulated
upstream of the Mzymta mouth was contoured by the sharp plume
front, which originated downstream from the Mzymta mouth.

3.2. Plume fronts

The shape of a small river plume and its location in relation to a
river mouth and a coastline are indicative of surface circulation

patterns within a plume. A small river plume generally has two types of
frontal zones between freshened plume waters and ambient sea,
namely, diffuse and sharp fronts (Bowman and Iverson, 1978; Jay et al.,
2009; Devlin and Pan, 2017). A diffuse frontal zone, which is relatively
wide and is characterized by low salinity gradients, contours outer parts
of the plume, which exhibits intense mixing with ambient sea. If a small
plume is spreading in response to wind forcing and plume mixing is
induced by velocity shear between a plume and subjacent sea, a diffuse
frontal zone is formed “in front” of a spreading plume. A sharp frontal
zone, in contrast, is narrow (up to order of tens of centimeters), is
characterized by strong gradients and, therefore, is often distinctly
visible in satellite imagery. This frontal zone indicates the outer parts of
the plume, which exhibit low mixing with ambient sea and are gen-
erally formed “behind” a spreading plume. In particular, the flow lines
of a plume circulation do not cross sharp fronts between the plume and
ambient sea (Bowman and Iverson, 1978; O'Donnell, 2010; Horner-
Devine et al., 2015). Therefore, flow velocities near a sharp plume
border are generally directed along its frontline, while the motion ve-
locity of a front itself is significantly lower (O'Donnell et al., 1998,
2008; Trump and Marmorino, 2003).

In this study, frontal boundaries of the Mzymta plume were iden-
tified basing on visual inspection of the color composite imagery due to
generally strong color contrast between river plume and ambient sea at
the study region (Osadchiev and Zavialov, 2013; Zavialov et al., 2014).
However, color algorithms can be applied for automation of frontal
detection in case of a larger dataset, or for regions with low color

Fig. 4. Sentinel-2 ocean color composite from 30 September 2016, plume spreading scheme (left), and surface velocity field within the Mzymta plume (right)
reconstructed by the optical flow algorithm. The white line reproduces the sharp front between the plume and ambient sea, the green arrow indicates wind direction.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

526



A. Osadchiev, R. Sedakov

Remote Sensing of Environment 221 (2019) 522-533

Fig. 5. Sentinel-2 ocean color composites from 12 March 2018, plume spreading scheme (left), and surface velocity field within the Mzymta plume (right) re-
constructed by the optical flow algorithm. The white line reproduces the sharp front between the plume and ambient sea, the green arrow indicates wind direction.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

contrasts between river plumes and ambient sea. The locations and
shapes of the sharp frontal zones of the Mzymta plume visually ob-
served in satellite imagery are in good agreement with surface velocity
fields calculated by the optical flow algorithm and described in Section
3.1. Thus, they confirm the reconstructed spreading patterns of the
Mzymta plume in response to different types of wind forcing. In par-
ticular, the sharp frontal zone observed in the vicinity of the Mzymta
mouth on 30 September 2016 was located upstream the river mouth
and was stretched westward indicating offshore flow in the upstream
part of the Mzymta plume and general downstream transport of fresh-
ened water under upwelling wind forcing (Fig. 4). The sharp fronts of
the Mzymta plume observed on 23 April 2016, 12 March 2018, and 6
April 2018 during onshore winds were also stretched in the cross-shore
direction but were located downstream of the river mouth indicating
offshore flow in the downstream part of the Mzymta plume and general
upstream transport of freshened water under onshore wind forcing
(Fig. 5).

Based on non-coincident Landsat 8 and Sentinel-2 imagery acquired
during 96 cloud-free periods in 2013-2018 we visually identified sharp
frontal zones of the Mzymta plume under various wind and discharge
conditions (Table 3). Dependence of locations and forms of the sharp
fronts of the plume on the direction of local wind forcing showed very
good accordance with spreading patterns of the Mzymta plume iden-
tified by near simultaneous satellite imagery and described in Section
3.1. In particular, downstream location of the sharp plume front and
upstream accumulation of the Mzymta plume was observed only during
onshore winds, hereinafter referred as the upstream spreading winds.
All other types of wind forcing including calm wind conditions, here-
inafter referred as the downstream spreading winds, resulted in up-
stream location of the sharp plume front and downstream spreading of
the plume. However, in several cases onshore winds were accompanied
by upstream location of the sharp plume front. This feature was regis-
tered when downstream spreading winds changed to onshore winds
shortly before the observation period. Therefore, we assume that in
these cases onshore winds induced upstream spreading of the Mzymta
plume, but sharp downstream plume front did not formed yet at the
observation moment due to preceding downstream spreading of the
plume.

An upstream location of the sharp front of the Mzymta plume and
downstream spreading of the plume was observed during periods of
offshore winds, which influence on plume spreading was not revealed
by the available near simultaneous Landsat 8 and Sentinel-2 imagery. A
typical form of the Mzymta plume under northeasterly wind forcing
(2 m/s) was observed on 27 July 2017 (Fig. 6). The cross-shore extent of
the Mzymta plume formed by relatively low discharge (57 m®/s) on 27
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July 2017 during offshore winds (1.5km) was much smaller than
during upwelling winds on 30 September 2016 (70 m®/s, exceeding
15km), but larger than during downwelling winds on 27 July 2017
(59 m%/s, 1 km).

4. Discussion

Based on the results described in Section 3, we suggest a dynamical
interpretation of the reconstructed spreading patterns of the Mzymta
plume under different wind forcing conditions. These spreading pat-
terns showed significant difference from those typical for medium-size
and large rivers (e.g., Yankovsky and Chapman, 1997; Nof and
Pichevin, 2001; Fong and Geyer, 2002; Horner-Devine et al., 2006;
MacDonald et al., 2007; Chant et al., 2008; Liu et al., 2009). The main
distinctions of the observed dynamics of the Mzymta plume are the
following: First, the near-field part of the Mzymta plume is of one order
of magnitude smaller than it is estimated by widely used para-
meterizations of spatial scales of a near-field plume based on river
discharge parameters. Second, the near-field freshened jet does not
form a mid-field plume, i.e., a recirculating bulge adjacent to the river
mouth, which is a typical feature of a river plume under low wind
forcing conditions. The near-field plume directly transitions to the
wind-dominated or geostrophic far-field plume within a distance of
1-2km from the Mzymta mouth. Finally, the wind-induced Ekman
transport within the Mzymta plume occurs at a wide range of angles to
wind direction during upwelling, onshore, and offshore wind forcing
periods. It decreases from anomalously large values of 60-80° in vici-
nity of the Mzymta mouth to 30-40° at the outer parts of the plume.
Below we provide and discuss the physical interpretation of these dy-
namical features of the Mzymta plume.

In this study we focus on wind as a primary external force that
governs spreading dynamics of the Mzymta plume. We pay low atten-
tion to river discharge rate and do not consider local coastal circulation
due to the following reasons. Large synoptic and seasonal variability of
discharge rate (1-2 orders of magnitude) typical for small rivers
strongly affects structure and dynamics of river plumes (Warrick et al.,
2004; Nezlin and DiGiacomo, 2005; Nezlin et al., 2005; Warrick et al.,
2007; Saldias et al., 2012; Romero et al., 2016). However, in the current
study we analyze dynamics of the Mzymta plume within relatively
small range of variability of river discharge rate, i.e., from 41 to
118 m3/s (Table 2). In this case spreading patterns of the Mzymta
plume are governed mainly by wind forcing which was shown by
Osadchiev and Zavialov (2013). Coastal circulation also can influence
dynamics of a river plume (Fong and Geyer, 2002), however, several
works showed that its impact on small plumes (Washburn et al., 2003;
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Table 3

Local wind forcing, location of the sharp front of the Mzymta plume, and plume
spreading type during cloud-free periods at the study region in 2013-2018
detected by Landsat 8 and Sentinel-2. Upstream front and downstream front are
referred as UF and DF, respectively; downstream plume spreading and upstream
plume accumulation are referred as DS and UA, respectively.

Satellite Date Wind direction ~ Wind Location of  Plume

and type speed, the sharp spreading
m/s plume front type

Sentinel-2  10.10.2018 N (upwelling) 2 UF DS

Sentinel-2  08.10.2018 N (upwelling) 2 UF DS

Sentinel-2  05.10.2018 NW (upwelling) 4 UF DS

Sentinel-2  25.09.2018 NW (upwelling) 2 UF DS

Landsat 8 20.09.2018 0 0 UF DS

Sentinel-2  18.09.2018 S 3 UF DS
(downwelling)

Sentinel-2  15.09.2018 SW (onshore) 3 DF UA

Sentinel-2  03.09.2018 S 3 UF DS
(downwelling)

Sentinel-2 16.05.2018 S 3 UF DS
(downwelling)

Sentinel-2  03.05.2018 SW (onshore) 4 DF UA

Sentinel-2 01.05.2018 W (onshore) 4 DF UA

Sentinel-2  23.04.2018 SE 5 UF DS
(downwelling)

Sentinel-2  16.04.2018 SE 7 UF DS
(downwelling)

Sentinel-2 11.04.2018 SW (onshore) 4 DF UA

Sentinel-2  01.04.2018 SE 5 UF DS
(downwelling)

Landsat 8 21.03.2018 SW (onshore) 4 DF UA

Sentinel-2  17.03.2018 SE 7 UF DS
(downwelling)

Sentinel-2  07.03.2018 SE 7 UF DS
(downwelling)

Sentinel-2 10.02.2018 SW (onshore) 1 DF UA

Sentinel-2  07.02.2018 0 0 UF DS

Landsat 8 01.02.2018 NE (offshore) 5 UF DS

Sentinel-2 11.01.2018 E, offshore 1 UF DS

Sentinel-2  08.01.2018 E, offshore 3 UF DS

Landsat 8 07.01.2018 NE (offshore) 4 UF DS

Sentinel-2  24.12.2017 NW (upwelling) 4 UF DS

Sentinel-2 14.12.2017 NE (offshore) 4 UF DS

Sentinel-2 12.12.2017 NE (offshore) 6 UF DS

Sentinel-2  04.12.2017 SE 2 UF DS
(downwelling)

Sentinel-2  02.12.2017 E, offshore 3 UF DS

Sentinel-2 17.11.2017 NE (offshore) 2 UF DS

Sentinel-2  9.11.2017 E, offshore 1 UF DS

Sentinel-2  25.10.2017 E, offshore 3 UF DS

Sentinel-2  30.09.2017 W (onshore) 3 UF DS

Landsat 8 26.09.2017 W (onshore) 3 UF DS

Sentinel-2  25.09.2017 S 3 UF DS
(downwelling)

Sentinel-2  15.09.2017 W (onshore) 2 DF UA

Sentinel-2  08.09.2017 S 2 UF DS
(downwelling)

Sentinel-2  05.09.2017 S 3 UF DS
(downwelling)

Sentinel-2  21.08.2017 SW (onshore) 3 UF DS

Sentinel-2  19.08.2017 W (onshore) 3 UF DS

Sentinel-2  01.08.2017 S 3 UF DS
(downwelling)

Sentinel-2  27.07.2017 NE (offshore) 2 UF DS

Sentinel-2  25.07.2017 N (upwelling) 2 UF DS

Landsat 8  24.07.2017 S 4 UF DS
(downwelling)

Sentinel-2  22.07.2017 W (onshore) 3 UF DS

Sentinel-2  12.07.2017 S 4 UF DS
(downwelling)

Sentinel-2  10.07.2017 W (onshore) 5 DF UA

Sentinel-2  05.07.2017 W (onshore) 9 DF UA

Sentinel-2  02.07.2017 W (onshore) 3 DF UA

Sentinel-2  22.06.2017 S 3 UF DS
(downwelling)

Sentinel-2  17.06.2017 S 3 UF DS
(downwelling)
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Table 3 (continued)

Satellite Date Wind direction ~ Wind Location of ~ Plume
and type speed, the sharp spreading
m/s plume front type
Sentinel-2  13.06.2017 S 3 UF DS
(downwelling)
Landsat 8  06.06.2017 S 5 UF DS
(downwelling)
Sentinel-2  11.05.2017 W (onshore) 3 DF UA
Sentinel-2  01.05.2017 W (onshore) 3 DF UA
Landsat 8 26.04.2017 W (onshore) 3 UF DS
Sentinel-2  11.04.2017 W (onshore) 4 DF UA
Landsat 8 10.04.2017 S 4 UF DS
(downwelling)
Sentinel-2  08.04.2017 S 3 UF DS
(downwelling)
Landsat 8 25.03.2017 W (onshore) 3 DF UA
Sentinel-2  12.03.2017 SE 5 UF DS
(downwelling)
Sentinel-2  27.02.2017 N (upwelling) 3 UF DS
Sentinel-2  31.01.2017 E, offshore 1 UF DS
Sentinel-2  28.01.2017 NE (offshore) 5 UF DS
Sentinel-2 18.01.2017 NE (offshore) 4 UF DS
Sentinel-2 22.11.2016 W (onshore) 3 DF UA
Sentinel-2 19.11.2016 NE (offshore) 5 UF DS
Landsat 8 01.11.2016 NE (offshore) 5 UF DS
Sentinel-2  03.10.2016 SE 3 UF DS
(downwelling)
Landsat 8 14.09.2016 W (onshore) 3 UF DS
Sentinel-2  13.09.2016 W (onshore) 3 UF DS
Landsat 8 22.08.2016 W (onshore) 3 UF DS
Sentinel-2 21.08.2016 W (onshore) 3 UF DS
Sentinel-2  04.08.2016 0 0 UF DS
Sentinel-2  01.08.2016 SW (onshore) 4 UF DS
Landsat 8 28.07.2016 W (onshore) 4 UF DS
Sentinel-2  15.07.2016 S 3 UF DS
(downwelling)
Sentinel-2 12.06.2016 SW (onshore) 3 UF DS
Landsat 8 25.05.2016 S 5 UF DS
(downwelling)
Landsat 8 09.05.2016 W (onshore) 4 DF UA
Sentinel-2  03.05.2016 W (onshore) 3 UF DS
Landsat 8 02.05.2016 SW (onshore) 3 DF UA
Sentinel-2  26.04.2016 S 3 UF DS
(downwelling)
Landsat 8 07.04.2016 S 3 UF DS
(downwelling)
Sentinel-2  06.04.2016 S 2 UF DS
(downwelling)
Landsat 8 31.03.2016 W (onshore) 4 UF DS
Sentinel-2  13.02.2016 SE 4 UF DS
(downwelling)
Landsat 8 27.01.2016 NE (offshore) 6 UF DS
Sentinel-2  18.12.2015 NE (offshore) 5 UF DS
Landsat 8 17.12.2015 NE (offshore) 5 UF DS
Landsat 8 30.10.2015 E, offshore 4 UF DS
Sentinel-2  29.09.2015 W (onshore) 4 UF DS
Landsat 8 28.09.2015 SE 5 UF DS
(downwelling)
Sentinel-2  19.09.2015 W (onshore) 4 UF DS
Landsat 8 12.09.2015 SW (onshore) 3 UF DS
Sentinel-2  30.08.2015 W (onshore) 2 DF UA

Ostrander et al., 2008) and, in particular, on the Mzymta plume
(Osadchiev and Zavialov, 2013; Osadchiev, 2015) is significantly lower
as compared to wind forcing.

The Mzymta River is characterized by a rapid flow (1-2 m/s), but
relatively small depth (1-1.5m) in the mouth. Therefore, the fresh-
water jet inflowing to the sea from the Mzymta mouth is characterized
by a relatively high speed, but small vertical extent and volume. As a
result, it is efficiently decelerated by vertical friction with the subjacent
sea water and the initial inertia of the jet decays near the river mouth. A
wide range of Mzymta discharge rates (44-118 m?3/s) and, therefore,
river inflow velocities during the periods considered in this study
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Fig. 6. Sentinel-2 ocean color composite from 27 July 2017 and plume
spreading scheme. The white line reproduces the sharp front between the plume
and ambient sea, the green arrow indicates wind direction. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

resulted in a small range of sizes of the inertia-governed near-field part
of the plume (1-2km) according to the reconstructed surface velocity
fields. Thus, the observed spatial scale of the Mzymta near-field plume
is of one order of magnitude less than, first, was reported for river
plumes formed by rivers with similar discharge rates but lower river
inflow velocities (Bourrin et al., 2008; Ostrander et al., 2008; Romero
et al., 2016; Zhao et al., 2018), and, second, values numerically esti-
mated by formulae described by Yankovsky and Chapman (1997) and
Horner-Devine et al. (2006) based on the Burger and Rossby numbers.

Abrupt deceleration of the near-field jet causes formation of a strong
pressure gradient in vicinity of the river mouth, which is directed off
the river mouth. As a result, the pressure gradient force hinders antic-
yclonic recirculation flow directed to the river mouth. Thus, we pre-
sume that river discharge volume and inflow velocity are the limiting
factors for formation of an anticyclonic bulge within the Mzymta plume
during the considered periods of low wind forcing conditions (Fig. 2).
This situation is presumed not to occur if a river inflow has a low ve-
locity and/or a large volume and, therefore, is not abruptly decelerated
by friction with subjacent sea and does not form strong velocity and
pressure gradients in vicinity of the river mouth. However, a detailed
study of this factor and its interaction with other conditions that in-
fluence near-field dynamics of a small river plume and formation of an
anticyclonic bulge (external forcing, estuary width, contact between
plume and sea bottom, inflow velocity, Coriolis frequency, and river
inflow angle) requires specific in situ measurements and numerical
modelling and is beyond this work.

The reconstructed surface velocity fields show strong non-uni-
formity of average motion directions among different areas of the far-
field part of the Mzymta plume in response to wind forcing. The surface
layer is moving at an angle of up to 80° to upwelling, onshore, and
offshore wind direction in the most stratified parts of the plume ad-
jacent to the Mzymta mouth, while at more mixed outer parts of the
plume this angle diminishes to 30-40°. We presume that this effect is
caused by inhomogeneity of Ekman layer depth caused by strong
variability of stratification at the border between the Mzymta plume
and the subjacent sea. This is consistent with the results of numerical
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modelling experiments performed by Zhurbas (2013) focused on de-
pendence of parameters of Ekman transport on surface stratification
formed by a buoyant river plume. However, to the extent of our
knowledge, variability of Ekman angle within a small ocean area, in
particular, an individual river plume has not been described before.

Dynamical features of the Mzymta plume described above sig-
nificantly influence its structure, spreading patterns, and the associated
transport of suspended and dissolved river-borne constituents. First,
accumulation of freshwater discharge near a river mouth addressed in a
number of previous studies (Nof and Pichevin, 2001; Fong and Geyer,
2002; Horner-Devine et al., 2006) does not occur at the Mzymta plume
due to small size of its near-field part and absence of a recirculating
bulge. As a result, the Mzymta discharge is mainly transported off the
river mouth to the wind-driven far-field part of the plume.

Wind forcing induces spreading of a far-field plume in the direction
of surface Ekman transport in the coastal sea until it is limited by a
coastline. This results in two stable states of a plume defined by the
location of a restraining coastline and a river mouth. If plume spreading
is limited by a downstream coastline, an alongshore downstream cur-
rent is formed. Otherwise, if river plume is restrained by an upstream
coastline, plume motion decays and it is arrested in this area. These two
stable states are generally indicated by upstream/downstream location
of a sharp plume front.

Large angles between wind and surface flow directions observed at
the strongly stratified part of the Mzymta plume adjacent to the river
mouth result in significantly different spreading patterns of the Mzymta
plume in response to wind forcing as observed for medium-size and
large rivers, especially under onshore and upwelling wind forcing
(Fig. 7). Previous works reported that upstream spreading of a river
plume is induced by upwelling wind forcing (Geyer et al., 2000; Choi
and Wilkin, 2007; Xia et al., 2007). However, upstream spreading and
accumulation of the Mzymta plume indicated by downstream location
of the sharp plume front was observed only during onshore winds.

Upwelling winds, in contrast, caused intense offshore spreading of
freshened water indicated by the largest cross-shore extents of the
Mzymta plume, while largest cross-shore scales of medium-size and
large river plumes are observed under offshore winds (Xia et al., 2011;
Jurisa and Chant, 2012). Downstream propagation of the Mzymta
plume as a narrow coastal current under downwelling wind forcing is
similar to typical spreading patterns of medium-size and large river
plumes (Rennie et al., 1999; Pullen and Allen, 2000; Geyer et al., 2000;
Johnson et al., 2001; Choi and Wilkin, 2007).

The spreading area of the Mzymta plume is dominated by offshore
and downwelling winds accounting 67% of a year, while onshore winds
are registered on average during 18% of a year and 20% during a spring
freshet. As a result, the majority of fluvial discharge and river-borne
suspended and dissolved matter are directly transported downstream
off the river mouth. On the other hand, upstream accumulation of the
Mzymta freshwater occurs during a significant part of the year.
However, wind forcing in the study region is characterized by high
temporal variability. In particular, the duration of the majority of
periods of onshore wind forcing is on the order of several hours. Thus,
downstream transport of the Mzymta discharge is the dominating
spreading pattern of the Mzymta plume, while its long-term upstream
accumulation is an infrequent event. This result is consistent with
previous studies based on in situ measurements and/or numerical
modelling, which showed that terrigenous sediments discharged from
small rivers of the study region are transported along the shore and do
not accumulate near the estuaries (Dzaoshvili and Papashvili, 1993;
Jaoshvili, 2002; Balabanov et al., 2011; Osadchiev and Korshenko,
2017).

5. Summary and conclusions

The present study demonstrates that near simultaneous satellite
imagery from Sentinel-2 and Landsat 8 missions can be processed by
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Fig. 7. Schematic of spreading patterns of a small river plume and the related locations of sharp frontal zones of a plume under (a) downwelling, (b) onshore, (c)

upwelling, (d) offshore, and (e) low wind forcing conditions.

optical flow algorithms for accurate and precise reconstruction of sur-
face currents in different world regions. Despite relatively sparse tem-
poral coverage of these measurements caused by the long joint repeat
cycle of Sentinel-2 and Landsat 8 the reconstructed high resolution
snapshots of surface currents hold promise for providing improved
qualitative and quantitative insights into various upper ocean current
features and dynamics, especially for poorly sampled areas.

In this work we address dynamics of the buoyant plume formed by
the Mzymta River located at the northeastern shore of the Black Sea.
Using optical flow algorithm we obtained high resolution snapshots of
surface velocity fields associated with spreading of the small Mzymta
plume under various wind forcing conditions. Based on this data and in
situ measurements of local wind and river discharge we obtained new
insights into dynamics of small river plumes and identified its differ-
ences from dynamics of medium-size and large river plumes.

The low volume of the Mzymta runoff results in low kinetic energy
of the near-field jet, which causes its rapid deceleration near the river
mouth. As a result, inertia of the river inflow quickly decays, a strong
velocity and pressure gradient is formed in vicinity of the river mouth,
which hinders formation of an anticyclonic bulge. This fact favors
transport of freshwater discharge off the river mouth and its accumu-
lation in the far-field plume under low wind forcing conditions, which
is not typical for medium-size and large river plumes.

The reconstructed surface velocity fields showed significant varia-
bility of the angle between the wind-induced Ekman transport and wind
direction within the Mzymta plume under light and moderate wind
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forcing conditions. The angle varied from 30 to 40° at the outer parts of
the plume to 60-80° in vicinity of the Mzymta mouth, which is pre-
sumably caused by non-homogeneous distribution of surface Ekman
layer depth within the river plume. Anomalously large values of angles
of Ekman transport observed within the Mzymta plume resulted in
significant differences in its spreading patterns in response to wind
forcing as compared to large river plumes. In particular, onshore and
upwelling wind forcing favored upstream accumulation and offshore
transport of the Mzymta plume, respectively. As a result, freshwater
discharge of the Mzymta River is transported off the river mouth under
upwelling, offshore and downwelling winds, while only onshore wind
induces upstream accumulation of freshened water and river-borne
nutrients, anthropogenic pollutants, terrigenous sediments, litter near
the river mouth.

Frequency, duration, and temporal distribution of wind conditions
favorable for formation of upstream/downstream spreading of fluvial
water and river-borne suspended and dissolved matter strongly affect
local physical, biological, and geochemical processes. In particular,
frequent and intense downstream transport of fluvial water can increase
salinity anomaly and reduce stratification on long segments of a sea
coast (Podymov and Zatsepin, 2016; Osadchiev and Korshenko, 2017).
As a result, a river plume can interact with buoyant plumes generated
by rivers, whose mouths are located downstream, and influence their
structure and dynamics (Mendes et al., 2016; Romero et al., 2016;
Warrick and Farnsworth, 2017). On the other hand, long-term upstream
accumulation of river-borne nutrients, terrigenous sediments,
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anthropogenic pollutants, and litter can significantly impact on local
water quality, pollution, food webs, fishery, and engineering activities.
Thus, the results obtained in this study, related to influence of along-
shore and cross-shore winds on dynamics of small river plumes could be
useful for understanding of transport and fate of river-borne con-
stituents delivered by discharge of small rivers, as well as their influ-
ence on the marine environment in many world coastal areas.
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