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Abstract: Satellite altimetry is an efficient instrument for detection dynamical processes in the World
Ocean, including reconstruction of geostrophic currents and tracking of mesoscale eddies. Satellite
altimetry has the potential to detect large river plumes, which have reduced salinity and, therefore,
elevated surface level as compared to surrounding saline sea. In this study, we analyze applicability
of satellite altimetry for detection of the Ob–Yenisei plume in the Kara Sea, which is among the
largest river plumes in the World Ocean. Based on the extensive in situ data collected at the study
area during oceanographic surveys in 2007–2019, we analyze the accuracy and efficiency of satellite
altimetry in reproducing, first, the outer boundary of the plume and, second, the internal structure of
the plume. We reveal that the value of positive level anomaly within the Ob–Yenisei plume strongly
depends on the vertical plume structure and is prone to significant synoptic and seasonal variability
due to wind forcing and mixing of the plume with subjacent sea. As a result, despite generally
high statistical correlation between the ADT and surface salinity, straightforward usage of ADT for
detection of the river plume is incorrect and produces misleading results. Satellite altimetry could
provide correct information about spatial extents and shape of the Ob–Yenisei plume only if it is
validated by synchronous in situ measurements.

Keywords: satellite altimetry; river plume; surface layer; stratification; Ob–Yenisei plume; Kara Sea;
Arctic Ocean

1. Introduction

River plumes are freshened water masses, which are formed at the sea surface layer as
a result of mixing of river discharge and saline seawater. A sharp density gradient separates
river plumes and surrounding seawater. Dynamics of surface motion of a river plume
is controlled by this density gradient. Generally, river plumes have large area but small
depth. Area of a river plume exceeds its thickness by 3–5 orders of magnitude, therefore,
even small rivers (with a water flow rate of several cubic meters per second) form river
plumes with spatial extents of tens and hundreds of meters [1–5], while the spatial extents
of river plumes formed by the largest rivers in the World are hundreds of kilometers [6–9].
Thus, despite the relatively small volume of global continental runoff into the World Ocean
(38,000 km3 annually) compared to the volume of shelf seawater (66,600,000 km3), river
plumes, depending on the season, occupy from 7% to 21% of the total shelf area of the
World Ocean, i.e., several millions of square kilometers [10].

River plumes play an important role in global and regional land–ocean interactions.
The river runoff is an important source of buoyancy, heat, terrigenous suspended sedi-
ments, nutrients, and anthropogenic pollution for the World Ocean [11–14]. River plumes
are transitional water masses between river runoff and seawater, therefore, they gov-
ern transformation and redistribution of fluvial water, as well as river-borne dissolved
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and suspended matter [15,16]. As a result, river plumes significantly affect many physi-
cal, biological, and geochemical processes in the sea, including stratification, coastal and
shelf circulation, carbon and nutrient cycles, primary production, seabed morphology,
etc. [17–19].

Satellite observations are among the main instruments to study the World Ocean
together with in situ measurement and numerical modeling. The majority of satellite
missions has regular worldwide coverage and provides extensive data, which is informative
for various processes in the World Ocean. Satellite altimetry instruments carried on
Seasat, Geosat, ERS-1, and ERS-2 were designed to measure week-to-week variability of
currents [20]. Topex/Poseidon, launched in 1992, was the first satellite designed to make
accurate measurements necessary for observing the time-averaged surface circulation, tides,
and the variability of currents [21]. The most recent gridded altimetry products have a
spatial resolution of 0.1◦ [22] and are steadily improving the accuracy of measurements [23].

As it was described above, the structure, dynamics, and variability of river plumes are
key factors for understanding the mechanisms of advection, convection, transformation,
accumulation and dissipation of fluvial water and river-borne suspended and dissolved
matter. Therefore, identification of spatial extents of river plumes, i.e., detection of their
outer borders, as well as reconstruction of their internal structure is a task of a great
scientific importance. River plumes are elevated over the surrounding saline sea, due to
their reduced salinity and density. Theoretically, they could be detected as areas of positive
sea level anomaly at satellite altimetry maps. However, spatial extents of a river plume,
which can be observed in satellite altimetry maps, must be hundreds of kilometers due to
spatial resolution of satellite altimetry products. Moreover, sea level anomaly exceeds 10 cm
only at the largest river plumes in the World Ocean including the Amazon-Orinoco, Ganges–
Brahmaputra, Congo, Ob–Yenisei, and Lena plumes [24]. Satellite altimetry has potential
to be an important tool for studying these large river plumes especially because their outer
areas are blurred and not well detected at thermal and optical satellite imagery [25] (which
is not the case of small river plumes with sharp thermal and optical gradients at the borders
with saline sea [26,27]). However, we are aware only of several works, which apply (albeit
limitedly and in combination with other satellite products) satellite altimetry for studying
large river plumes [28–32].

In this study, we analyze applicability of satellite altimetry for studying the Ob–Yenisei
plume in the Arctic Ocean (Figure 1). The Ob–Yenisei plume is formed in the Kara Sea
by discharge from the Ob, Yenisei, and several smaller rivers. Total freshwater discharge
that forms the Ob–Yenisei plume during ice-free period in the Kara Sea (June–October)
is estimated as ~1000 km3 [33,34]. The isohaline of 25 is typically regarded as the outer
border of the Ob–Yenisei plume. Area of the Ob–Yenisei plume during ice-free periods
increases from ~100,000 km2 in July to ~200,000–250,000 km2 in September–October [8].
Depth of the Ob–Yenisei plume is 10–15 m [8]. Seasonal and inter-annual variability of the
Ob–Yenisei plume during ice-free period is described in detail in [8,35–37].

We compare in situ salinity measurements within the Ob–Yenisei plume performed
during 11 oceanographic surveys during ice-free season in 2007–2019 with synchronous
satellite altimetry measurements in the study area. Based on these data, we analyze the
relation between positive sea level anomaly, on the one hand, and surface and vertical
salinity structure, on the other hand. Then, we analyze applicability of validated and
non-validated satellite altimetry data collected during the last 28 years in the study region
for detection of the Ob–Yenisei plume and describe its seasonal and interannual variability.
Finally, we provide examples when straightforward usage of satellite altimetry for detection
of the Ob–Yenisei plume could lead to incorrect results.

This paper is organized as follows. In Section 2, we provide information about in
situ and satellite altimetry data used in this study. Section 3 is focused on the comparison
of satellite sea level anomaly data and in situ salinity measurements in the study area.
Applicability of satellite altimetry data for studying the Ob–Yenisei plume is discussed in
Section 4, followed by the conclusions.
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Figure 1. Average summer (July–September) sea surface salinity in the World Ocean (a), the same salinity data in the area 
of the Ob–Yenisei plume in the Kara Sea (b), and mean dynamic topography in the Kara Sea (c). Red lines in panel (a) 
show the limits of maps (b,c). Salinity data are presented from World Ocean Atlas 2018 (WOA2018, [38]). Mean Dynamic 
Topography data are according [23] data. The shoreline is shown according to the GSHHS data [39] hereafter. Salinity 
color scale is the same for maps (a,b). Locations of the Ob and Yenisei transects are shown in panels (b,c) by solid black 
lines. 
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Figure 1. Average summer (July–September) sea surface salinity in the World Ocean (a), the same salinity data in the area of
the Ob–Yenisei plume in the Kara Sea (b), and mean dynamic topography in the Kara Sea (c). Red lines in panel (a) show the
limits of maps (b,c). Salinity data are presented from World Ocean Atlas 2018 (WOA2018, [38]). Mean Dynamic Topography
data are according [23] data. The shoreline is shown according to the GSHHS data [39] hereafter. Salinity color scale is the
same for maps (a,b). Locations of the Ob and Yenisei transects are shown in panels (b,c) by solid black lines.

2. Data and Methods
2.1. Data Used

The hydrographic in situ data used in this study were collected during 11 oceano-
graphic surveys in the Kara Sea onboard the research vessels “Akademik Mstislav Keldysh”
and “Professor Shtokman” in 2007, 2011, and 2013–2019. The field surveys included contin-
uous measurements of salinity in the sea surface layer (2–3-m depth) performed along the
ship track using a shipboard pump-through system equipped with a thermosalinograph
(SBE 21 SeaCAT). In 2007, 2011, 2014, and 2016 the vertical thermohaline structure was
measured at multiple hydrographic stations in the central part of the Kara Sea includ-
ing the spreading area of the Ob–Yenisei plume. Vertical thermohaline structure was
measured using a CTD instrument (SBE 911plus) at 0.2 m spatial resolution. This CTD
profiler was equipped with two parallel temperature and conductivity sensors; the mean
temperature differences between them did not exceed 0.01 ◦C, while that of salinity was



Remote Sens. 2021, 13, 5014 4 of 18

not greater than 0.01 PSU. The detailed information about these measurements, as well as
their comprehensive analysis are given in [8].

The Data Unification and Altimeter Combination System (DUACS) delayed time
altimeter gridded product [40] available from Copernicus Marine Environment Monitoring
Service (CMEMS, http://marine.copernicus.eu/, accessed date: 7 December 2021) was
analyzed in this study. This product comprises maps of sea level anomaly (SLA), absolute
dynamic topography (ADT), surface-geostrophic velocities, and surface-geostrophic ve-
locity anomalies with a spatial resolution of 0.25◦ on a Mercator regular grid and a daily
sampling. The data include measurements from all available altimeters at any given time.
Wind forcing conditions were examined using ERA5 atmospheric reanalysis with a 0.25◦

spatial and hourly temporal resolution [41].

2.2. Methods

In this study, we compare the spatial extents of the Ob–Yenisei plume derived from in
situ salinity and satellite altimetry data, which requires determination of the plume–sea
boundary. Salinity is the main characteristic used to distinguish river plumes and seawater.
In the previous related studies, the boundary zones between a river plume and ambient
sea were associated with a specific isohaline, which value depends on the local conditions.
In the case of a sharp gradient and close location of isohalines at the plume-sea interface,
the choice of a salinity value for determining the plume boundary is rather arbitrary, albeit
it does not significantly affect the resulting spatial extents and area of the plume. Previous
research revealed that the Ob–Yenisei plume is bounded by a distinct salinity gradient at
the isohalines of 24–26 [8]. According to this result, in the current study, we prescribe the
outer border of the Ob–Yenisei plume by the isohaline of 25.

Similar to salinity data, previous studies of river plumes based on various satellite data
(thermal, optical, salinity, altimetry, SAR) associated sharp gradients and/or the related
isolines with outer borders of river plumes [6,42–50]. However, direct comparison of in
situ salinity measurements with satellite data used in these studies played a crucial role in
assessment of validity and accuracy of satellite-derived plume borders. This comparison
was based on synchronization of position and time of in situ measurements and satellite
observations and the subsequent reprojection of both datasets to the same coordinate-
time system.

According to previous studies, the comparison of the gridded altimetry data with
in situ salinity measurements was performed in the following way. First, a point with
the salinity data measured by SBE 21 SeaCAT thermosalinograph (Sea-Bird Electronics,
Bellevue, WA, USA) was selected. The coordinates and exact time of salinity measurements
are known from the ship GPS with high accuracy. Then, we selected the respective ADT
field from daily gridded altimetry on the day of salinity measurements. This field was
interpolated to the point of salinity measurements using the linear interpolation method.
This procedure was performed for all points along the ship track.

3. Results
3.1. Surface Salinity Structure and ADT

River plumes are determined as water masses with reduced salinities as compared
to surrounding seawater. Generally, water within river plumes differs from seawater by
many other physical, optical, geochemical, and biologic properties. However, the principal
difference between river plumes and surrounding sea consists in the reduced density
of river plumes, which is caused by the reduced salinity of river plumes. Temperature
difference also affects plume–sea density gradient, albeit it plays a secondary role. Indeed,
according to the equation of state for seawater [51], the density change caused by an
increase in salinity by one unit is ~10 kg/m3. The same density change caused by an
increase in temperature is provided by a value ~10 ◦C. The typical plume–sea density
differences exceed several salinity units, while the related temperature differences are much
less. In particular, it is the case of the Ob–Yenisei plume (Figure 2). Seasonal variations of

http://marine.copernicus.eu/
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temperature in the Kara Sea (including the Ob–Yenisei plume) are among the largest in the
World Ocean (10–15 ◦C); however, the salinity jump at the plume–sea border is 5–10. The
prevailing role of salinity in density regulation in the study area results in almost vertical
lines of density contours in the temperature–salinity diagram (Figure 2).
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(yellow dots), and October (orange dots).

The reduced density (salinity) determines fundamental features of dynamics of river
plumes, namely, advection in the surface layer and formation of large horizontal pressure
gradient between river plume and surrounding seawater. As a result, surface salinity
measurements are the only direct and reliable way to detect river plumes and determine
the area they occupy at sea. Once we have intention to apply satellite altimetry to detect
the Ob–Yenisei plume, we compare these data with the extensive data set of surface salinity
measurements performed in the Kara Sea along the ship tracks during 11 oceanographic
cruises in 2007–2019. Figure 3 demonstrates in situ surface salinity versus synchronous
satellite-derived ADT.
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graphic cruises in 2007–2019. Measurements carried out in different months are shown in different colors.

Surface salinity and ADT have certain negative correlation, namely, ADT at low
salinities (0–20) is equal to 0–25 cm, which is greater than ADT at high salinities (20–35)
equal to −20–20 cm. However, the observed variability of ADT within individual salinity
values is very large. In particular, ADT at salinity of 25 varies between −15 and 20 cm,
while ADT at salinity of 15 varies between −5 and 25 cm. Moreover, this large variability
is observed for the whole range of salinity values from 0 to 32. As a result, the common
ADT range (−5–20 cm) for the Ob–Yenisei plume (salinities of 0–25) and for the ambient
saline sea (salinities of 25–32) is comparable with the whole range of ADT in the Kara Sea.

Figure 3 clearly demonstrates that the ADT–salinity graph is dramatically different
for different cruises at different years. Therefore, there is no universal and direct relation
between surface salinity and ADT in the Kara Sea. In particular, straightforward usage of
satellite altimetry for detection of the Ob–Yenisei plume is misleading. This negative result
is the main outcome of this study. However, further we analyze the causes of this feature
and describe conditions, when ADT is indicative of satellite salinity and could be used for
detection of the Ob–Yenisei plume.

3.2. Vertical Salinity Structure and ADT

Positive sea level anomaly within the river plume depends on salinity anomaly of the
plume and the plume depth. Previous research revealed significant seasonal variability
of both characteristics of the Ob–Yenisei plume during ice-free season [8,35]. In June–July,
during the peak river discharge, the Ob–Yenisei plume is low-saline (5–15) and relatively
shallow (10 m). Then, in August–October salinity of the plume steadily increases to 15–25,
its depth also increases to 10–15 m. Total freshwater volume contained in the Ob–Yenisei
plume accumulates during the ice-free season from ~600 km3 in June–July to ~900 km3

in October.
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These seasonal changes in structure of the Ob–Yenisei plume affect sea level anomaly
of the plume and modify the related ADT–salinity relation. Indeed, decomposition of all
points at the ADT–salinity graph by months shows that the sea level within the plume
in October is 5–20 cm higher for the same salinities than in July (Figure 3). In July, the
Ob–Yenisei plume is a spatially homogenous and strongly stratified river plume formed
by flooding river runoff recently discharged to the sea. Later in August–October, river
runoff significantly decreases, while the Ob–Yenisei plume experience intense mixing with
subjacent saline sea [8]. As a result, the ADT–salinity relation is almost linear in July, while
in August, September, and October the linear dependence disperses (Figure 3).

In order to assess the influence of variations of salinity and depth of the plume on
the sea level anomaly, we calculate the freshwater content in the water column, i.e., the
amount of zero-saline river water that provided the observed vertical salinity distribution
once mixed with the reference saline seawater. The freshwater content L is calculated
by the equation L(x) =

∫ 0
h(x)

S0−S(x,z)
S0

dz , where x and z are the horizontal and vertical
coordinates, respectively, S(x,z) is the observed salinity at the point (x,z), S0 is the reference
ambient seawater salinity (equal to 32 in case of the Kara Sea), h(x) is the ocean depth at
the point x [8].

The freshwater content L represents the equivalent thickness of the layer of fresh
waters contained in the total water column. This characteristic has potential to be more
correlated with the sea level anomaly, as compared to sea surface salinity. Indeed, once
a plume experiences mixing with subjacent sea, the salinity and depth of the plume
increases, however, both freshwater content and ADT do not change. In order to check this
assumption, we calculated the freshwater content within the Ob–Yenisei plume. Note that
calculation of the freshwater content requires information about vertical salinity structure.
Therefore, freshwater content could be calculated accurately only in case of vertical salinity
measurements at closely spaced hydrologic stations along the transects. These appropriate
measurements in the study area were performed in 2007, 2011, 2014, and 2016. The
measurements were performed along two quasi-meridional transects, which started at
the Ob and Yenisei estuaries, crossed the Ob–Yenisei plume, and finished in the saline sea
northward from the plume (Figure 1). Both transects were repeated in July, August, and
September, albeit during different years.

The freshwater content calculated along the transects shows very good accordance
with ADT from the daily gridded altimetry interpolated to the points of the transects
(Figure 4). The freshwater content decreases from 14–18 m in the Ob and Yenisei gulfs to
zero in the ambient seawater of the Kara Sea (red lines in Figure 4). The sea level shows
quite similar structure; the corresponding decrease of the sea level from the Ob and Yenisei
gulfs and the ambient sea based on the altimetry data is 20–25 cm. Typical values of
ADT are 10–25 cm within the plume and −10 to 0 cm in the ambient sea at the distance
~500 km northward from the gulfs, which corresponds to the mean sea level gradient of
0.04–0.05 cm/km. Note that ADT reveals only this large-scale decrease of the sea level
between the plume and the northern part of the Kara Sea. Local sea level variations
at smaller spatial scales do not correlate with local variations of the freshwater content
making it impossible to study the internal structure of the plume based on the satellite
altimetry data.

3.3. Wind Forcing and ADT

Despite seasonal changes in the plume structure, strong wind forcing also could
substantially affect sea level and break the ADT–salinity correlation on a synoptic time
scale. Strong and durable winds induce wind surges at the coastal areas, which is the
case of the Kara Sea [32,52–54]. The threshold value of wind speed, which causes change
of sea level by more than 10 cm in the study area (i.e., comparable with plume–sea ADT
difference) is equal to 6–8 m/s [32,55]. As a result, the Ob–Yenisei plume could be correctly
detected by satellite altimetry only in case of low wind forcing (<6 m/s), which occurs
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on average during 40% of all days during the ice-free season (July–October) based on the
ERA5 reanalysis.
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The ADT maps presented in Figure 5 illustrate that the increased sea level in the
central part of the Kara Sea associated with the Ob–Yenisei plume could be significantly
distorted during 1–2 weeks. The mean wind during the first half of September 2018
varied between 7 and 10 m/s, which is noticeably higher than the mean wind forcing in
the Kara Sea. The maps are given with a time step of 3 days between 5 September and
14 September 2018. The area of elevated sea surface limited by isoline of 10 cm decreases
from 205,000 km2 to 85,000 km2 during these 10 days, which is caused by the wind surge
and cannot be associated with the actual decrease of the plume area. The shape of the
0 m ADT isoline is also very indicative. Its location in the central part of the Kara Sea
shifts 230 km onshore during 3 days between 11 and 14 September, which is another
manifestation of the wind surge.

Based on the ERA5 reanalysis, the wind between 5 and 11 September was directed to
the east and southeast, leading to the wind surge in the central part of the plume (Figure 5).
Note that the general direction of the shoreline changes within the plume from zonal in
the central part of the Kara Sea to almost meridional at some parts of the eastern plume
boundary. In addition, the plume borders Novaya Zemlya in September and October.
Therefore, a strong wind of almost any direction will cause a surge for some large area of
the plume.
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3.4. Detection of the Ob–Yenisei Plume in July 2016

In the previous section, we demonstrated that satellite altimetry data could be used
for detection of the Ob–Yenisei plume, however only under two conditions: First, ADT
must be validated against recent (<1 month difference) surface salinity measurements
performed across the plume–sea border. At greater temporal scale, the initial validated
ADT–salinity relation changes due to seasonal variability of freshwater content within
the plume. Second, wind forcing must be low (<6 m/s) during the considered period, as
well as during the period of in situ measurements used for ADT validation. Strong winds
induce wind surges that modify the initially validated ADT–salinity relation.

Among all other cruises, the cruise in July 2016 shows the best correlation between
ADT and surface salinity (blue dots in Figures 3 and 6b). Surface salinity measurements on
17–25 July 2016 are supported by vertical salinity measurements along both Ob and Yenisei
transects (Figure 6a). The calculated distribution of freshwater content along these transects
also shows good correlation with ADT (Figure 4). The observed good applicability of ADT
data for detection of the Ob–Yenisei plume in July 2016 is supported by both conditions
described above. Wind forcing in the central part of the Kara Sea was low (5 m/s on
average) from the beginning of July until the period of field measurements. Later in the
end of July, the average wind speed increased to 7–10 m/s. As a result, we presume that
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the obtained ADT–salinity relation could be applied to reconstruct the spreading area of
the Ob–Yenisei plume during 1–25 July 2016 using satellite altimetry data.
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The linear dependence between surface salinity and ADT during the field survey
provides the value of ADT (−6 cm), which corresponds to the outer boundary of the
Ob–Yenisei plume defined by isohaline of 25 (Figure 6b) [8]. Using this ADT value, we
defined the outer plume boundary with a time step of 5 days during 1–25 July 2016
(Figure 7) based on daily gridded altimetry data. We obtained that the area of the Ob–
Yenisei plume during this period increased from 175,000 to 248,000 km2. The mean velocity
of the northward motion of the outer plume boundary was 6.5 km/day or 7.5 cm/s. This
example demonstrates that satellite altimetry could provide important results about spatial
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extents and spreading dynamics of the Ob–Yenisei plume, albeit only after validation
against appropriate in situ salinity measurements and in case of low wind forcing.
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Figure 7. Positions of the outer boundary of the Ob–Yenisei plume determined by the ADT isoline of −6 cm on 1–20
July 2016.

3.5. Detection of the Ob–Yenisei Plume in 2007–2019

We test the ability of satellite altimetry to detect the Ob–Yenisei plume using surface
salinity measurements in the study area obtained during 11 oceanographic surveys in the
Kara Sea in 2007, 2011, and 2013–2019. Based on in situ data, we reconstruct location of the
outer border of the Ob–Yenisei plume at the segments where it was crossed by the ship
track, i.e., areas where surface salinity was equal to 25. Then, we obtain the ADT values at
the respective areas and determine the related isolines at the ADT maps of the Kara Sea,
i.e., reconstruct the outer border of the Ob–Yenisei plume using satellite altimetry data.
Then, in every case we test two questions: first, are the ADT values similar at different
segments of the actual plume border (detected by salinity measurements) and, second, do
the ADT isohalines represent realistic plume border.

Among the 16 survey periods, only six were performed under low wind forcing
conditions. In cases of strong wind forcing, the ADT–salinity relation is distorted, as
a result, the ADT values are different at different segments of salinity-derived plume
border, and the altimetry-derived plume borders are non-realistic. Typical examples of
this situation are shown in Figure 8a,b,d. For example, on 16 September 2011 (Figure 8a)
the shapes of the outer plume boundary defined based on in situ salinity and satellite
altimetry significantly differ. The discrepancies between the ADT isoline of −6 cm and
surface salinity of 15 PSU exceed 200 km. Similar discrepancies are observed on 21 August
2014 and 23 September 2011. The mean wind in the central part of the Kara Sea in these
three cases (Figure 8a,c,d) was equal 6.3, 5.2, 6.8 m/s, correspondingly. On the opposite, in
rare cases of low wind forcing conditions, the ADT–salinity relation works well, and the
resulting altimetry-derived plume borders generally are trustworthy (Figure 8c). Here, the
mean wind is 4.5 m/s and the location of the ADT isolines corresponds to the actual plume
outer boundary defined by continuous measurements of surface salinity.
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Figure 8. Absolute dynamic topography maps in the Kara Sea on (a) 16 September 2011, (b) 21 August 2014, (c) 22 September
2015, and (d) 23 September 2017. Outer boundaries of the plume defined as locations of the isohalines of 25 PSU (solid lines)
in the Kara Sea are shown based on continuous salinity measurements along the ship tracks.

As it was described above, the internal structure of the Ob–Yenisei plume is not
represented correctly by ADT even if the ADT–salinity relation is correct for detection of
the outer plume border. Local sea level anomalies up to 30 cm are observed in the Gulf of
Ob, in the Yenisei Gulf, at shallow areas along Taymyr Peninsula, etc. (Figures 6a and 8).
These peculiarities of sea level are caused by low accuracy of satellite altimetry data near
the shoreline and low accuracy of reconstruction of tidal component, which is subtracted
from the ADT data. These features are especially evident in the narrow gulfs and over
shoals, and do not represent the internal plume structure once they are compared with
synchronous salinity measurements (Figure 6a).

Comparison of in situ salinity measurements performed during different months of
the same year with the respective ADT maps illustrates seasonal shift of freshwater content
in the Ob–Yenisei plume (Figure 9). The salinity-detected outer border of the plume in
August 2018 corresponded to the ADT isolines of 0–10 cm (Figure 9a), while two months
later in October 2018 it shifted to the ADT isolines of 15–20 cm (Figure 9b). The same effect
is clearly seen on the July, August, September, and October mean ADT maps (Figure 10).
For these maps, we averaged monthly mean ADT data available from CMEMS in a range
of 2007–2019, which corresponds to the interval of our in situ measurements. Based on
these data, the sea level rises from July to October. For example, at the northern end of the
Gulf of Ob at a latitude of 72◦45′N, the mean ADT equals to 4.6 cm (July), 6.6 cm (August),
15.1 cm (September), and 16.2 cm (October). The same values in the central part of the Kara
Sea at 74◦N are 4.3, 5.0, 8.5, and 12.7 cm. Thus, the mean increase of the sea level during
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the ice-free period is approximately 10 cm and depends on the location relative to the Ob
and Yenisei Gulfs. This sea level change must be taken into account for proper detection of
the outer plume border by means of satellite altimetry.
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4. Discussion and Conclusions

In this study, we analyze satellite altimetry data and in situ salinity measurements in
the Kara Sea to answer the question if satellite altimetry data could be used for detection of
the large Ob–Yenisei plume. The extensive set of in situ salinity measurements performed
during 11 oceanographic cruises in 2007–2019 in the Kara Sea clearly demonstrates the
absence of universal dependence between sea level anomaly and surface salinity. On the
opposite, the ADT–salinity relation is prone to very large synoptic variability caused by
strong wind forcing and wind surges in the study area. Second, seasonal variability of
ADT-salinity relation is caused by constant increase of ADT within the Ob–Yenisei plume
from July to October due to steady accumulation of freshwater in the plume during the
ice-free season.

The results clearly demonstrate that satellite altimetry could provide correct informa-
tion about spatial extents and spreading dynamics of the Ob–Yenisei plume, albeit only
after validation against appropriate and recently made in situ salinity measurements and in
case of low wind forcing. Once ADT is validated against in situ salinity data collected more
than several weeks before or after the considered period and/or covering a narrow range
of salinities, the ADT-salinity relation would be incorrect. Furthermore, the ADT–salinity
relation is incorrect in case of strong winds, i.e., on average during 40% of days during
ice-free season in the Kara Sea. In particular, the altimetry-derived outer border of the
Ob–Yenisei plume was correct during only 6 out of 16 field surveys analyzed in this study.
Another important limitation of satellite altimetry data in context of this study consists
in the fact that ADT does not represent internal structure of the Ob–Yenisei plume. Low
accuracy of satellite altimetry data near the shoreline, as well as low accuracy of reconstruc-
tion of tidal component in the coastal area results in formation of multiple areas of local
increased or decreased sea level, which are not related to internal structure of the plume.
These features are especially prominent in the gulfs and over shoals.

Significant inaccuracies can be produced during spatial interpolation of altimetry
data to the gridded fields, which will diminish small-scale frontal structures. However, as
satellite altimetry does not reproduce even the large-scale plume structure, the along-track
products will not show the small-scale features of the plume. In addition, most works
dedicated to studies of the plume structure based on the altimetry use exactly gridded
fields. Note that the number of available altimetry missions differs within a 2007–2019
period, which makes the altimetry data more unreliable.

We strongly support the idea that indirect methods based on remote sensing hold
promise of partly substituting in situ oceanographic measurements. However, these indirect
methods must be properly validated and adapted to specific regions in the World Ocean.
This study provides a good example of this concept. Reconstruction of the outer border of
the Ob–Yenisei plume on a daily or weekly basis during ice-free season holds promise to
provide new insights about its spreading dynamics and variability on synoptic, seasonal,
and interannual time scales. High-resolution satellite altimetry of the study area is available
on a daily basis during the last 28 years and this dataset was considered as a possible
tool for monitoring the Ob–Yenisei plume. However, our results clearly demonstrate that
satellite altimetry should be limitedly applied for detection of the Ob–Yenisei plume due
to lack of regular in situ salinity measurements and rare low wind forcing conditions in
the study area. Therefore, straightforward usage of positive anomaly of satellite altimetry
as a proxy of the Ob–Yenisei plume is prone to large uncertainties and could produce
misleading results.

Limited applicability of satellite altimetry for detection of the Ob–Yenisei plume
described in this study could be relevant for other large river plumes in the World Ocean.
Due to limitations of spatial resolution and accuracy of satellite altimetry, the obtained
results are relevant only to the Amazon–Orinoco, Ganges–Brahmaputra, Congo, and
Lena plumes. However, these river plumes affect a number of key physical, biological
and geochemical processes (water balance, stratification, nutrient cycle, carbon cycle,
acidification, etc.) across large marine areas including the Bay of Bengal [28,56,57], the
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South China Sea [58], the central Atlantic [59,60], and the Arctic Ocean [8,9,35–37,61–63].
Moreover, spreading and mixing of Ob–Yenisei and Lena plumes in the Arctic Ocean
determine the sea stratification in the area of seasonal sea ice formation, thereby affecting
ice formation in the Arctic Ocean, seasonal variability in the Earth’s albedo and planetary
climate [64,65].

In conclusion, the important motivation of this work is to highlight to the community
of ocean scientists that straightforward usage of satellite data without proper validation
can be (and very often is) misleading. River plumes are distinctly visible at wide variety
of satellite products due to their significantly different physical, optical, geochemical, and
biologic properties as compared to surrounding sea. Moreover, many of these satellite
products have regular planetary coverage and open data access. On the other hand, in situ
measurements within river plumes are often limited or not available because field surveys
are laborious and expensive. Therefore, river plumes (and other prominent features at
the ocean surface) are often studied using solely or almost solely satellite data, which
has high risk of incorrect results. This work clearly demonstrates that high correlation
between satellite-derived parameters and salinity neither provides correct detection of river
plume borders, nor trustworthy information about its internal structure. The comparison
of satellite-derived parameters and salinity should be done point-to-point with particular
attention paid to correct representation of intermediate salinity values.

This is not only the case of satellite altimetry. In particular, the recent study by
Tarasenko et al. [32] used satellite-derived salinity to describe structure and variability of
the large Lena plume in the Arctic Ocean. However, satellite salinity was not properly
validated against in situ data for intermediate and low-saline shelf areas (i.e., to the Lena
plume itself), validation in fact was limited to calculation of correlation of two datasets.
As a result, the presented satellite-derived salinity distributions did not reproduce sharp
salinity gradients typical for the outer border of the Lena plume. The area of the Lena
plume was overestimated due to artifacts of satellite-derived salinity, which became the
basis for highly speculative discussion by Tarasenko et al. [32] about temporal variability
of the Lena plume.
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