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Barents Sea

Vladimir Rogozhin®?, Alexander Osadchiev™**
and Olga Konovalova®

tShirshov Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia, 2Marine Research
Center at Lomonosov Moscow State University, Moscow, Russia, *Moscow Institute of Physics and
Technology, Dolgoprudny, Russia

The Pechora River forms the large Pechora River plume in the southeastern part
of the Barents Sea (also called the Pechora Sea). Many previous works addressed
water masses in the Barents Sea, however, the Pechora plume received relatively
little attention, therefore, many basic aspects of its structure and variability
remain unknown. In this study, we focus on spreading of the Pechora plume in
the Pechora Sea during ice-free periods. Based on the extensive in situ
measurements and satellite observations, we describe the dependence of area
and spatial characteristics of the Pechora plume on wind forcing, river discharge
rate, and spring ice conditions. We reveal three general types of Pechora plume
spreading, which are determined by the external forcing conditions. Joint
analysis of a large set of in situ and satellite data provided opportunity to study
the variability of the Pechora plume on the synoptic, seasonal, and interannual
time scales. We reveal regular advection of the Pechora plume through the Kara
Strait into the Kara Sea. In addition, we describe formation of a significant area of
increased salinity within the Pechora plume formed during wind-induced coastal
upwelling events. The results of this research are of key importance for
understanding the physical, biological, and geochemical processes in the
Pechora Sea and the adjacent areas of the Barents and Kara seas.

KEYWORDS

river plume, surface salinity, wind forcing, synoptic variability, seasonal variability,
coastal upwelling, Barents Sea, Pechora Sea

1 Introduction

The Barents Sea is a marginal sea in the western part of the Arctic Ocean (Figure 1).
The hydrological regime of the Barents Sea is determined by the inflow of, first, saline and
warm water from the North Atlantic and, second, low-saline and cold water from the
central part of the Arctic Ocean (Smedsrud et al, 2010; Smedsrud et al,, 2013). The
Norwegian Coastal Current is the main freshwater source for the Barents Sea (Skagseth
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FIGURE 1

Bathymetry of the Pechora Sea, locations of CTD stations (colored
circles) and location of the mooring station (red star) analyzed in this
study. RZ denotes the Russkiy Zavorot peninsula, GK denotes the
Gulyaevskie Koshki archipelago, which bound the Pechora Bay; KS
denotes the Kara Strait, YS denotes the Yugorsky Strait, which
connect the Pechora and Kara seas. The inset demonstrates location
of the Pechora Sea (red rectangle) in the Western Arctic; the
Pechora River and the river gauge stations Oksino (O) and Ust-
Tsilma (UT) (green squares). The bathymetric data was taken from
the International Bathymetric Chart of the Arctic Ocean (IBCAO)
(Jakobsson et al.,, 2012).

et al.,, 2011), while river runoft into the Barents Sea is relatively low
(260 km® annually) and limitedly affects regional hydrological
processes. The important exception is the southeastern part of the
Barents Sea (which is also called the Pechora Sea) (Figure 1)
(Nikiforov et al., 2005a). It receives large runoff from the Pechora
River with average annual discharge of 150 km® (Gordeev et al,
1996; Magritsky et al., 2017). The Pechora River is the 6" largest
river in the Arctic in terms of annual discharge after the Yenisei
(620 km®), Lena (530 km?), Ob (430 km®), Mackenzie (320 km?),
and Yukon (200 km?®) rivers. The annual discharge of the Pechora
River accounts for 3.5% of total annual river runoff to the Arctic
Ocean (Haine et al., 2015).

The Barents Sea is among the most studied among the Arctic
seas (e.g., Loeng et al,, 1997; Dankers and Middelkoop, 2008;
Arthun et al., 2011; Drinkwater, 2011; Boitsov et al., 2012;
Smedsrud et al., 2013; Lind et al., 2018; Skagseth et al., 2020; Liu
et al,, 2022). However, its shallow southeastern part received much
less attention. Studies of the Pechora Sea mainly described general
oceanographic conditions in this region; most of them were based
on 1-2 local field surveys (Loeng, 1991; Ilyin and Matishov, 1992;
Adrov and Denisenko, 1996; Byshev et al., 2001; Nikiforov et al.,
2005a; Nikiforov et al., 2005b; Mokhova et al., 2019). In particular,
we are not aware of any study considering the Pechora plume as an
individual water mass. Therefore, even basic aspects of its spatial
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and vertical structure, as well as temporal variability still
remain unknown.

Several papers describe the significant influence of the Pechora
plume on plankton communities in the Pechora Sea (Lee et al.,
2003; Dvoretsky and Dvoretsky, 2013; Gerasimova et al., 2019; Usov
et al, 2019). In addition, rapid changes in thermohaline
characteristics of the bottom layer in the shallow Pechora Sea,
which are also associated with variability of the Pechora plume,
strongly affect local macrozoobenthos communities. These
communities are an important component of the forage base of
the Atlantic walrus subspecies that is included in the Red Book of
the Russian Federation (state document established for
documenting rare and endangered species) (Dahle et al., 1998;
Denisenko et al., 2000; Denisenko et al., 2003; Denisenko et al.,
2019a; Denisenko et al., 2019b). In particular, Denisenko et al.
(2019a) demonstrated that macrozoobenthos communities
experience the greatest changes during freshet period, which
highlights the role of the Pechora plume.

This paper analyzes the extensive data set of in situ
measurements acquired in the Pechora Sea in 1993-2021. Based
on these data, which is also supported by thermal satellite imagery,
we describe (1) the vertical and spatial structure of the Pechora
plume; (2) synoptic, seasonal, and inter-annual variability of the
Pechora plume; (3) response of the Pechora plume to wind forcing,
river discharge variability, and spring sea ice melting. To the extent
of our knowledge, this paper provides the first thorough description
of structure and variability of the Pechora plume. This work
continues our previous studies of large river plumes in the
Eurasian Arctic including the Ob-Yenisei plume in the Kara Sea
(Osadchiev et al., 2017; Osadchiev et al., 2019; Osadchiev et al.,
2021a; Osadchiev et al., 2021¢), the Khatanga, Lena, Indigirka and
Kolyma plumes in the Laptev and East-Siberian seas (Osadchiev
et al,, 2020b; Osadchiev et al., 2020¢; Spivak et al., 2021; Osadchiev
et al, 2021b), the large-scale freshwater transport in the Eastern
Arctic (Osadchiev et al., 2020a; Osadchiev, 2021). Note that in this
paper, we describe the response of a medium-size river plume (with
area ~10 000 kmz) to external forcing, while our previous studies of
the Arctic River plumes were focused on large river plumes (with
area ~100 000 km?).

2 Study area, data, and methods
2.1 Study area

The Pechora Sea is a shelf marginal sea located between the
continental coast in the south, the Vaygach Island and Novaya
Zemlya in the east, and the Kolguev Island in the west (Figure 1).
The northern boundary of the sea is determined by the line between
the Kolguev Island and cape Cherniy at the northern shore of
Novaya Zemlya. The Pechora Sea in connected with the central part
of the Barents Sea in the northwest and with the Kara Sea in the east
by the narrow Yugorsky and Kara straits (also called as the Kara
Gates Strait). The Pechora Sea is small (with area of 81 000 km?)
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and shallow (with average depth of 6 m). The Pechora Bay located
in the southern part of the Pechora Sea is a large choked estuary of
the Pechora River (Figure 1). The Pechora Bay is bounded by the
Russkiy Zavorot peninsula and the Gulyaevskie Koshki archipelago.
Narrow and shallow straits between the islands of the archipelago
hinder water exchange between the Pechora Bay and the Pechora
Sea, which is a typical feature for choked estuaries (Osadchiev, 2017;
Zavialov et al., 2020). Tidal circulation in the Pechora Sea is
relatively low; the average tidal amplitude is equal to 1 meter
(Nikiforov et al., 2005a). Tidal wave enters the Pechora Bay from
the north through the Gulyaevskie Koshki archipelago, which
strongly reduces the intensity of the tidal forcing in the bay. The
Pechora Sea is covered by ice from October - November to May
— June.

2.2 Data

In order to study the structure and variability of the Pechora
plume, we analyzed in situ measurements of temperature and
salinity performed during 12 oceanographic surveys in the
Pechora Sea in 1993-2021. Data from the most recent surveys (6
cruises in 2017-2021) were not described and discussed before; data
from 3 cruises in 1993-1995 were taken from the World Ocean
Database (Boyer et al., 2018), data from two more cruises in 1998
and 2014 were taken from Vedernikov et al. (2001) and Usov et al.
(2019), respectively. The information about the field surveys is
summarized in Table 1. Thermohaline measurements were
performed using various CTD profilers (Neil Brown MK3B; YSI
Castaway; RBR Concerto) and were carried out from June to
September, covering both the spring-summer freshet period and
the summer-autumn drought period. The resulting extensive data
set (more than 150 CTD stations) provides very good spatial and
temporal coverage of the study area (colored circles in Figure 1).
Due to usage of different CTD profilers in different field surveys, we

TABLE 1 Periods and research vessels of 12 oceanographic surveys and
a mooring station analyzed in this paper.

Period Research vessel Data reference

14-23.07.1993 Dalnie Zelentsy World Ocean Database

23-27.07.1994 Kartesh World Ocean Database
10-17.07.1995 Kartesh World Ocean Database
10-20.08.1998 Sergey Vavilov Vedernikov et al., 2001

1.07-1.11.2002 Mooring station This paper

13-14.07.2014 Dalnie Zelentsy Usov et al., 2019

23-27.07.2017 Kartesh This paper
18-23.07.2018 Kartesh This paper
21-25.06.2019 Kartesh This paper
24.07.2019 Kartesh This paper
19.07-25.07.2020 Kartesh This paper
7-20.07.2021 Kartesh This paper
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estimate the accuracy of temperature and salinity measurements in
the resulting data set as 0.05°C and 0.05 psu according to their
intercalibration at deep stations.

In addition to field measurements, we analyzed optical and
thermal satellite images of the Pechora Sea taken by MODIS Terra/
Aqua, NOAA-20/VIIRS, and Suomi NPP/VIIRS in 2000-2021 on a
daily basis with spatial resolution of 250 m. In addition, in certain
cases we analyzed Landsat-8 optical and thermal satellite images
with spatial resolution of 30 m. Satellite data were provided by the
United States Geological Survey (USGS) (http://
earthexplorer.usgs.gov). The Pechora River discharge
measurements analyzed in this study were acquired from two
most downstream gauge stations located in Ust-Tsilma and
Oksino (green squares in the inset in Figure 1). Wind forcing
conditions in the study area were examined using Climate Forecast
System Reanalysis (CFSR) atmospheric reanalysis with hourly
temporal resolution and 0.5° spatial resolution (Saha et al., 2010;
Saha et al,, 2014). In order to assess the response of the Pechora
plume to wind forcing conditions, wind was averaged over the area
54 - 60°E, 68.5 — 69.5°N. This area is commonly covered by the
Pechora plume according to in situ and satellite imagery; therefore,
this spatial averaging could be applied to study spreading of the
Pechora plume. This methodology was used in our previous studies
(Osadchiev, 2017; Osadchiev et al., 2020a; Osadchiev et al., 2021c).
The sea ice data retrieved from satellite products were downloaded
from the web repository of the Arctic and Antarctic Research
Institute (http://old.aari.ru/odata/_d0015.php?mod=1).

2.3 River discharge

The annual runoff of the Pechora River varies from 120 to 200
km? (Figure 2). The majority of the Pechora annual runoff enters
the sea during the freshet period in May-July (Dankers and
Middelkoop, 2008; Magritsky et al.,, 2017) (Figure 3). The long-
term averaged peak discharge rate during the freshet period is equal
to 27 000 m?/s, while the maximal registered discharge was 39 200
m?/s in 1991 (Magritsky et al., 2017). During winter-spring drought,
the discharge decreases to 500-750 m/s.

Figure 3 demonstrates the daily variability of the Pechora River
discharge during ice-free period in 2017-2021 with indication of
periods of the analyzed field surveys. During 2017-2021, the most
detailed surveys of the Pechora Sea were conducted among those
analyzed in this paper. Among these five years, the largest discharge
rates were observed in 2017. Maximal discharge values in 2017 were
equal to 30 000 - 36 000 m*/s within one prominent peak during the
summer freshet, which lasted for 1.5 months from the early June to
the middle of July. The discharge variability in 2020 also had one
distinct peak with lower values than in 2017 (30 000 m>/s). The
freshet period in 2020 started two weeks earlier than in 2017, in the
middle of May, and lasted only a month till the middle of June. In
2018 and 2019, maximal discharge rates (22 000-23 000 m?>/s) were
significantly lower than those in 2017 and 2020. The freshet period
in 2018 and 2019 lasted during two months from the middle of May
till the middle of July with several flow peaks. As a result, the total
runoff volume of the Pechora River during ice-free period in 2017
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FIGURE 2

Inter-annual variability of the Pechora River runoff in 1981-1995 and 2006-2021.

(90 km?) and 2020 (86 km?) was greater than in 2018 (75 km?). On
the opposite, total runoff in May — October in 2019 (92 km?) was
greater than those in 2017 and 2020 due to relatively high discharge
rates during the drought period. A significantly smaller total runoff
of the Pechora River was observed in 2021 (67 km?), due to short
freshet period (from the middle of May till the middle of June) and
low peak discharge values, which were about 1.5 times less than the
maximal values in 2017 and 2020.

2.4 Ice conditions

The ice coverage in the Pechora Sea starts to form in late
October - early November. Ice steadily expands northward from
the continental coast and covers the majority of the sea by the end of

36000
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FIGURE 3

Daily variability of the Pechora River discharge during ice-free
period in 2017-2021. Periods of surveys in 2017-2021 are indicated
by color stars. Periods of surveys in 1993-1995, 1998 and 2014 are
indicated by black rectangles on the bottom axis.
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December. Intense ice melting starts in May and the sea becomes
completely free of ice in late June — early July, albeit during certain
warm years it happens a month earlier (Zabolotskikh and
Balashova, 2021). The longest presence of ice occurs in the
eastern part of the sea near the Vaygach Island and the
Yugorsky Strait.

In this study, we analyze ice coverage during the freshet season
due to possible contribution of ice melting (in addition to river
discharge) to formation of the freshened surface layer in the
Pechora Sea. In most cases, this contribution is insignificant
because of the following reasons. First, during warm years, the
majority of the Pechora Sea is covered by thin ice (10-30 cm), which
completely melts by the middle of May. In these years a relatively
small volume of melt water (1-2 km?) completely mixes with saline
seawater during at least several weeks before the start of the freshet
period. Second, during certain years, sea ice is actively advected by
wind from the Pechora Sea to the central part of the Barents Sea.
This advection in spring results in low flux of melt water to surface
layer in the Pechora Sea. Analysis of satellite ice maps of the
Pechora Sea for 22 years (from 1999 to 2021) showed that only in
7 cases (1999, 2001, 2002, 2003, 2013, 2014, and 2018) significant
volume of sea ice was present in the Pechora Sea by the beginning of
the spring freshet of the Pechora River. During these years, melt
water (10-12 km®) could significantly contribute to the formation of
the freshened surface layer in the Pechora Sea, and, therefore,
artificially increase the volume and area of the Pechora plume.
The precise estimation of total volume of melt water during these
years is beyond this paper due to large uncertainties of estimation of
ice thickness, especially in spring and summer during melting
period (Kurtz and Markus, 2012; Mu et al., 2018a; Mu et al., 2018b).

2.5 Comparison of satellite and in situ data

Analysis of satellite images of the Pechora Sea provides
opportunity to significantly extend spatial and temporal coverage
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of available in situ measurements and to improve the understanding
of variability of area of the Pechora plume. Nevertheless, usage of
satellite data for detecting large river plumes requires verification
against synchronous in situ measurements, otherwise
straightforward usage of satellite data could be misleading (Frey
and Osadchiev, 2021).

In this study, we do not use optical satellite data to detect
spreading area of the Pechora plume, because these data is effective
for detection only small river plumes with small residence time
(hours and days) of turbid freshwater within a plume (Osadchiev
and Zavialov, 2020). Large river plumes with high residence time
(weeks and months) demonstrate elevated turbidity only in vicinity
of river estuaries and deltas, while turbidity of far-field parts of large
plumes is similar to that in the ambient saline sea. Satellite-derived
sea surface temperature, on the opposite, is a stable marker of river
plumes in the Arctic Ocean. Due to a significant difference in
temperatures of river discharge and ambient seawater (up to 10-12°
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C in June - August), the Pechora plume is detected in thermal
satellite images as an area of increased sea surface temperature.
Generally, this area has a distinct outer front, which is typically
manifested at satellite images by sharp temperature gradient. Note
that specific temperature contours (as compared to maximal
temperature gradient) do not provide stable border detection due
to steady seasonal cooling of the Pechora plume.

In order to verify that this thermal frontal zone indeed coincides
with the outer boundary of the Pechora plume (determined by
reduced salinity), we compared in situ measurements in the
Pechora Sea acquired in 2018, 2019, 2020, and 2021 with the
synchronous satellite images. Figure 4 demonstrates that location
of the Pechora plume border, determined from satellite images,
shows very good agreement with the plume border determined
from synchronous salinity measurements. It should be noted that
we used visual detection of the plume border at satellite imagery,
which has a certain human bias. However, due to large temperature

July 2018
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Locations of the Pechora plume border (white dashed lines) detected by satellite thermal imagery (left) and in situ salinity data (right) on 21 July 2018
(A), 19 July 2020 (B), and 7 July 2021 (C). Surface salinity values acquired from in situ measurements are shown by color dots.
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difference between the Pechora plume and saline seawater, we
believe that the applied visual approximation provides correct
results for this study.

3 Results
3.1 Vertical structure of the Pechora plume

The vertical structure of the Pechora River plume was
investigated using in situ data obtained during the surveys of RV
Kartesh and Dalnie Zelentsy in July-August 1993-1995, 2014, 2017-
2021. The isohaline of 25 is regarded as the outer boundary of the
Pechora plume, similarly to other large river plumes in the Arctic
Ocean (e.g., Ob-Yenisei, Lena, Khatanga) (Osadchiev et al., 2020a;
Osadchiev et al., 2021a; Osadchiev et al., 2021b). In case of the
Pechora plume, in situ measurements demonstrate that both
horizontal and vertical salinity gradients are observed at the
isohalines of 23-27 (Figures 5, 6).

Figure 5 shows typical plots of vertical salinity distribution in
different parts of the Pechora Sea. In all these regions, salinities in

10.3389/fmars.2023.1052044

the surface layer (till the depths of 5-15 m) shows significant
variability associated with presence or absence of the Pechora
plume. The Pechora plume is regularly registered in the central
part of the Pechora Sea (Figure 5A) and near the Vaygach Island
(Figure 5B), on the other hand, the plume was absent in these
regions during many field surveys. In the central part of the Pechora
Sea, in case of presence of the Pechora plume, surface salinity is 10-
20 followed by sharp salinity gradient; while in case of absence of
the plume, salinity is almost homogenous from surface to bottom
and is equal to 32-33 (Figure 5A). Depth of the plume in the central
part of the sea generally is 4-5 m; however, in July 2020, depth
increased to 10-12 m in response to a significant increase in the
plume area. Similarly, near the Vaygach Island surface salinity is 24-
25 in case of presence of the plume (7-8 m deep) and is 31-32 in case
of its absence (Figure 5B).

Areas near the Dolgy Island (Figure 5C), Varandey shore
(Figure 5D), and Pechora Bay (Figure 5E) demonstrate reduced
surface salinity (15-25) due to almost constant presence of the
plume. Vertical salinity gradients generally are much smaller at
these areas, as compared to the central part of the sea. Higher values
of surface salinity (27-28) were rarely recorded only near the

FIGURE 5
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FIGURE 6

The vertical salinity structure along the Varandey shore on 9-17 July 1995 (A), in the central part of the Pechora Sea on 18-23 July 2018 (B), in the
Pechora Bay on 16-19 July 2020 (D). The vertical temperature structure in the central part of the Pechora Sea on 18-23 July 2018 (C). Black squares
at the left insets shows location of beginning point of the sections. The bathymetric data in 1995 were taken from the International Bathymetric
Chart of the Arctic Ocean (IBCAO) (Jakobsson et al.,, 2012); the bathymetric data in 2018 and 2020 were taken from shipboard echo sounding.

Varandey shore (Figure 5D). The Pechora plume generally is not
registered in the western and northern parts of the Pechora Sea,
except periods of the significant increase in the plume area as was
observed in July 2018 (Figure 5F). In this case, surface salinity
decreases to 15-20 and the plume depth is 7-8 m.

Thermohaline measurements along sections at different parts of
the study area provide information about spreading area and
vertical structure of the Pechora plume during the periods of field
surveys (Figure 6). Figure 6A shows the vertical distribution of
salinity along the section from the Russkiy Zavorot Peninsula to the
Varandey shore in July 1995. The most freshened waters are located
near the Varandey shore with salinities ranging from 20 to 23. This
water mass is associated with the alongshore buoyancy current
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carrying plume waters from the Pechora Bay to the east along the
Varandey shore. The width of this current is 20-25 km, and it
occupies the entire water column from surface to bottom (7-10 m).
During the freshet period, salinity within this current decreases to
10-15 (Figure 5D). Another area of reduced salinity (25-26) as
compared to typical sea salinity (30-32), is observed northeastward
from the Russkiy Zavorot Peninsula indicating the source of the
alongshore freshened current near the Pechora Bay (Figure 6A).
Figures 6B and 6C demonstrate the vertical salinity and
temperature structure along the section from the Varandey shore
to the northern part of the Pechora Sea. These measurements
demonstrate wide spreading of the Pechora plume in July 2018,
which is registered along large segments of the transect. Surface
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salinity within the plume increases from 10-16 near the Varandey
shore to 24-25 at the distance of 100-150 km from the Pechora Bay
and the Varandey shore. Surface temperature along this transect
decreases from 14 to 10-12°C. Depth of the plume is stable and
equal to 8-12 m.

The Pechora Bay is the area of initial mixing of the Pechora
River discharge and saline seawater. The vertical salinity structure
in the Pechora Bay in July 2020 is shown in Figure 6D. The lowest
salinity values (2-15) from surface to bottom are observed near the
Pechora River Delta during the freshet period. Surface and bottom
salinities increase to 17-18 and 23-25, respectively, in the northern
part of the Pechora Bay indicating the inflow of saline seawater to
the bay.

3.2 Spatial structure of the Pechora plume

Based on salinity measurements and satellite data, we
reconstructed location of the isohaline of 25 in the surface layer
during 10 oceanographic surveys in 1993-2021 (Figure 7). Among
them, only several oceanographic surveys covered the entire study
area at the Pechora Sea, while the majority of surveys were focused
on certain parts of this area. Due to this fact, locations of the plume
boundary were reconstructed from satellite thermal data verified by
synchronous in situ measurements. We presume that the
reconstructed plume areas represent the plume during the periods
of the surveys. Also in Figure 7 we show average wind forcing
conditions during the periods of field surveys.

The reconstructed area and position of the Pechora plume
demonstrates significant inter-annual variability (Figure 7). In
1993 (14-23 July), 1994 (23-27 July), 1995 (10-17 July), 1998 (10-
20 August), and 2019 (25 June and 24 July), the Pechora plume had
the smallest area, it occupied the Pechora Bay and the area along the
Varandey shore. In these years, oceanographic surveys were carried
out either in mid-July, i.e., during or immediately after the freshet
period, or in mid-August, i.e. much later the freshet period. The
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FIGURE 7

Locations of the isohaline of 25 in the surface layer in the Pechora
Sea, which represents the Pechora plume border, detected by in situ
measurements during field surveys and supported by satellite data.
Average wind forcing conditions during the periods of field surveys
are shown in the inset.

Frontiers in Marine Science

10.3389/fmars.2023.1052044

shape of the plume demonstrates that the initial impulse of the river
jet decays within the semi-isolated Pechora Bay and the plume was
spreading eastward from the estuary as an alongshore gravity
current (Polonsky, 2012). Localization of the Pechora plume near
the Pechora Bay was caused by the joint influence of relatively early
freshet river discharge and strong northwestern and western wind
forcing. In particular, in June 2019, wind speed at the study area was
10-15 m/s shortly before the field survey, which caused intense
mixing of the Pechora plume, followed by moderate western winds
(8-9 m/s), which localized the plume near the estuary.

In 2014 (13-14 July) and 2021 (07-20 July), the Pechora plume
extended further eastward and occupied the area between the Dolgy
and Vaygach islands. Plume spreading during these periods
occurred under the influence of low winds (< 5 m/s) with variable
direction, which resulted in further propagation of the alongshore
gravity current. In particular, in 2021 wind forcing was low from the
freshet peak in the middle of June till the period of field survey in the
middle of July, therefore, the plume retained its area covered during
the freshet period. In addition, in 2014 the Pechora plume was
inflated due to meltwater contribution as a result of intense sea ice
melting, which occurred in the area between the Dolgy and Vaygach
islands. This process artificially increased the area of the
Pechora plume.

In 2017 (23-27 July), 2018 (18-23 July), and 2020 (19-25 July)
the Pechora plume had the largest area and covered the whole
region between the Pechora Bay and the Vaygach Island. During all
these years, the in-situ measurements were performed during and
shortly after the peak freshet period (Figure 3), and the plume was
spreading under low wind forcing (< 5 m/s). The largest registered
plume area in 2018 was caused by the additional contribution to
freshwater volume from ice melting shortly before and during the
field survey.

3.3 Variability of area of the Pechora plume

After the performed validation of satellite data against in situ
measurements described in section 2.5, we could use satellite
thermal images to estimate area of the Pechora plume and assess
its temporal variability in response to local wind forcing. For this
purpose, we used daily MODIS Terra/Aqua images acquired during
relatively long cloud-free period from late June to late July in 2019
(Figure 8). On 28 June, the Pechora plume occupied relatively
narrow stripe along the continental shore in the southern and
southeastern parts of the Pechora Sea (Figure 8A). Moderate
northwestern and western wind (8-11 m/s), which dominated in
the study area on 12-26 June, pressed the Pechora plume southward
to the Varandey shore due to the resulting Ekman transport.
However, low wind forcing (< 3 m/s) on 27 June - 2 July with a
short-term period of strong southeastern wind (up to 10 m/s) on 30
June significantly increased area of the Pechora plume and moved
its border northward by 100-120 km, which is distinctly visible at
satellite image acquired on 3 July (Figure 8B). Strong eastern and
northeastern wind (up to 12-15 m/s) during 3-13 July caused
intense mixing of the Pechora plume with subjacent saline
seawater. As a result, the plume area significantly decreased and,
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FIGURE 8

Satellite-derived sea surface temperature in the Pechora Sea on 28
June (A), 3 July (B), 13 July (C) 2019 acquired by MODIS Terra/Aqua
Locations of the Pechora plume border is indicated by white dashed
lines. Dark grey color indicates land, white color indicates cloud
coverage of the study area. Wind directions and velocities averaged
during two days preceding the satellite image are shown in the insets.

by 13 July, the plume remained only within the Pechora Bay
(Figure 8C). During the next 10 days, wind forcing was moderate
(4-8 m/s) with variable direction, therefore, the Pechora plume
restored its area.

To study synoptic variability of the Pechora plume, we
analyzed a series of daily thermohaline measurements, collected
at the mooring station located northward from the Dolgy Island
(indicated by red star in Figure 1). The measurements were
performed in the surface layer (at the depth of 3.5 m) from 19
July to 1 October 2002 (Figure 9). During 2.5 months of
measurements, three periods of reduced surface salinity
(indicated by green lines in Figure 9) were registered. During

33
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these periods, salinity abruptly decreased from 31-33 (typical for
saline seawater) to 21-25, which was caused by advection of the
Pechora plume to the point of measurements. During the first and
the second periods in July and August, temperatures
synchronously increased by 4-5°C indicating warm water of the
Pechora plume. Atmospheric heating and cooling affected
temperature of the Pechora plume, it changed from 7-8°C
during the first period in mid-July to 10-11°C during the
second period in late-August. However, temporal scale of these
changes is much greater than synoptic changes of sea surface
temperature registered at the mooring station related to changes
in position of the Pechora plume. During the third period in late
September, no increase of temperature was observed. Due to
already very low air temperatures, atmospheric cooling
significantly reduced the plume temperature, so the thermal
difference between the plume and the ambient sea vanished.
This feature is also clearly visible at thermal satellite imagery,
so in this study we analyze only images acquired in June-August
for detection of the Pechora plume.

The joint analysis of this series of thermohaline data, satellite
images, and wind data allowed us to estimate the temporal scale of
response of the Pechora plume to synoptic wind forcing variability.
The first period of reduced salinity at the mooring station was
observed on 20-31 July (Figure 9). Strong northeastern wind (5-10
m/s) prevailed over the Pechora Sea on 13-20 July, which caused
northwestern propagation of the Pechora plume and its advection
to the mooring station area. As a result, surface salinity at the station
decreased to 23-25 in the middle of July. Low (4-5 m/s) and variable
wind forcing on 21-27 July resulted in stable position of the plume.
The subsequent strong western wind (8-12 m/s), which dominated
from 27 July to 3 August, caused southward advection of the plume.
Surface salinity at the mooring station increased to 30-32 on 31 July,
i.e., 4 days after the change in wind conditions. On 4-12 August, the
wind speed again was low (3-6 m/s), therefore, the plume was stable
and its northern boundary did not cross the point of the mooring
station. This location of the plume border is confirmed by cloud-
free satellite image acquired on 8 August.
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Daily temperature (yellow line) and salinity (blue line) measurements in the surface layer on 20 July — 1 October 2002 and the accompanying wind
forcing conditions in the Pechora Sea (arrows). Three periods of reduced salinity are indicated by green lines and numbers
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The second period of reduced salinity at the mooring station
was observed on 12-30 August (Figure 9). The initial salinity drop
was very sharp, it decreased from 32 to 23 in less than a day. This
feature could be explained by influence of strong northeastern wind
(8-11 m/s), which dominated over the Pechora Sea from 12 to 15
August. Next 10 days northeastern wind remained, albeit with
smaller velocities, which was followed by moderate western wind
(7 m/s) on 26-29 August and strong western wind (15 m/s) on 30
August. This change in wind forcing resulted in steady increase of
surface salinity at the mooring station to 30-33, which occurred
from 27 to 30 August.

Wind forcing in the beginning of September was mainly low (<
5 m/s) with variable direction. The Pechora plume was stable during
this period and did not spread over the mooring station. Moderate
eastern wind (7-8 m/s) on 19-21 September induced northward
advection of the Pechora plume indicated by the third period of
reduced salinity, which started on 22 September (Figure 9).
Southwestern wind (up to 8-14 m/s), which dominated in the end
of September, restored the seawater salinity conditions of 31-33 at
the mooring station by 27 September.

Satellite imagery regularly demonstrates inflow of warm waters
of the Pechora plume to the Kara Sea through the Kara Strait. This
process occurs during the periods of large area of the plume forced
by southeastern winds. In particular, strong southeastern wind (5-
10 m/s), which prevailed over the Pechora Sea on 23-25 July 2020,
caused formation of this inflow (Figure 10). In the Kara Sea, the
Pechora plume does not propagate far off the Vaygach Island and is
mixed with ambient saline seawater. The intense mixing is possibly
caused by strong internal waves, which are very frequent in the Kara
Strait (Morozov et al., 2003; Morozov et al., 2008; Kozlov et al.,
2015a; Morozov et al., 2017).
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FIGURE 10

Satellite-derived Sea surface temperature in the Pechora Sea on 19
July (A), 23 July (B), 25 July (C, D) 2020 acquired by NOAA-20/VIIRS
(A-C) and Landsat-8 (D). Inflows of the Pechora plume to the Kara
Sea through the Kara Strait are indicated by white arrows. Black
rectangle in panel (C) indicates location of the zoomed area shown
in panel (D). Dark grey color at panels (A-C) and white color at panel
(D) indicate land; white color at panels (A-C) indicates cloud
coverage of the study area. Wind direction and velocity averaged
during two days preceding the satellite image are shown in the
insets.
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3.4 Wind-driven upwelling events within
the Pechora plume

Analysis of cloud-free and ice-free satellite imagery in June-
October 2003-2021 showed regular formation of wind-induced
coastal upwelling events within the Pechora plume. The most
frequent upwelling events formed under northeastern wind
forcing are registered along the Varandey shore and along the
Russkiy Zavorot Peninsula (Figure 1). Several examples of typical
manifestation of upwelling events at thermal satellite images as
coastal stripes of cold water bounded by certain bathymetry isolines
are shown in Figure 11. Similar upwelling events visible at satellite
imagery within other large river plumes (Lena, Indigirka, and
Kolyma plumes) in the Arctic Ocean were reported by Osadchiev
et al. (2020c). Regular formation of these events could strongly
affect structure of river plumes by intensification of their vertical
mixing, especially if upwelling events occur near the river estuaries
and deltas (Austin and Lentz, 2002; Lentz and Fewings, 2012;
Osadchiev et al., 2020c).

In late July 2017, in situ measurements were performed in the
Pechora Sea during formation of wind upwelling along the
Varandey shore, which allowed us to assess the influence of this
event on the Pechora plume (Figure 12). CTD stations during this
survey were made near the shore within the upwelling area (cyan
color in Figure 12) and at the distance of 20-30 km from the shore
off this area (red color in Figure 12). In situ measurements
demonstrated intense mixing of the Pechora plume during
upwelling event, which resulted in increase of surface salinity
from 10 to 26, while the plume depth remained stable (5 m).

Common cloud-free conditions in the Pechora Sea in late July
and early August 2004 provided opportunity to assess velocity of
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FIGURE 11

Satellite-derived Sea surface temperature in the Pechora Sea on 2
July 2004 (A), 28 July 2004 (B), 1 August 2009 (C), 24 June 2015
(D) acquired by MODIS Terra/Aqua. Areas of upwelling events are
indicated by white arrows. Dark grey color indicates land; white
color indicates cloud coverage of the study area. Wind directions
and velocities averaged during two days preceding the satellite
image are shown in the insets.

frontiersin.org


https://doi.org/10.3389/fmars.2023.1052044
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Rogozhin et al.

Latitude

o o
®© o ©
th O n

10.3389/fmars.2023.1052044

25.07I.32017
0
N
g5 ~ :
=
210 w
o
A
; 15 H
50100 [EEES=AE
km 20
52 54 56 58 0 10 20 30
Longitude Salinity, psu
0123456 78 9101112131415
Temperature,’C

FIGURE 12

Satellite-derived Sea surface temperature in the Pechora Sea on 25 July 2017 acquired by MODIS Terra (A) and vertical salinity measurements
performed on 26 July 2017 within (cyan color) and outside (black color) the upwelling area (B). Area of upwelling events indicated by white arrow in
panel (A). Colored circles indicate locations of the in-situ measurements. Dark grey color indicates land, white color indicates cloud coverage of the
study area. Wind direction and velocity averaged during two days preceding the satellite image are shown in the inset

formation of upwelling area under northeastern wind forcing and
its subsequent dissipation after secession of upwelling-favorable
winds. Three days of moderate northeastern wind (up to 7 m/s) on
25-26 July caused formation of the primary upwelling area of 400
km? visible on 26 July (Figure 13A). Similar upwelling-favorable
winds dominated during the next two days, as a result, the
upwelling area increased to 1 800 km® by 28 July (Figure 13B).
During the next two days wind velocity decreased to 2-3 m/s, and
the upwelling area started dissipating (Figure 13C). It finally
disappeared during the next two days of northern wind forcing
and was completely absent on 2 August (Figure 13D).
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FIGURE 13

Satellite-derived Sea surface temperature in the Pechora Sea on 26
July 2004 (A), 28 July 2004 (B), 30 July 2004 (C), 2 August 2004
(D) acquired by MODIS Terra/Aqua. Areas of upwelling events are
indicated by white arrows. Dark grey color indicates land, white
color indicates cloud coverage of the study area. Wind directions
and velocities averaged during two days preceding the satellite
image are shown in the insets.
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4 Discussion

4.1 Synoptic variability of the
Pechora plume

The analyzed in situ and satellite data showed that spatial
distribution of the Pechora plume has a significant variability on
daily and weekly time scales (Table 2). This variability, first, is
caused by advection of the plume under wind forcing and the
resulting changes in the plume area. We observe that moderate
and strong (5-10 m/s) wind forcing with stable direction
distinctly modifies plume spreading in 1.5-2 days. The plume
area increases with southeastern, eastern, and northeastern
winds, which favor plume advection to the open part of the
Pechora Sea due to the resulting Ekman transport. Under
prevailing southeastern and eastern winds, the Pechora plume
occupies the entire area between the Pechora Bay and the
Vaygach Island (Figures 7, 8B). Satellite images show that
during certain periods the Pechora plume inflows to the Kara
Sea through the Kara Strait by a narrow alongshore current and
propagates further along the eastern coast of the Vaygach Island
(Figure 10). Long-term northeastern winds, on the opposite,
could force the Pechora plume to spread westward from the
Pechora Bay along the Russkiy Zavorot peninsula (Figures 4A,
7). Western and northwestern winds have the opposite effect.
They hinder spreading the Pechora plume of in the open part of
the Pechora and, therefore, reduce its area. In such cases, the
Pechora plume is arrested within the Pechora Bay and also
occupies a narrow stripe (10-20 km) along the Varandey shore
(Figures 4C, 7). During periods of weak wind (< 5 m/s) or wind
of variable direction, area of the Pechora plume remains stable.

The second important factor of wind influence on the Pechora
plume on the synoptic time scale consists in intense mixing of
the plume and the underlying seawater that increases salinity of
the plume and reduces its area. Wind-induced mixing occurs,
first, as a result of direct wind impact on the plume and, second,
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TABLE 2 Main information about general spreading types of the Pechora plume.

Periods of the

General spreading types Plume . . "
P g yp oceanographic Key external forcing conditions
of the Pechora plume area
surveys
Minimal 6000 - 7 July 1993, 1994, 1995, 2019 | Drought period; moderate or strong western winds, which press the plume towards
000 km* and August 1998 the shore, or very strong winds, which induce intense mixing of the plume
20 000 -
Average 22 000 July 2014 and July 2021 Drought period; low or moderate wind forcing
mz
23000 - Freshet period; moderate or strong northeastern or eastern winds; large ice coverage of
Maximal 36 000 July 2017, 2018 and 2020 period:  strong , »larg 8
Lem? the Pechora Sea by the beginning of the freshet period

due to formation of wind upwelling events in the coastal zone. In
the first case, more than three days of strong (> 10-12 m/s) wind
induce intense mixing of the Pechora plume and its dissipation in
the area between the Pechora Bay and the Kolguev Island. As a
result, the Pechora plume remains only at the shallow area along
then Varandey shore, where it occupies the entire water column
from surface to bottom. This process was observed by in situ
measurements in July 1993 (Figure 7) and by satellite
observations in July 2019 (Figure 8C), which was manifested by
abrupt southward shift of the plume border and the reduction of
the plume area.

The second mechanism of wind-induced plume mixing is
formation of upwelling events along the Varandey shore
(Figure 11). These events are generated under the influence of
moderate (> 6 m/s) northeastern winds. The area of cold and saline
upwelling region formed within the Pechora plume steadily increases
up to 1700-1800 km?* during 2-4 days of upwelling-favorable winds
and then remains stable (Figure 13). First surface manifestation of
upwelling events within the Pechora plume appears after 12 hours of
northeastern wind, which is much smaller than the response of
spreading dynamics of the Pechora plume to wind variability (1.5-2
days). According to wind reanalysis data, upwellings within the
Pechora plume occur predominantly in June and July, however,
certain events were observed in August and September. Duration of
the majority of upwelling events varies from 2 to 7 days.

Despite wind forcing effects, certain submesoscale processes
could affect spreading and mixing of the Pechora plume. In
particular, it is highly likely, that strong internal waves in the
Kara Strait substantially contribute to mixing of the Pechora
plume and could be the main factor, which hinders its further
eastward advection to the Kara Sea (Morozov et al., 2003; Morozov
et al., 2008; Kozlov et al., 2015a; Morozov et al., 2017). However, the
internal waves (Kozlov et al., 2015b) as well as submesoscale eddies
(Atadzhanova et al., 2017) are rare in the Pechora Sea and therefore
limitedly affect the Pechora plume. Finally, tidal mixing is relatively
low in the Pechora Sea (Nikiforov et al., 2005a), albeit it intensifies
in the Pechora Bay and could affect initial interaction and mixing of
freshwater discharge and seawater in the gulf.

Frontiers in Marine Science

4.2 Seasonal and inter-annual variability of
the Pechora plume

Spatial variability of the Pechora plume on seasonal and inter-
annual time scales is strongly affected by variability of the Pechora
River runoff. The main contribution to the seasonal plume
variability is made by the increased volume of the Pechora runoff
during the freshet period, which occurs from the end of May till the
beginning of July. During the freshet period, up to 70% of the
annual river runoff enters the Pechora Sea. As a result, the area of
the Pechora plume is large during the freshet period, it occupies the
whole area between the Pechora Bay and the Vaygach Island
(Figure 7), except short-term periods of intense wind-induced
mixing. During the drought period, the area of the Pechora
plume decreases to the Pechora Bay and the Varandey shore
(Figure 7), except short-term periods of wind-induced northward
spreading of the plume.

The inter-annual variability of the volume of the Pechora runoff
could reach 80 km? (Figure 2), which also has a significant influence
on the salinity values in the Pechora Bay and in the Pechora Sea.
The difference in salinity values within the plume in the Pechora
Bay between years with high and low freshet discharge can reach 5-
8 (Figure 5E). The inter-annual variability of ice conditions also
affects the plume area in case of intense ice melting during freshet
period. Melting of significant volume of sea ice in the Pechora Sea
during initial formation of the plume in late spring, significantly
contributes large volume of freshwater to the plume and inflates the
plume area and volume. These processes were observed in June
2018 and resulted in the largest registered area of the Pechora
plume (Figure 7).

The Arctic Ocean is experiencing very significant climate
change during the recent decades including rapid increase of air
temperature, decline of ice coverage and increase of freshwater
discharge (Stroeve and Notz, 2018; Box et al., 2019). Certainly, the
Pechora Sea is also affected by these processes. However, the
available in situ data analyzed in this work is too scarce to assess
the decadal climatic trends due to strong seasonal and inter-annual
variability of the Pechora plume.
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4.3 General types of the Pechora
plume spreading

Three general spreading types of the Pechora plume detected in this
study are summarized in Figure 14 and Table 2. In case of the first
(“minimal”) spreading type, the plume occupies the Pechora Bay and
propagates eastward along the Varandey shore as a narrow (20-40 km
wide) jet (indicated by dark-brown area in Figure 14). The plume
boundary in this case corresponds to the isobath of 15 m, the plume area
is 6 000 - 7 000 km”. “Minimal” spreading type was observed during
field surveys in 1993, 1994, 1995, 1998, and 2019 (Figure 4). This plume
configuration is formed after the end of the freshet period as a result of
reduced river discharge; therefore, it is the most typical for the summer-
autumn period. However, this configuration could form during freshet
period in case of strong wind forcing and intense mixing of the plume.

In case of the second (“average”) spreading type, the Pechora
plume occupies the entire eastern part of the Pechora Sea (indicated
by light-brown area in Figure 14). In this case, the plume area is 20
000 - 22 000 km?, which was observed during field surveys in 2014
and 2021 (Figure 7). “Average” spreading type of the Pechora plume
is most typical during and shortly after the freshet in absence of
strong wind. During the “average” type, an area of increased salinity
could form within the plume along the Varandey shore, which is
caused by wind upwellings (indicated by yellow area in Figure 14).

The third (“maximal”) spreading type is characterized by the most
distant propagation of the plume westward from the Pechora Bay and/
or eastward to the Kara Strait and further into the Kara Sea (indicated
by red area in Figure 14). In this case, the plume area increases to 25
000 - 36 000 km?, and the outer boundary of the plume shifts 40-50
km northward, as compared to the “average” type. “Maximal”
spreading type was observed during field surveys in 2017, 2018, and
2020 (Figure 7). This spreading type is formed during freshet and is
accompanied by moderate eastern and northeastern winds (July 2017

60 °E

50

FIGURE 14

Location of the Pechora River plume during drought (dark-brown
color) and freshet (light-brown color) conditions, which illustrates
seasonal variability of the plume. Wind-induced plume spreading
area (red color) and coastal upwelling area (yellow color), which
illustrate synoptic variability of the plume.
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and 2020) and/or intense sea ice melting (June 2018). Finally, we want
to highlight that the Pechora plume experiences multiple transitions
between all three spreading types during one year due to its quick
response to synoptic wind variability.

5 Conclusions

In this work, we analyze the extensive in situ data and satellite
images collected in the southeastern part of the Barents Sea (also
called the Pechora Sea) during ice-free periods. Based on this data, we
provide the detailed description of structure and variability of the large
Pechora plume formed by the Pechora River discharge. We assess the
influence of the main external factors, namely, river discharge rate,
local wind forcing, and ice conditions, on spreading of the Pechora
plume on synoptic, seasonal, and inter-annual time scales.

The Pechora plume occupies a large area in the Pechora Sea, which
varies from 6 000 to 36 000 km” The vertical scale of the Pechora
plume, in contrast to its area, is rather stable and varies from 4 to 7 m.
Sharp salinity gradients are formed between the Pechora plume (with
salinities of 2-25) and ambient seawater (30-33). Both horizontal and
vertical gradients generally correspond to the isohaline of 25, which is
regarded as the outer border of the Pechora plume (similarly to other
large river plumes in the Arctic Ocean). Temperatures within the
Pechora plume (9-10°C) are higher than those in the ambient sea (5-
6°C) in spring and summer, which results in sharp temperature
gradient at the plume border. Due to this difference, the Pechora
plume is distinctly visible on thermal satellite imagery during cloud-
free periods in spring and summer. However, atmospheric cooling in
autumn erodes this temperature gradient.

Seasonal variability of the Pechora plume is governed by variability
of the Pechora River runoff. The maximal area of the Pechora plume is
observed during the freshet period from late May to late July. During
this period, the plume occupies the southern and southeastern parts of
the Pechora Sea from the Pechora Bay and the Russkiy Zavorot
peninsula in the west to the Vaygach Island and the Kara Strait in
the east. The zonal and meridional extents of the plume in this case are
about 250 and 150 km, respectively. Inter-annual variability of ice
conditions in the Pechora Sea also strongly affects spatial characteristics
of the Pechora plume. Presence of large ice fields in the southeastern
part of the Pechora Sea during the freshet period, which occurs in
certain years, results in large fluxes of melt water to the plume. This
processes significantly increases volume and area of the plume. The
minimal area of the Pechora plume is observed during the drought
period in late summer and autumn. During this period, the plume is
localized within the Pechora Bay and propagates eastward as a narrow
stripe (150 km long and up to 40 km wide) along the Varandey shore.

Wind forcing plays a key role in variability of spatial structure of
the Pechora plume on the synoptic time scale. The plume area is
increased by moderate (> 5 m/s) eastern, southeastern, and southern
winds, but is decreased by northern and northwestern winds due to
the resulting Ekman transport. It takes only 1.5-2 days of stable wind
forcing to significantly shift the plume border and change the plume
area. Such a small response time of the Pechora plume to wind
variability also results in its intense mixing with subjacent saline
seawater in response to strong (> 10-12 m/s) and durable (> 3 days)
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wind of any direction. As a result, during periods of strong winds the
area of the Pechora plume could reduce from 30 000 - 36 000 km” to 6
000 - 7 000 km” in a few days. Under wind influence, the Pechora
plume is periodically advected beyond its typical spreading area. In
particular, eastern winds could result in westward alongshore (30-40
km) spreading of the plume from the Pechora Bay. Northeastern
winds during the periods of large area of the plume cause its regular
advection into the Kara Sea through the Kara Strait. However, the
Pechora plume was registered only 20-40 km to the east from the Kara
Strait and do not merge with the Ob-Yenisei plume. Another
important factor inducing intense mixing of the Pechora plume is
formation of coastal upwelling events. Upwelling forms within the
plume along the Varandey shore after 8-12 hours of moderate (> 6 m/
s) northeastern winds, the resulting coastal stripe of saline and cold
water within the plume is up to 1 800 km?.

The study of the Pechora plume is important for understanding
different physical, biological, and geochemical processes in the
Pechora Sea. In particular, the low-saline plume water directly
affects the whole Pechora Sea ecosystem including plankton
communities (especially zooplankton), which strongly depend on
variability of temperature and salinity in the Pechora Sea (Musaeva
and Suntsov, 2001; Usov et al., 2019). Benthic communities, being a
part of foodbase of marine mammals, are also affected by local salinity
fluctuations (Denisenko et al, 2019b; Dgebuadze et al., 2021; Gebruk
et al., 2019; Gebruk et al., 2021; Gebruk et al., 2022; Gebruk et al.,
2023). Moreover, spreading and mixing of the Pechora plume
determines ice formation and ice melting in the Pechora Sea, which
monitoring and forecasting is especially important for the intense
marine shipping and fishery in the Pechora Sea (Semushin et al., 2019;
Sukhotin et al., 2019). Finally, we want to highlight the increased oil
drilling activity in the study area, which requires operational
oceanographic support of the Prirazlomnaya offshore stationary
platform and the Varandey offshore oil terminal located in the
Pechora Sea (Ogorodov, 2005; Nesic et al., 2018).

Despite the certain importance of this study for understanding
regional processes in the Pechora Sea, it could be considered in
broader context to widen its applicability to other river plumes in
the World Ocean. The obtained results improve our understanding of
dependence between velocity of plume response to wind variability on
the one hand and plume spatial scales on the other hand. The
response rate of the Pechora plume to variability of wind forcing is
significantly lower than that of the large river plumes. The related
temporal scale for the Amazon (Lentz, 1995; Paluszkiewicz et al., 1995;
Molleri et al., 2010), Congo (Hopkins et al., 2013), Ob-Yenisei
(Osadchiev et al., 2020a; Osadchiev et al., 2021a), Lena (Osadchiev
etal,, 2021b), Mississippi (Walker, 1996; Walker et al., 2005; Silva and
Castelao, 2018) plumes is 2-3 weeks or more. This feature could be
explained by smaller depth (4-8 m) and area (6 000 — 36 000 km?) of
the Pechora plume as compared to large river plumes mentioned
above (with depths >10 m and areas >100 000 km?). On the other
hand, the response rate of small river plumes with depths of 1-2 m and
area of 1-10 km® is equal to several hours (Pinones et al., 2005;
Korotkina et al., 2011; Korotkina et al., 2014; Qu and Hetland, 2019;
Osadchiev et al,, 2020d; Osadchiev et al,, 2021d), which is much
smaller than that for the Pechora plume. We want to highlight, that
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these results were obtained using in situ and satellite data and should
be considered for numerical modeling of these river plumes.
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