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A B S T R A C T

Four consecutive strong wind events in August 2015 caused an anomalous phytoplankton bloom in the Black
Sea, which occupied almost the entire eastern basin. Maximal surface chlorophyll A concentration (Chl-A) in the
bloom area exceeded 5mg/m3 in comparison with 0.6 mg/m3 in the surrounding waters. The anomalous bloom
was observed for over 3months, from August till November. In this study, the physical mechanisms producing
this long-lasting bloom are investigated using, satellite-derived optical, infrared, and altimetry measurements
and in situ Bio-Argo data. The bloom resulted from the interaction of four physical factors: wind-induced tur-
bulent entrainment; diapycnal mixing caused probably by the vertical shear of inertial currents; local Ekman
upwelling at the left wind jet periphery; Ekman pumping of the basinscale cyclonic circulation. Wind induced
vertical mixing deepened the mixed layer and entrained nutrients and Chl-A from the subsurface layers. At the
same time, the maximum response of Chl-A occurred in a thin layer (~5m) near the lower boundary of the
subsurface chlorophyll peak. This feature results from diapycnal mixing, manifested in the weakening of the
stratification in the upper 100m, which caused the injection of nutrients into the euphotic layer. The mountains
surrounding the enclosed Black Sea have an impact on the wind spatial structure generating the zones of wind
jets and wind shadows. The wind gradients between areas of strong and weak winds produce local Ekman
upwelling along the left periphery of the wind jet, with cyclonic shear, which strongly modify bloom spatial
structure. At larger spatial scales, Ekman pumping alters the dynamical structure, producing a transition from
“mesoscale” to “basin-scale” circulation regime. As a result, the Rim Current accelerates, uplifting the pycno-
halocline and chemocline in the central basin. In the areas of upwelling, the elevated chemocline is eroded more
intensely and turbulent entrainment provides nutrients and Chl-A to the surface. The most intense bloom oc-
curred in the central region of the east cyclonic gyre and in mesoscale cyclones; blooms were absent in mesoscale
anticyclones. Orbital velocities in both anticyclones and cyclones promoted the horizontal advection of nutrients
and Chl-A on more than 200 km to the western part of the basin from the bloom centre.

1. Introduction

The Black Sea is an almost enclosed mesotrophic basin of the
Atlantic Ocean with strong haline stratification. A sharp halocline
prevents vertical mixing, and the mixed layer depth (MLD) in the centre
of the basin rarely exceeds 50m (Titov, 2004; Kara et al., 2009). The
low mixing depth results in a relatively shallow position of the pro-
ductive layer (0–50m) (Vedernikov and Demidov, 1993; Yunev et al.,
2005) and subsurface maximum of nutrient concentrations (Konovalov
et al., 1997; Konovalov and Murray, 2001).

The main dynamic element of the Black Sea is the cyclonic Rim
current encircling the basin over its continental slope, and the two

cyclonic gyres are located in the eastern and western parts of the basin.
The cyclonic wind curl (Ekman pumping) that intensifies in winter is
the main driver of the Black Sea basin-scale circulation (Stanev, 1990;
Korotaev et al., 2001; Kubryakov et al., 2016). In the almost enclosed
Black Sea, coastal and topographic effects largely modify the wind
spatial structure, creating zones of wind shadow, katabatic winds,
valley winds and other processes (e.g., Efimov and Anisimov, 2011,
2012; Shokurov, 2012; Yarovaya and Efimov, 2014). Generation of the
cyclonic wind curl over the basin is mainly related to two factors. Wind
blowing around the high Caucasus Mountains at the eastern coast of the
Black Sea rotates cyclonically and forms a peak of cyclonic vorticity
behind the mountains – the topographic effect (Efimov and Anisimov,
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2011; Efimov and Yurovsky, 2017). The differences in pressure over the
colder land and warmer sea drive along-shore cyclonic circulation over
the basin in winter – the monsoon effect (Korotaev et al., 2001; Efimov
et al., 2002; Kubryakov et al., 2015). The predominantly cyclonic cir-
culation of the Black Sea additionally upwells the nutrients in the
central zone of the basin (Vinogradov et al., 1999; Yunev et al., 2002,
2007; Oguz et al., 2006).

The maximum satellite-derived surface chlorophyll-A concentration
(Chl-A) in the Black Sea is observed in winter (~1mg/m3) when new
nutrients and phytoplankton from the subsurface are entrained in the
upper layer due to winter convection (Yunev et al., 2002; Finenko et al.,
2014; Kubryakova et al., 2018). In summer, a strong thermocline se-
parates the surface layer from the deeper layers where nutrients are
accessible, and Chl-A values in the upper mixed layer are usually the
lowest (Fig. 1a), measuring approximately 0.5mg/m3 (Yunev et al.,
2005; Demidov, 2008; Finenko et al., 2014; Kubryakov et al., 2016). At
the same time, the subsurface maximum Chl-A forms in summer below
the thermocline (15–40m in depth), with values of approximately
1–1.5mg/m3 (Vedernikov and Demidov, 1993).

However, in August 2015, a large surface phytoplankton bloom
with maximum Chl-A values exceeding 5mg/m3 was observed over
almost the whole eastern part of the Black Sea from satellite optical
data (Fig. 1b). Such high values of Chl-A were never detected pre-
viously in the satellite era. This anomalous bloom lasted for over
3months and significantly changed the usual seasonal variability of
Chl-A. An investigation of the physical reasons for such a strong
anomaly is the main task of this study.

The consecutive impact of several strong wind events in August
2015 is the possible reason of this anomaly. It is well known that the
action of intense atmospheric cyclones is one of the reasons for sporadic
blooms of phytoplankton in different areas of the World Ocean (e.g., Lin
et al., 2003; Babin et al., 2004; Han et al., 2012; Tsuchiya et al., 2013;
Morozov et al., 2015). Ekman pumping, wind mechanical mixing and
heat fluxes observed during cyclones (Price, 1981) cause the vertical
entrainment of nutrients and phytoplankton from deeper layers, which
result in an increase in surface Chl-A observed in satellite optical data
(Babin et al., 2004; Walker et al., 2005; Wu et al., 2008; Gierach and
Subrahmanyam, 2008; Byju and Kumar, 2011; Chung et al., 2012).
Several authors have shown that the maximal response of phyto-
plankton blooms to typhoons is observed in the subsurface layers (Naik
et al., 2008), where nutrients are effectively transported from the
deeper layers due to wind-induced upwelling (Ye et al., 2013).

Strong winds provide a similar effect, increasing the amount of ni-
trates (Iverson et al., 1974) and biological productivity (Dagg, 1988;
Wu et al., 2008; Zhang et al., 2014) at the sea subsurface. Using Bio-
Argo measurements in the Bay of Bengal, Chacko (2017) have recently
shown that the action of tropical cyclones induced strong diapycnal
fluxes, impacting the ocean thermohaline structure. This caused the
greatest rise of Chl-A in the subsurface layers (20–30m), attributed to

the combined effect of subsurface chlorophyll entrainment and nutrient
injection. Using mooring observations, Zhang et al. (2014) explained
the subsurface rise of Chl-A during a tropical storm by the effect of the
diapycnal fluxes of nutrients to the productive layer. They showed that
these fluxes were caused by the penetration of turbulent mixing in the
deep layers related to the vertical shear of the near-inertial oscillations
(D'asaro, 1995; Gardner et al., 2001; Alford et al., 2016). The con-
secutive action of several storms increases the observed wind impact
and can causes the maximum anomalies of the thermohaline and bio-
logical properties (Babin et al., 2004; Fu et al., 2016). Marine dynamic
topography can modulate the effect of wind-driven upwelling, pro-
moting bloom development in mesoscale cyclones, where the nitrocline
is upraised, and damping the bloom in anticyclones (Walker et al.,
2005; Gierach and Subrahmanyam, 2008; Liu et al., 2009; Lin, 2012).

Several authors have shown that strong winds could largely modify
the thermohaline structure of the Black Sea. In particular, a quasi-tro-
pical cyclone observed over the Black Sea in September 2005 uplifted
waters from the depth of approximately 30m to the surface, which
decreased the surface temperature by>14 °C (Efimov et al., 2008). In
Efimov and Barabanov (2017), and the authors provided a statistical
description of the sea surface temperature anomalies in the Black Sea
related to the action of strong winds. They used numerical modelling to
provide the evidence that the entrainment of cold water from the
thermocline is the key mechanism responsible for the formation of the
long-lived cold anomaly in the basin. One of the events of an intensive
wind-induced turbulent entrainment was observed in the northeastern
part of the Black Sea in the beginning of July 2006 (Zatsepin et al.,
2008). As a result, the temperature of the upper layer dropped by
7–10 °С and the depth of the upper mixed layer increased from 8–10m
to 22–25m. The seasonal thermocline was drastically eroded. Later
(Zatsepin et al., 2016), showed that an intense turbulent entrainment of
thermocline water into the mixed layer led to the rise of satellite
measured Chl-A two days after the wind decay. One week after the
decay of strong wind, Chl-A returned to its initial level. Strong role of
the wind forcing on triggering the autumn phytoplankthon blooms in
the Black Sea was also discussed recently in (Mikaelyan et al., 2017)

The shallow position of the upper boundary of the subsurface
chlorophyll maximum (15–20m), nutrient maximum (30–40m) in the
Black Sea and the predominant cyclonic circulation enhance the effect
of strong winds on the biological productivity of the basin. In this
paper, we describe the formation and development of the anomalous
long-lived phytoplankton bloom in summer-autumn 2015 in the Black
Sea on the basis of satellite optical, thermal, and altimetry data and Bio-
Argo vertical measurements of Chl-A. It was found that the bloom was
related to the action of four consecutive strong wind events, which
significantly changed the bio-optical, thermohaline and dynamic
characteristics of the basin. These changes are associated with the
combined impact of several physical mechanisms, which are in-
vestigated in the paper.

Fig. 1. Satellite maps of surface Chl-A: a) Monthly map of Chl-A averaged over August 2003–2014; b) Chl-A on 31 August 2015.
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2. Data

In this study, we used MODIS Aqua sea surface temperature (SST)
and surface chlorophyll-A concentration data with a spatial resolution
of 1 km. The MODIS Aqua data correspond to the Level-2 full-resolution
digital data computed by the standard NASA algorithms (http://
oceancolor.gsfc.nasa.gov). We also used the Reynolds NOAA
Optimum Interpolation Sea Surface Temperature (SST) dataset
(Reynolds et al., 2007) based on the merged measurements of the Ad-
vanced Very High Resolution Radiometer (AVHRR) and observations
from different platforms (ships, buoys) (https://www.ncdc.noaa.gov/
oisst). The data have a spatial grid resolution of 0.25° and a temporal
resolution of 1 day.

The regional Black Sea satellite altimetry products were produced
by Ssalto/Duacs and distributed by Aviso, with support from CNES
(http://www.aviso.oceanobs.com/duacs/). Dynamic topography was
determined as the sum of mapped sea level anomalies (MSLA) calcu-
lated from combined measurements by different satellites (Pascual
et al., 2006) and mean dynamic topography (MDT) of the Black Sea
from Kubryakov and Stanichny (2011). The spatial resolution is 1/8°,
and the temporal resolution is 1 day. Geostrophic velocities were
computed from sea level data through geostrophic balance equations.

Wind velocity at 10m in height of high-resolution NCEP's Global
Forecast System (GFS) with 0.25° resolution (http://www.emc.ncep.
noaa.gov/GFS/doc.php, Sela, 2010) was used in the study. The Ekman
pumping velocity (Wek) was computed from wind data as

=
×

W rot τ( )ρ f
1 , where τ= cdρa ⋅ |v| ⋅ v is the wind stress, cd= 0.0015, v

is the wind velocity, f is the Coriolis parameter, ρ is the density of
seawater, and ρa is the density of air. The eddy pumping velocity can be
used as a proxy for the vertical velocity at the base of the Ekman layer.
The depth of the Ekman layer can vary from 10 to 100m in the Black
Sea (Stanichny et al., 2016), but we can assume that its position is re-
lated to the position of the seasonal thermocline.

We used the data of Bio-Argo float #6901895 equipped with bio-
optical sensors (Xing et al., 2011, 2012), which provide measurements
of salinity, temperature and chlorophyll-A with a vertical resolution of
1m. The accuracy of temperature data is> 0.002 °C, and the accuracy
of salinity is> 0.01 psu. The Chl-A (mg/m3) was retrieved from the
chlorophyll fluorescence sensor (Ex/Em at 470/695 nm) of the Wetlabs
ECO Triplet Puck using the retrieval equation described in Xing et al.
(2011) and Schmechtig et al. (2015). The data were downloaded from
the IFREMER data archive (ftp://ftp.ifremer.fr/).

Potential density ρ was computed from data of temperature and
salinity on the basis of the algorithms given in Fofonoff and Millard Jr
(1983) using seawater MATLAB codes (Morgan, 1994). The Brunt-
Viassala frequency was computed as =

−N g
ρ

dρ
dz , where g is the grav-

itational acceleration, and z is the depth.

3. Results

Fig. 2 (left column) shows the evolution of Chl-A maps in Ju-
ly–August 2015. In July, the value of Chl-A (~0.4 mg/m3) was close to
its climatic value in the deep part of the basin (Fig. 2a). Patterns of
slightly increased Chl-A were observed in the northeast (NE) part of the
basin. This increase may be related to the action of several mesoscale
anticyclones (rounded in Fig. 2a by a blue ellipse). Mesoscale antic-
yclones capture shelf waters, which are rich in nutrients and Chl-A in
their orbital movements, and transport them to the central part of the
basin (Oguz et al., 2002; Zatsepin et al., 2003; Shapiro et al., 2010;
Kubryakov et al., 2016). Such eddies usually move to the west over the
north continental slope of the Black Sea with velocities of 0.04–0.1m/s
(Ginzburg et al., 2000, 2002; Ivanov and Belokopytov, 2013,
Kubryakov and Stanichny, 2015a).

In August 2015, Chl-A rose strongly: on 7 August, its average values
in the NE Black Sea reached 0.7–0.8 mg/m3 (Fig. 2e). At the end of

August, all eastern part of the Black Sea were characterized by Chl-A
of> 1.5mg/m3 (Fig. 2h), and the highest values of 5mg/m3 were
observed on 31 August 2015 (Figs. 1b, 4c). Such high values of surface
Chl-A are extremely anomalous for the central part of the Black Sea.
The action of four consecutive strong wind events with velocities>
10m/s observed on 31 July–3 August, 6–10 August, 20–23 August and
24–26 August is the likely reason for this anomalous bloom (Fig. 3).
Consider the impact of these events one by one.

3.1. Strong winds on 31 July–2 August and 6–10 August 2015

Strong winds observed on August 1, 2015 (Fig. 3a) were directed to
the south. Their velocity exceeded 10m/s. North winds blowing from
the continent were absent in the eastern part of the sea due to the
blockage by the high Caucasus Mountains and over Crimea due to the
blockage by the lower Crimean Mountains (see geographical names in
Fig. 1a). Thus, topographic barriers form a spatial inhomogeneity of the
wind field over the basin. At the southern periphery of the basin, winds
were blocked by the Pontic Mountains and turned eastward to the low
pressure zone.

Before the strong winds, the SST was high in the whole basin,
reaching 28–29 °C (Fig. 2b). The only exception was the southern part
of the sea, where coastal upwelling was observed with an SST of ~20°
(blue ellipse in Fig. 2b). After the wind impact, SST decreased in the NE
part of the basin, where it fell by ~3–5° down to the values of ~23–25°
(Fig. 2d). The coastal upwelling zone at the southern part of the basin
elongated to the east. The SST decrease was observed in the northwest
and northeast parts of the basin, which coincided with the position of
the strongest winds (v > 10m/s).

During the second wind event on 6–8 August, winds were directed
from NE to southwest (Fig. 3c). The wind speed was the highest in the
NE Black Sea, where it exceeded 15m/s. In the southeast (SE) part of
the basin, NE winds were blocked by the high Caucasus Mountains, and
wind velocity was close to zero.

By the beginning of these strong winds, the surface had already
warmed up to 26° after the first event, due to solar heating (Fig. 4b).
After the winds on 7 August, the SST in the NE part of the basin de-
creased by 2–4° to the values of ~23°–24°С (see Fig. 2f). Simulta-
neously, surface Chl-A in the whole NE Black Sea increased sub-
stantially. It rose from 0.5mg/m3 on 5 August to 0.8mg/m3 on 7
August (Fig. 2e).

Time variability of the wind, temperature and Chl-A spatially
averaged over the central eastern part of the Black Sea (42.5–45°N,
34–38°E) in August 2015 is shown in Fig. 4. Red/green lines show the
time moments of the beginning/end of the strong winds. With the be-
ginning of the strong winds, the SST began to decrease. In both cases, it
reached its minimum at the end of the strong wind events. Spatially
averaged SST fell by approximately 1° after the first event and by
slightly more after the second one. Right after the end of the strong
wind, solar heating began to increase the SST. Generally, after both
wind events, the spatial patterns of decreased SST and increased Chl-A
coincided with the position of the highest wind forcing (Fig. 2e, f).

3.2. Vertical response of the ecosystem to the strong winds on 6–10 August
2015

The spatial and temporal coincidence of surface cooling, Chl-A rise
and wind forcing provided evidence that the turbulent mixing from
wind is the main reason for these changes. According to Kato and
Phillips (1969), the velocity of turbulent entrainment (W) is propor-
tional to the cube of wind velocity (W~ v3). Therefore, maximum en-
trainment should be observed at the time and in the location of the
maximal wind velocity. This is actually observed in satellite data after
the first two strong winds.

Measurements of Bio-Argo floats allow the changes of the thermo-
haline and bio-optical characteristics to be tracked after the strong
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Fig. 2. Daily maps of Chl-A (mg/m3) (left) on 17 July (a); 4 August (b); 7 August (e); 22 August (g); 27 August (i). Daily maps of SST (°C) (right) on 30 July (b); 5
August (d); 7 August (f); 22 August (h); 27 August (j). Red crosses show the position of Bio-Argo floats on the date of the satellite image; black lines show its trajectory
during 20 July–31 August 2015. Red ellipses highlight the places where the wind action caused the increase of Chl-A or decrease of SST. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

A.A. Kubryakov, et al. Journal of Marine Systems 194 (2019) 11–24

14



Fig. 3. Wind velocity (m/s, left column) and Ekman pumping velocity (m/s, right column) during four strong wind events in August 2015 on: a, b) 1 August, 6:00; c,
d) 7 August, 0:00; e, f) 21 August, 0:00; g, h) 25 August, 0:00.
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winds. In August 2015, the Bio-Argo float #6900807 was located in the
central part of the basin, to the west of the eastern cyclonic gyre. Its
trajectory is plotted on Chl-A and SST maps in Figs. 2 and 7a (red cross,
black line). The float measurements were not exactly made in the centre

of maximal bloom, but to the west of it. However, the float was located
in the strong winds zone during the second and third wind events (on
the south periphery of the strong winds). Thus, the float captured
several features of biological response to the strong winds.

Fig. 4. Time variability of the a) wind speed, U (m/s); b) SST (°C); c) Chl-A (mg/m3); d) Ekman pumping velocity, Wek (m/s); e) geostrophic velocity curl (1/s) in
August 2015 averaged over the east part of the Black Sea (42.5–45°N, 34–38°E). Red/green lines show the time moments of the beginning/end of the strong winds.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The float measured profiles of salinity, temperature and Chl-A with
the time intervals of 1 and 5 days (on 3–4, 9–10, 15–16, 21–22, 27–28
August 2015) and a vertical resolution of 1m. Fig. 5a, b shows the
vertical variability of Chl-A and salinity measured by the buoy in Au-
gust–September 2015. The vertical distribution of Chl-A in the Black
Sea in summer is characterized by a shallow subsurface maximum
(Vedernikov, 1991; Yunev et al., 2002; Churilova et al., 2005). In Au-
gust 2015, the subsurface maximum of Chl-A was located at the depth
of 15–40m (Fig. 5a).

On 7 August, during the second strong event, the float was located
exactly in the zone of the most severe winds. Fig. 6 shows the profiles of
temperature, salinity, Brunt-Viassala frequency and Chl-A obtained
from Argo buoy data in the central part of the Black Sea before and after
this event. Temperature data show that from 3 to 9 August, MLD rose
from 10m to 20m (Fig. 6a). The entrainment of colder deep water into
the mixed layer led to its cooling. However, it seems that surface
heating decreased the cooling effect of the entrainment. Heat fluxes
continued to warm the upper layer during its mixing, and the tem-
perature of the mixed layer decreased by only 1–2°.

Deepening of the mixed layer led to the entrainment of the Chl-A
from the subsurface layers to the surface. Indeed, Chl-A values homo-
genized in the 0-20 m layer after the second wind event (see zoomed
figure in Fig. 6e). This was accompanied by the twofold rise of surface
Chl-A values from 0.2 to 0.4 mg/m3, which indicates the entrainment of
subsurface Chl-A to the mixed layer. This entrainment is probably the
main reason for the Chl-A increase in the zone of the high wind speed in
NE Black Sea observed in satellite measurements (Fig. 2e) after the first

two strong wind events.
The values obtained from Bio-Argo data (0.4 mg/m3) are lower than

these observed from satellite data (0.8 mg/m3). This difference is re-
lated to the mismatch between the location of the highest surface bloom
and Bio-Argo measurements. During the entire month of August, the
Bio-Argo buoy was not located exactly in the area of high surface Chl-A,
but to the right of it (see Figs. 2, 5a). To illustrate this, Fig. 6f shows the
comparison of Chl-A measured by Bio-Argo at a depth of 1m (red line)
and MODIS-Aqua Chl-A interpolated on the buoy location (blue line).
The temporal variability of satellite and in situ estimates of Chl-A co-
incide well. Both datasets show relatively low values of surface Chl-A,
which shows that the Bio-Argo float was located out of the maximum
bloom zone. MODIS-Aqua measurements are approximately 0.2mg/m3

higher. Chl-A is 0.2–0.4mg/m3 according to Bio-Argo data and
0.4–0.6mg/m3 according to MODIS data. These differences are prob-
ably related to the difference in the methods of Chl-A calculation, which
are based on fluorescence measurements at 470/695 nm for Bio-Argo
and on reflectance ratios at 443, 510 and 555 nm for the MODIS data.
The contribution of other optically active compounds entrained from
the deeper layers can have an impact on the Chl-A estimates from sa-
tellites (Shang et al., 2008; Acker et al., 2009). Particularly large
amounts of coloured dissolved organic matter (CDOM) observed in the
deeper layer of the Black Sea (Kaiser et al., 2017; Organelli et al., 2017)
could increase the absorption at short wavelengths, resulting in over-
estimated values of satellite Chl-A. This should be taken into account
when interpreting the results of this paper.

However, the highest increase of Chl-A in Bio-Argo data after the

Fig. 5. Vertical distribution of Chl-A (mg/m3) (a) and salinity (b) in August–September 2015 from Bio-Argo float #6900807 measurements.
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second wind event was observed not at the surface, but in the subsur-
face layers (Figs. 5a, 6d). Measurements on 9 August 2015 showed that
the Chl-A increased rapidly in the seasonal thermocline below the
mixed layer at the 30–35m depth (Fig. 6d). The highest increase was
observed at the lower boundary of its subsurface peak. In particular, at
a depth of 32m, Chl-A reached an extremely high value of approxi-
mately 8mg/m3. The peak was very narrow: at a depth of 27m, Chl-A
was three times lower, ~3mg/m3; at a depth of 35m, it was only 2mg/
m3.

This rise is probably associated with the impact of dyapicnal mixing,
which was manifested in the changes of the basin haline structure
(Fig. 6b). Vertical salinity gradients define the Black Sea stratification.
Entrainment of the deeper saline waters led to the rise of the mixed
layer salinity after the wind impact by> 0.2 psu. The layer with uni-
form salinity values extended up to a depth of 25m, deeper than that of
uniform temperature values. In contrast, salinity in the deep layers
decreased, indicating mixing with the upper brackish waters.

The decrease of salinity gradients (Fig. 4a) significantly reduced
stability in the upper layers. After the second strong wind event, Brunt-
Viassala frequency (N) defining vertical stratification decreased in the
0- to 100-m layer (Fig. 6c). Values of N became almost constant in the
35- to 100-m layer. The greatest decrease of N was observed in the
upper part of the pycnocline (50–60m deep) where its values fell al-
most twofold from 0.02 s−1 to 0.013 s−1. The observed changes of N
give evidence that mixing propagated down to the depth of 100m.
Strong wind partially mixed the water column and reduced the vertical
gradients of density. Such diapycnal mixing during the strong winds is
related to the effect of baroclinic shear of near-inertial motions

(D'asaro, 1995; Gardner et al., 2001; Zhang et al., 2014; Alford et al.,
2016). The upper boundary of the nitrocline in the Black Sea is con-
nected to the potential density of 1014.1 kg/m3 (Konovalov et al., 1997,
Konovalov and Murray, 2001) that corresponded to the isohaline of
18.5. This isohaline was located at the depth of ~30–40m, just below
the subsurface peak of Chl-A (Figs. 5b, 6b). Diapycnal mixing at these
depths caused the rapid injection of nutrients to the euphotic layer,
which led to the fast development of phytoplankton (rise of Chl-A) at
the base of its subsurface peak. Similar processes were observed in the
South China Sea (Zhang et al., 2014) and Indian Ocean (Chacko, 2017).
After the winds, stratification was still sufficiently strong to trap the
highest productivity in a relatively thin layer approximately 5m thick.
Thus, the greatest response of Chl-A was not observed on the surface,
but near the lower boundary of the subsurface Chl-A peak (~30m).

After the second strong wind, the isohalines and the lower boundary
of the Chl-A subsurface peak began to rise (Fig. 5a, b). Their shallowest
position was detected after 5 days from the previous measurements on
15 August. In this period, they rose from 45m to 25m. This rise is
attributed to the local and basin-scale upwelling caused by strong wind
forcing (see Section 3.3). Vertical velocities induced by this upwelling
could be estimated as 4m per day, or ~4.6 ∗ 10−5 m/s.

3.3. Strong winds on 20–22 August 2015

The third strong wind event lasted from 20 to 23 August, with a
peak on August 21. It was similar to the second one, but somewhat
weaker (Figs. 3e, 4). Winds were blowing from the NE with a speed up
to 15m/s. They were also the strongest in the NE part of the basin. As in

Fig. 6. Argo buoy #6901895 measurements of a) temperature; b) salinity; c) Brunt-Viassala frequency N (1/s); d) Chl-A in the 0–50m layer; e) Chl-A zoomed in to
the 0–15m layer in the central Black Sea before and after the second strong wind event on 3 August (blue line) and 9 August (red line) 2015. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the previous case, the winds were almost absent in the southeast part of
the sea due to its topographic blockage by the Caucasus Mountains.

Before this event, the average SST in the Black Sea was approxi-
mately 27 °C. However, patterns of cold surface water (~24–25 °C) that
formed after the first two strong winds were still observed in the
northeast part of the sea. Wind action decreased the SST in the eastern
part on average by ~2 °C (Fig. 4b). The greatest decrease of SST by
~5 °C was observed in the NE of the basin, where the SST reached
values of approximately 20 °C (Fig. 2h). Again, the coldest water was
observed in the zone of high winds, indicating the important role of
turbulent mixing from wind in the surface cooling.

After these strong winds, Chl-A significantly increased in the NE
part of the basin. Satellite detected Chl-A values higher than 1.5 mg/m3

occupied a large area in the east of the Black Sea (Fig. 2h). Such values
are anomalous for the central part of the basin and indicate the de-
velopment of an unusual bloom in the surface waters of the Black Sea
after the third strong wind event.

The position of high Chl-A and low SST did not coincide. On 22
August, the surface Chl-A bloom had a shape of a “3-pointed star” with
the core located in the central part of the basin at the point ~35.5°E,
43.5°N, where Chl-A exceeded 2.5mg/m3. The largest rise of Chl-A
occurred to the south of the zone of the strongest surface cooling, and
its increase was almost absent near the Crimean coast (Fig. 2g, h). Such
spatial structures were not observed in the SST field. This indicates that
not only does turbulent mixing by wind have an impact on the response
of Chl-A to the strong winds but also other processes.

One such process that can explain the observed difference is local
Ekman upwelling. The highest Ekman pumping during the strong winds
was observed at the left periphery relative to the wind direction, i.e.,
the periphery with cyclonic shear in the Northern Hemisphere (Fig. 3b,
d, f). For the second and third events, this corresponds to the south
periphery of the wind jets in the thin band in the centre of the eastern
Black Sea. It was observed between the strong winds in the NE part of
the basin and wind shadow zones in its southeast part, which were

related to the topographic blockage of the winds by the Caucasus
Mountains. Strong winds caused the Ekman transport in the NE Black
Sea to be directed to the right (northward) from the wind direction,
while in the zone of wind shadow, Ekman transport was absent. As a
result, divergence and local upwelling formed at the left periphery of
the wind jet.

Vertical velocity in the upwelling can be estimated on the basis of
Ekman pumping (Wek), calculated from wind data (Fig. 3b, d, f). On the
left periphery of the wind jet, Wek reached 5 ∗ 10−5 m/s, or approxi-
mately 4–5m/day. Since the strong winds lasted approximately 3 days
(Fig. 4), we can assume that after each event the isopycnals rose by
10–15m. These values are very close to the estimates obtained from
Bio-Argo data in Section 3.2 (4m/day). The upper boundary of the
nitrocline in the Black Sea is very shallow (~30–40m). Therefore, the
consecutive impact of the local upwelling during several (in our case
three) strong wind events can uplift the nitrocline very close to the
surface. In particular, after the second wind event on 15 August 2015,
the isohaline 18.4 psu, related to the position of nitrocline, rose from 30
to 20m (Fig. 5b). An uplifted nitrocline is eroded more effectively due
to the action of the turbulent mixing by wind. Thereby, more nutrients
are entrained into the surface layers and Chl-A increases at the left
periphery of the wind jet.

In addition, the absence of a phytoplankton bloom in the layers of
the subsurface nutrient maximum is related to insufficient light con-
ditions in the deep layers. When the nutrients are upwelled to the
surface, they enter the euphotic layer. The increase of light in the layers
with high nutrient concentrations can cause the development of the
subsurface bloom, even without mixing. This can also contribute to the
rise of Chl-A in the subsurface layers in the area of upwelling.

Cyclonic circulation of the Black Sea also causes large-scale up-
welling in the central part of the basin. The position of the chemocline
in the strongly stratified Black Sea is related to the position of iso-
pycnals. Large scale and mesoscale geostrophic circulation of the basin
define the vertical movements of the pycnocline. In the centre of the

Fig. 7. Altimetry-derived sea level (m – left column) and geostrophic velocity (m/s – right column) on 4 August 2015 (a, b) and 24 August 2015 (c, d).
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cyclonic gyres, the pycnocline and chemocline are uplifted to the sur-
face. In the intense mesoscale anticyclones, the pycnocline may deepen
significantly by 20–50m, while in the cyclones, it may rise by 10–30m
(Kubryakov et al., 2018).

According to altimetry data (Fig. 7a, c), the most intense local Chl-A
maximum was in the low sea level area corresponding to the eastern
cyclonic gyre. Here, the pycno-chemocline was already upraised to
some extent to the sea surface. Strong cyclonic wind shear at the wind
jet periphery produced additional upwelling. Wind-induced turbulent
entrainment and diapycnal mixing increased the erosion of the uplifted
chemocline. The superposition of wind forcing and pre-existing dome-
like pycno-chemocline structure caused the maximal vertical entrain-
ment at the northern side of the eastern gyre and the observed Chl-A
maximum, with values exceeding 2.5 mg/m3.

At the same time, the Chl-A increase was absent in the northern part
of the sea to the southeast of Crimea (~34.5°E; 44°N) (Fig. 2g). The
geostrophic circulation derived from altimetry data (Fig. 7a, b) at the
beginning of August was characterized by the abundance of mesoscale
eddies, with the dominance of highly energetic anticyclones. This is
typical of the Black Sea summer circulation. In summer, Ekman
pumping usually decreases and basin-scale cyclonic circulation (the
Rim current) weakens and becomes unstable, which leads to its
breakage into a number of mesoscale anticyclones (Zatsepin et al.,
2005; Kubryakov and Stanichny, 2015b, Kubryakov et al., 2016). One
of the large anticyclones – A1 (Fig. 4b), with orbital velocities of
0.15–0.25m/s, was located in the northern part of the sea to the
southeast of Crimea. The convergent circulation of water in antic-
yclones led to deepening of isopycnals and the accumulation of surface
waters with low Chl-A in its core. As a result, the effect of entrainment
of subsurface water to the mixed layer was dampened, which is why
Chl-A values to the southeast of Crimea were low (Fig. 2g).

Mesoscale eddies affected not only vertical movements but also the

horizontal spreading of the bloom. High values of Chl-A stretched from
the bloom maximum situated in the centre of the eastern gyre to the
west to a point (32°E, 44.5°N) of> 200 km distance, to the northern
coast of the basin (36°, 45°N) and to the eastern coast (38°E, 44°N)
(Fig. 2g). The western band of high Chl-A was situated on the periphery
of the mesoscale anticyclone A1. The anticyclone involved Chl-A and
uplifted nutrients from the centre of the bloom in its orbital motions
and transported them to the western part of the basin. The northern
band of Chl-A coincided with the zone of cyclonic vorticity C1 (Fig. 7a).
Here, the upraised position of the pycnocline increased the effect of
nutrients and Chl-A upwelling to the sea surface. C1 also trapped the
water upwelled in the Black Sea eastern gyre and transferred it to the
north on its periphery. Thus, both horizontal and vertical advection
provided input to the increase of Chl-A in the northern part of the basin.
The east band of high values of Chl-A corresponded to another cyclone
C2 (see Fig. 7d) that developed after the second strong wind event to
the east of eastern cyclonic gyre. Its orbital motions may have also
contributed to the bloom spreading to the east.

3.4. Strong winds on 24–26 August 2015

The actions of the first three events noticeably cooled the sea sur-
face in the NE part of the Black Sea. However, in the southeast of the
basin, where winds were blocked by the Caucasus Mountains, the
mixed layer was overheated. The SST in this part of the sea during all of
August was very high – up to 30 °C. Strong upward heat and moisture
fluxes in the overheated zone were one of the probable reasons that
trigged the development of an intense atmospheric cyclone over the
southeast of the sea on 25 August (Fig. 3g). This cyclone, with wind
speeds up to 17m/s, was observed from 24 to 26 August 2015.

After the action of the cyclone, the SST fell down to the average
value of 22.5 °C on August 26 (Fig. 4b). In the NE part of the sea,

Fig. 8. a) Maps of Chl-A (a) on 31 August 2015. The red line shows the position of high monthly averaged Wek (Wek > 3 ∗ 10−6 m/s) (see panel c); the black line
indicates the position of the east-central gyre from altimetry data; the purple line shows the position of anticyclone A1; red crosses show the position of Bio-Argo
floats; b) SST map dated 31 August 2015; c) monthly average Ekman pumping velocity in August 2015; d) altimetry-derived sea level on 4 September 2015. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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already cooled after the preceding strong winds, SST decreased from
23 °C to 19 °C (Figs. 2j, 7b). Over the continental slope in the southern
part of the basin it decreased from 27 °C to 23 °C; in the south-eastern
part, it fell from ~30 °C to 25–27 °C.

This cyclone significantly increased the effect of the previous strong
winds and extended the zone of high Chl-A. On 27 August, the zone
with Chl-A > 1mg/m3 occupied almost the entire eastern part of the
basin (Fig. 2i). Chl-A noticeably rose in the south-eastern part of the
basin from 0.6mg/m3 to 1.5 mg/m3.

The highest wind velocity in the south-eastern Black Sea was ob-
served near the coast. However, a bloom in the coastal areas was ab-
sent. It was detected only offshore to the left of the wind jet (Figs. 2i,
8a). The same feature was seen in the SST distribution: noticeable
surface cooling was observed offshore to the left of the wind jet, while
in the coastal area, the SST almost did not change (Figs. 2j, 8b). Such
asymmetry shows the important role of the local Ekman upwelling. In
the area of the wind jets, Ekman transport moves water to the right. As
a result, the surface waters moved to the west coast of the south-eastern
Black Sea and accumulated there. This caused the downwelling, which
blocked the effect of vertical entrainment. On the left periphery of the
wind jet, from where the water outflowed, the upwelling emerged and
the effect of cooling and Chl-A increased. Zones of high/low Chl-A
coincided with the zones of the decreased/increased SST. This indicates
that changes in both parameters were driven strongly by upwelling/
downwelling processes caused by Ekman pumping on the wind jet
periphery (Fig. 3h).

The maximum value of Ekman pumping at the wind jet periphery
reached 10-4 m/s, or approximately 9m/day. Strong winds were ob-
served over three days. Keeping in mind the preconditioning related to
the previous strong winds, such strong Ekman pumping could com-
pletely uplift the nitrocline and subsurface layers with high Chl-A up to
the surface.

The resulting picture of Chl-A on 29 August 2015 is characterized by
maximal values in the central part of the eastern gyre and offshore of
the southern continental slope zone. Fig. 8c shows monthly averaged
Ekman pumping velocity Wek for August. The red line in Fig. 5a con-
tours the zone with relatively high values of the averaged Wek

(> 0.3 ∗ 10−5 m/s). The position of high Chl-A coincided well with
high values of Ekman pumping velocity. This gives support to the hy-
pothesis that local Ekman upwelling plays one of the major roles in
surface bloom development. The position of the highest Chl-A, with
values exceeding 5mg/m3, corresponded well to the position of the
eastern cyclonic gyre (see Fig. 7d) contoured by the black line in
Fig. 5a, indicating the importance of basin-wide upwelling.

Orbital velocities in mesoscale anticyclone A1 transferred the nu-
trients and waters rich in Chl-A up to the north-western part of the
basin at a distance of over 200 km (see Fig. 8a). Transfer of the uplifted
nutrients from the east cyclonic gyre additionally can cause a sub-
sequent increase of the production in this part of the basin. At the same
time, downwelling dampened the blooming in the anticyclone core.
Another zone of low Chl-A in the SE part of the basin corresponded to
the position of the intense anticyclone A2 (“Batumi” eddy) that was
observed from altimetry data (Fig. 7b).

The maximum values of Chl-A were detected not during the strong
winds, but a week later (Fig. 4c). The highest increase was observed in
the central part of the eastern gyre. Here, from August 22 to August 29,
Chl-A increased from 2mg/m3 to extremely high values of 5mg/m3

(Fig. 8a). Such a prolonged rise of Chl-A is related to the delayed re-
sponse of the basin dynamics to Ekman pumping.

3.5. Impact of strong winds on the basin dynamics

The action of four strong events in August 2015 completely changed
the Black Sea geostrophic circulation (Fig. 7b, d). In the beginning of
August, total kinetic energy of the geostrophic currents was the highest
(not shown), but total current vorticity was negative - anticyclonic

(Fig. 4e). The overall negative sign of vorticity indicates that antic-
yclonic eddies make the major contribution to the basin dynamics. In-
deed, at that time, the Black Sea circulation was represented by a
number of intense mesoscale anticyclones (Fig. 7b). At least four large
anticyclones could be observed over the north continental slope of the
basin (A1–A4).

The highest negative vorticity was observed on 3 August. After the
first strong wind event, current vorticity in the east of the Black Sea
began to rise steadily (Fig. 4e). On 9 August, it became cyclonic. The
cyclonic vorticity reach its maximum 7 days after the last strong wind
on 27 August–2 September. This finding shows that the observed strong
winds “pumped” a large amount of the cyclonic vorticity into the basin.
As a result, at the end of August, the relatively stable jet of the cyclonic
Rim current formed over the north continental slope with average ve-
locities of 0.15–0.25 cm/s (Fig. 7d).

Cyclonic vorticity induces Ekman divergence in the centre of the
sea, which transports the waters from the centre to the coast. This
caused downwelling on the basin periphery and upwelling in the basin
centre. The slope of the isopycnals intensifies the baroclinic cyclonic
Rim current over the continental slope of the basin (Stanev, 1990;
Korotaev et al., 2001; Kubryakov et al., 2016).

The rise of cyclonic circulation leads to the quick termination of the
mesoscale anticyclones in the basin. Intensifying cyclonic currents press
to the coast and destroy the coastal mesoscale anticyclones (Zatsepin
et al., 2005; Kubryakov and Stanichny, 2015a, 2015b). In addition, the
anticyclones situated near the cyclonic periphery of wind jets, can be
destroyed by the direct action of the local Ekman upwelling, which
uplifts the pycnocline in the anticyclones and decreases their potential
energy. In particular, the powerful anticyclone A3, located in the
northeast part of the basin (Fig. 7b), dissipated almost immediately
after the third strong wind event, which occurred in the same area.
These changes illustrate the strong impact of episodic cyclonic wind
stress curl on the dissipation of anticyclonic mesoscale eddies, accel-
eration of the Rim current and transition of circulation regime from
“mesoscale” to “basin-scale” type.

At the same time, two anticyclones continued to exist to the end of
August in the eastern part of the basin: the “Batumi” anticyclone A2
(Oguz et al., 1992; Korotaev et al., 2003) in the southeast part of the
basin was “defended” from the strong winds by the Caucasus moun-
tains; the “Sevastopol” anticyclone A1 in the area of anticyclonic wind
curl formed due to the topographic blockage of northern winds by the
Crimean Mountains (Fig. 7b, d). This indicates that the topographic
control over the wind distribution can promote the existence of eddies
in several regions of the basin.

The basin circulation responses to Ekman pumping with a time lag
estimated as 7–14 days in Stanev et al. (2000) and Kubryakov et al.
(2016). Such a delayed response is related to the time needed for par-
ticles to move from the sea centre to the coastal area across the con-
tinental slope due to Ekman divergence. The peak of Chl-A was ob-
served on 31 August 2015, which coincided with the maximum of the
current vorticity (Fig. 4). Therefore, the delayed response of the cy-
clonic circulation to the wind forcing is the most likely reason for the
observed time lag between the fourth wind event and the Chl-A re-
sponse.

3.6. Evolution of the anomalous bloom in summer-autumn 2015

After August 30, Chl-A slightly decreased, but it was still very high,
with values of 1–2mg/m3. The “bright spot” of increased Chl-A caused
by strong winds in August was observed up to 3months later, until
November 2015 (Fig. 9). Monthly maps for July–November in Fig. 9
show the evolution of the Chl-A anomaly in 2015. In July, the surface
Chl-A was rather low (0.4–0.5mg/m3) and close to its climatic values.
In August, monthly averaged Chl-A in the central part of the eastern
gyre was ~1–1.5 mg/m3, which is 2–3 times higher than in surrounding
waters. In September 2015, a positive anomaly occupied almost all the
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central eastern part of the sea. The “spot” with the largest values was
displaced slightly to the east. In October, together with the beginning of
the convective mixing, Chl-A increased in the whole Black Sea to the
average value of 0.8 mg/m3. At the same time, the values of Chl-A in
the “spot” increased up to 2mg/m3. The Chl-A anomaly was trans-
ported to the west by the cyclonic Rim current. In November, it was
displaced to the south. Maximal values of Chl-A fell down to ~1.4 mg/
m3. The difference between Chl-A values in the bloom area and sur-
rounding waters decreased. Only in December, 3–4months after the
action of the strong winds in August, the Chl-A anomaly dissipated. This
dissipation was probably related to the development of winter con-
vection, which homogenized the gradients of nutrient concentrations in
the basin. Such prolonged impact of strong winds on Chl-A provided us
with evidence about the important role of relatively short but intense
atmospheric processes in the functioning of the Black Sea ecosystem on
seasonal time scales.

4. Conclusions

Satellite and in situ measurements detected anomalously intensive
phytoplankton blooms covering the whole eastern deep part of the
Black Sea in August 2015. Substantially high values of Chl-A observed
at the end of August 2015 (2–5mg/m3) were even larger than seasonal
maximum of Chl-A usually detected in the Black Sea during the winter
period. The bloom was caused by the action of several consecutive
strong wind events, which strengthened the effect of each other.

Four basic physical factors ensured the anomalous bloom of phy-
toplankton in August 2015. These are: 1) wind-induced turbulent
mixing and the entrainment of nutrients from below into the euphotic
layer; 2) diapycnal mixing in the water column probably caused by the
vertical shear of inertial currents; 3) local upwelling in the Ekman di-
vergence zone at the left periphery of the wind jets; and 4) in-
tensification of the basin-scale cyclonic circulation and the uplift of the
pycno-halocline and nitrocline closer to the euphotic layer. The Bio-
Argo float data showed that wind-induced mixing intensified the dia-
pycnal fluxes in the upper 100-m layer, including the upper boundary
of the chemocline. As a result, nutrients were injected into the euphotic
layer. This caused the intensive development of the phytoplankton
bloom in the thin layer approximately 5–10m thick located near the

lower boundary of the subsurface Chl-A maximum. Later, high Chl-A
values reached the sea surface due to the wind-driven turbulent en-
trainment and upwelling. The Bio-Argo measurements were not made
in the centre of the surface bloom and gave the information only about
the effects observed at the periphery of the bloom zone. Thus, we can
expect that very high values of Chl-A detected by the buoy (8mg/m3)
are still underestimated, and the subsurface values of Chl-A in the
central eastern gyre could be significantly higher.

Ekman pumping produced by the strong wind events intensifies the
basin-scale circulation in the Black Sea. It significantly accelerates the
cyclonic Rim current and terminates a number of intense mesoscale
anticyclones in the Rim current zone. Amplification of cyclonic circu-
lation leads to upwelling in the central part of the Black Sea. Therefore,
the pycno-halocline and related chemocline rise closer to the surface in
the central parts of the eastern and western gyres. The dynamic topo-
graphy of the chemocline significantly modifies the phytoplankton
bloom patterns. The impact of the wind-induced mixing and turbulent
entrainment enhances the vertical fluxes of nutrients in the central parts
of the gyres much more strongly than at their peripheries. Thus, in
August 2015, the most intense phytoplankton bloom was observed in
the centre of the eastern cyclonic gyre, where winds were the strongest
and the chemocline upwelled rather close to the sea surface.

In the central parts of mesoscale anticyclones, where the chemocline
was lowered, the phytoplankton bloom was absent. At the same time,
the horizontal advection caused by eddies, both cyclonic and antic-
yclonic, played an important role in the spatial redistribution of the
phytoplankton bloom patterns. Eddy horizontal advection transported
high Chl-A values and uplifted nutrients the large distances from the
zone of the maximal blooming in the central eastern gyre, affecting
biological production even in the western part of the basin.

A strong increase of the Chl-A caused by the action of four con-
secutive strong wind events in August 2015 was observed in the Black
Sea over> 3months, until November 2015. These results demonstrate
that short but strong synoptic atmospheric events can have a prolonged
impact on the Black Sea ecosystem. Investigation of the role of such
events in the long-term changes of the Black Sea phytoplankton dy-
namics should be the subject of the future studies.

Fig. 9. Monthly maps of chlorophyll A concentration in July (a), August (b), September (c), October (d), November (e), December (f) 2015.
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