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Abstract⎯Long series data of a thermistor chain in the Black Sea coastal zone near Gelendzhik were analyzed.
A thermistor chain installed 1 km offshore and at a depth of 22 m. There are full and incomplete upwelling events
observed. The study of upwelling genesis based on: wind speed data from the NCEP/CFSR reanalysis and
Gelendzhik weather station, velocity and direction of coastal currents measured by ADCP profiler moored on
the bottom near the thermistor chain. Over the whole observation period (warm seasons of 2013–2015), more
than 40 events of upwelling were registered four of them were full upwellings, when presence of under-thermo-
cline water was observed near the sea surface. For every upwelling event, conditions prior to the changes in ther-
mic structure, were analyzed. It is found that full upwelling generally occur under synergistic wind and current
forcing. Fairly strong forcing of one of these factors is sufficient for partial upwelling to occur.

DOI: 10.1134/S0001437017040178

INTRODUCTION
Upwelling in Black Sea coastal zones is a fairly

common event [1, 4, 8, 11]. It is generally related to
wind forcing. In the Northern Hemisphere, coastal
Ekman upwelling is caused by wind that blows along
the coast when the coast is to the left of the wind. Inte-
grated Ekman transport in the upper mixed layer
(UML) is directed offshore, which leads to a compen-
sational ascent of deeper and, generally, colder water,
which sometimes reach the sea surface [5, 18]. Such an
event is termed full upwelling. If cold water upwell but
do not reach the sea surface, this is termed incomplete
(partial) upwelling.

Coastal upwelling may also be caused by coastal cur-
rents of the same direction as the wind generating
upwelling. In the northeastern part of the Black Sea,
such a current is directed to the southeast [8]. In the
Black Sea, the coastal current of this direction could be
driven by mesoscale or submesoscale anticyclonic
eddies, which are not directly related to wind forcing [3,
7, 11–13]. When the upwelling wind and current act
together, they should intensify water ascent, which, in
particular, is confirmed by the results of this study.

In this study, long series data of thermistor chain
are analyzed. This thermochain moored 1 km offshore
at a depth of 22 m in the Black Sea coastal zone near
Gelendzhik. Full and incomplete upwelling events
were identified. Wind speed reanalysis data, weather
station data and current velocity data from an acoustic
Doppler current profiler (ADCP), moored near the

thermochain, were used to unveil driving factors of the
observed events of upwelling.

DATA AND METHODS
In July 2012, a thermistor chain consisting of 17 tem-

perature-sensing elements were deployed on a moored
station with subsurface buoyancy 1 km offshore at a
depth of 22 m. This point located at the satellite-cov-
ered hydrophysical test site of the Shirshov Institute of
Oceanology, Russian Academy of Sciences [10] across
from the Golubaya Bay (Gelendzhik). The sensors were
placed on a wire at an equal distance (0.8 m) between
them in the 6–20 m depth range. The sampling rate of
the sensors was 30–60 s and their accuracy was
±0.05°C. Data from RDI WH Sentinel 600 kHz
ADCP, which measured current velocity profiles every
30 s, available since 2013. The vertical resolution of the
data is 0.5 m, in accordance with the ADCP cells.
Table 1 lists the operating periods of the instruments.

For subsequent analysis, the original datasets were
smoothed and the time series of the vertical distribu-
tions of water temperature, current speed and direc-
tion were plotted. Visualization of these datasets made
it possible to delineate upwelling and downwelling
events, as well as analyze the related wind and current
parameters.

Wind forcing was calculated using the NCEP Cli-
mate Forecast System Reanalysis high-resolution
dataset. The spatial resolution of the reanalysis data is
~0.2°, and the time step is 1 h [17]. The point of the
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reanalysis grid closest (~10 km) to the location of the
thermistor chain and ADCP was picked. Data from
the Gelendzhik weather station with 3-h temporal res-
olution were also used. To calculate the correlation
coefficients (K) between wind forcing and water tem-
perature, the initial temperature data were interpo-
lated to 3-h time steps of weather observations and
current velocity measurements were averaged.

The coordinate system was rotated 50° counter-
clockwise. Hence, positive velocity values correspond
to the alongshore northwest current and southeast
wind. This rotation angle was chosen in accordance
with approximate orientation of the coast line in the
study region.

Additionally, to reveal upwelling in the periods
when the thermistor chain was not operational, water
temperature measurements at the Golubaya Bay pier
were used. Temperature was measured from the sea
surface to 6 m depth in the summer months (June–
July) during student field-works of the Oceanology
Department, Faculty of Geography, Lomonosov
Moscow State University. Daily measurements were
performed at 09:00, 12:00, and 15:00 GMT using SIS-
plus 1000 and CastAway CTDs [2].

RESULTS
During 2013–2015, in the warm period of year,

more than 40 upwelling events were observed. Among
them, four cases were full upwellings when the pres-
ence of deep water with temperatures of 10–12°С were
recorded by the upper sensor of the thermochain at a
depth of 6 m. Itis found that full upwelling events do
not occur every year and are often associated with
early summer (May–June) or autumn (September–
October), which is confirmed by other studies [4, 14].
Partial upwelling is observed more often, at least twice
a month. The duration of the full upwelling–down-

welling cycle varies from several days to 1.5 weeks,
which is also shown in [11, 14, 16].

During incomplete upwelling, no significant tem-
perature changes were recorded by the upper thermo-
sensor. At lower depths (more than 10 m), however,
sensors registered presence of water that has tempera-
ture 2–10°С lower than near-surface water. This tem-
perature difference depends on the intensity of the
upwelling event. The temperature decrease is caused
by the ascent of the seasonal thermocline, its upper
boundary reaches the sea surface during a full upwell-
ing event. An example of partial upwelling in July 2015
is shown in Fig. 1. This event was caused by intense
wind forcing (the Ekman upwelling criterion, which is
described below, is less than –1), but the presence of a
thick UML and absence of the strong southeastern
current hindered the ascent of deep waters to the depth
of the upper sensor of the thermistor chain.

During downwelling, the upper boundary of the
thermocline often descends to more than 20 m (the
depth of the last sensor in the thermochain) and ther-
mal stratification disappears in the whole water col-
umn. Such short-term change of the hydrologic struc-
ture is accompanied by intense water advection, as well
as vertical and horizontal water mixing. These pro-
cesses seem to significantly influence the hydrochem-
ical structure of water and flows of nutrients and pol-
lutants, which leads to a change in the functional con-
ditions of the coastal ecosystem [6].

As mentioned above, upwelling and downwelling
in sea coastal zones are caused by wind forcing, along-
shore currents or both. To reveal the relationship
between wind speed, current speed, and sea tempera-
ture, the correlation coefficients for these parameters
were calculated (Fig. 2). The longshore component of
the wind speed, longshore component of the current
speed at a depth of 7 m, and sea temperature at depths
of 6, 9.2, 13.2, and 19 m were used. A small correlation
coefficient was found between temperature and wind
speed (K < 0.3), as well as between temperature and
current speed (K < 0.4). When the correlation coeffi-
cients were calculated for periods of full upwelling, a
considerable correlation between temperature and wind
speed was found, which reaches its maximum (K > 0.7)
when the temperature records are shifted 27–33 h for-
ward. The response of the near surface temperature to a
wind speed change occurs later than the temperature
response at lower depths, which is natural for upwelling
events. In the same cases, the correlation between tem-
perature and the speed of the longshore current is
higher than between temperature and wind speed,
reaching K > 0.8 for the same time shift.

For incomplete upwelling events, the correlation
coefficients between sea temperature and wind speed
were low (K < 0.5) for any temporal shifts. At the same
time, the correlation with current speed was found to
be high (K ≈ 0.8) for lower depths, where rising of the
isotherm was observed. These calculations show that,

Table 1. Measurement periods of water temperature
and current characteristics
Year ADCP Thermistor chain

2013 3 July–8 July
13 July–10 August
20 August–12 September
20 September–26 December

25 June–10 August
19 August–31 December

2014 6 May–15 May
30 May–9 June
18 June–20 June
3 July–8 July
11 July–19 July
24 July–1 August
5 August–23 August
25 August–26 October

21 February–10 April
6 May–15 May
30 May–11 June
18 June–20 June
1 July–8 July
11 July–1 August
4 August–24 September
25 September–31 December

2015 1 January–16 May
25 May–11 June
13 June–19 June
9 July–31 July
7 August–20 August
24 August–11 September
15 September–9 October

1 January–27 January
30 January–16 May
25 May–11 June
June–19 June
9 July–9 October
13 October–31 December
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unlike full upwelling, partial upwelling is not wind
forced, but related to the dynamics of coastal currents.

To estimate the possibility of a full upwelling event
forced by the wind (Ekman) factor, the following cri-
terion was suggested in [11]:

Ru= τyt/fρwHRd =  t/(g'H3)1/2 < –1. (1)

Here, τy is the longshore component of wind stress,
t is duration of quasi-stationary forcing of the upwelling
wind, f is Coriolis parameter, ρw is sea water density,
H is thickness of UML, Rd = (ΔρgH/ρw)0.5/f is the local
baroclinic Rossby deformation radius, g' = gΔρ/ρw is
reduced acceleration due to gravity, Δρ is the difference

2u*

between water densities in the upper (above thermo-
cline) and lower (under thermocline) layers, and u*=
(τy/ρw)1/2 is the dynamic friction velocity in water.

The Ru values were calculated for all upwelling
events. The lower layer was defined as a layer with tem-
perature of 10°С. The average climatological values of
the water density and temperature, thickness of UML
were used. The criterion Ru < –1 for three full upwelling
events out of four recorded. As found, the typical dura-
tion of the upwelling wind is more than two days. This
means that continuous northwestern wind forcing is
needed for development of full upwelling in this region,
but such conditions occur very rarely. Thus, Eq. (1)

Fig. 1. (a) Upwelling criterion Ru. Vertical distributions of (b) temperature, (c) current velocity and (d) direction at analyzed point
in July 2015, when incomplete upwelling was observed.
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Fig. 2. (a) Water temperature at depth of 9 m (solid line) and longshore component of wind speed (dashed line) in September–
October 2013. (b) Water temperature at depth of 19 m (solid line) and longshore component of current velocity (dashed line) in
September–October 2013. Upwelling periods are shaded.
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Table 2. Upwelling characteristics

Ekman upwelling criterion Ru

Direction and velocity

of current

Temperature change

at 18 m depth
% of total

Less than –0.5 (incl. less than –1) SE, >30 cm/s >7° C 40% (incl. 3 cases of intensive upwelling)

From –0.5 to –0.2 SE, about 20 cm/s 4–7° C 22%

From –0.2 to 0.1 Alternating sign 3–7° C 14%

From –0.2 to 0.1 SE, 20–30 cm/s 1–5° C 11%

From –0.2 to 0.1 SE, 30–50 cm/s 3–4° C 9%

Less than –0.6 10–20 cm/s 2–3° C 4%

provides representative diagnostic or prognostic assess-

ments of the full Ekman upwelling probability based on

climatological thermocline temperature variation and

UML thickness data, observed (or forecasted) wind.

Main characteristics of full and incomplete upwell-
ing presented in Table 2, where several types are iden-
tified according to the values of the Ru criterion and

water dynamics data. There are 40% of the recorded
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Fig. 3. (a) Upwelling criterion. Vertical distributions of (b) temperature, (c) current velocity and (d) direction at analyzed point
from July 15 to 25, 2013.
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events, including three cases of full upwelling, when

high absolute values of the Ru criterion and strong

southeastern currents were observed. The upwelling

criterion was from –0.5 to –0.2 for 22% of events,

which were characterized by continuous wind forcing

with moderate southeastern current. Only 14% of

cases (when temperature changes at the lower sensor

indicate vertical movements of the thermocline)
related to the turn of the alongshore current, which
could be explained by the passage of submesoscale
eddies or topographic waves.

In some situations (11% of cases), ascent of ther-
mocline waters occurred without wind forcing, but
with a strong southeastern current.
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Rarest are the cases when partial upwelling developed
only due to the wind forcing (Ru < –0.6) with low current

speeds. There are 9% of cases of upwelling occurrence
with low current speeds and low absolute values of the
Ekman upwelling criterion (from 0.1 to ‒0.2). Such par-
tial upwelling is unsustainable and recorded after upwell-
ing events with the above-mentioned features.

However, in some cases when criterion (1) was
enough, there was no full upwelling observed (Fig. 3).

One possible reason is discrepancy between the mean

climatological UML thickness and its real value [15].

Due to considerable short-term (several days) vari-

ability in the magnitude and direction of the longshore

current [3] the UML also varies. The next logical step

of this research is estimation of the UML thickness

variability and its correlation with the longshore cur-

rent speed. However, a shallow depth (22 m) of

moored station does not allow to estimate the UML

Fig. 4 (a) Upwelling criterion. Vertical distributions of (b) temperature, (c) current velocity and (d) direction at analyzed point
from 25 May to 12 June 2015.
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thickness, because in many situations, particularly
those related to downwelling events, the UML extends
to the bottom. To estimate the variability range of the
UML, it is necessary to move the measurement point
to deeper areas, which is planned in the near future.

A considerable increase of the UML thickness com-
pared to the average climatological values is observed in

the presence of a northwestern current, which causes
deepening of the thermocline in the direction of the coast
due to geostrophic adjustment [6]. Such situation was
observed in July 2013 (Fig. 3), when full upwelling didn’t
occur even under strong and continuous upwelling wind.

A special case is the full upwelling event recorded
from 29 May to 7 June, 2015 (Fig. 4). This upwelling

Fig. 5. Satellite images of northeastern part of the Black Sea. (a) MODIS-Terra optical image for 08:10 GMT on June 2, 2015;
arrows indicate two submesoscale anticyclonic eddies (A) in Gelendzhik–Novorossiysk coastal zone, which advect waters in
southeast direction and produce upwelling; (b) MODIS-Aqua sea surface temperature (SST) for 10:25 GMT on June 3, 2015;
decrease in SST by 2–3° C is observed (dark tones) in Gelendzhik–Novorossiysk region, which is related to upwelling in A.
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developed in the absence of both northwestern wind
and strong southwestern current. Satellite images of
the sea surface (Fig. 5) provide an explanation of this
phenomenon. Figure 5a shows an optical image
obtained by the MODIS-Terra scanner at 08:10 GMT
on June 2, 2015, which captured the northeastern part
of the Black Sea. The arrows indicate two submeso-
scale anticyclonic eddies in the Gelendzhik–Novo-
rossiysk coastal zone that produce upwelling and long-
shore advection of colder water in the southeast direc-
tion. Due to this advection, cold water reaches the
point where the station with the ADCP and thermistor
chain is moored. Figure 5b shows sea surface tempera-
ture field (SST) of the same part of the Black Sea
obtained by the MODIS-Terra scaner at 10:25 GMT
on June 3, 2015. As observed, in the area of submeso-
scale eddies, the SST values are lower (by approxi-
mately 2–3°C) compared to the surrounding waters.
The absence of an obvious current at the point of the
site means that, apparently, this point was located on
the periphery of the anticyclonic eddy, which was
reached by upwelling waters due to longshore advec-
tion. Upwelling events caused by submesoscale eddies
were described before in [9], and their presence should
be noted when analyzing thermocline water upwelling
events in the Black Sea coastal zone.

Some incomplete upwelling events are also presum-
ably caused by relaxation (recovery of thermocline
location after downwelling). However, clear separation
of relaxation and upwelling is challenging, because
these events constantly replace each other and there is
ambiguity in choosing the thermocline depth.

CONCLUSIONS

Development of full coastal upwelling in the north-
eastern part of the Black Sea is generally preceded by a
sustained and continuous (more than two days) north-
western wind. Initialization of the process is related to
the intrusion of cold under-thermocline waters to the
near-bottom layer, which gradually ascend to the sea
surface. Development of full upwelling is facilitated by
the presence of a southeastern coastal current. Full
upwelling usually occurs in the presence of two fac-
tors, i.e., a northwestern wind and southeastern cur-
rent. When the wind forcing ends, the upwelling
relaxes. The relaxation speed significantly increases
when the longshore current turns to the northwest.
Under such conditions, downwelling develops.

The criterion for full Ekman upwelling (see Eq. (1))
is a useful predictor of its occurrence. However,
neglecting the influence of the water dynamics lowers
its credibility.

At the measurement site (depth of 22 m), oscilla-
tions in the direction of the longshore current cause
vertical oscillations of the upper boundary of the ther-
mocline with an amplitude of 10 m or more. These
oscillations are one of the main reasons for the fre-

quent occurrence (two to three times a month) of
incomplete upwelling. For incomplete upwelling it is
sufficient presence of an intense southeastern current;
the role of the wind is not important in this case.

The possibility of local ascent of cold waters at the
cores of submesoscale eddies and consequent advec-
tion of these waters by longshore currents should be
considered, when coastal upwelling events analyzed.
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