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Abstract In this study, wind-driven coastal upwelling in the Caspian Sea was investigated 
using a developed three-dimensional hydrodynamic numerical model based on the Princeton 
Ocean Model (POM). The model was forced with wind fields and atmospheric fluxes from the 
ECMWF database and it considers freshwater inflows from the Volga, Kura and Ural Rivers. This 
model was implemented for 10 years (2008—2018). Findings indicated that the upwelling in 
the Caspian Sea was due to effects of wind and bottom topography, often occurring from May 
to September. In June and July, in the eastern part of the middle and sometimes southern 
basins, up to 3 °C water temperature difference occurs between coastal and offshore areas. 
The vertical temperature gradient in the middle basin was larger than that in the southern 
basin. Upwelling in August in the eastern coasts of the middle basin within 25 km of coast from 

the depth of 15 m to the surface was shown, which was due to the effects of wind and bottom 

topography. In the middle basin, the highest vertical velocities caused by upwelling in June, 
July and August were 12, 13.82, and 10.36 m/day, respectively. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

inds in specific areas lead to divergence of water mass 
n oceans and seas. If surface water is driven by wind ac- 
ion away from the coast, the only way for its replacement 
s by upwelling from below. Since there is a good chance 
hat the upwelled water has been enriched in nutrients, an 
pwelling area is likely to be a site of enhanced biological 
roduction. Coastal upwelling is mainly influenced by winds 
nd rotational effects of the Earth (Coriolis force), so that 
ts formation is owing to the presence of coast as an im- 
enetrable lateral boundary as well as the relatively shal- 
nces. Production and hosting by Elsevier B.V. This is an open access 
nses/by-nc-nd/4.0/ ). 
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Figure 1 Three basins of the Caspian Sea. 
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ow waters of the continental shelf ( Brink, 1983 ; Kämpf and 
hapman, 2016 ). The denser mass of water rises to sea sur- 
ace, so that the sea surface temperature drops. The hori- 
ontal movement of water masses toward the offshore de- 
reases the sea level in the coastal area, and it creates 
 horizontal pressure gradient and produces a geostrophic 
urrent under Ekman’s transfer function ( Kämpf and Chap- 
an, 2016 ). Many studies have related the coastline ori- 
ntation and the upwelling-favorable winds ( Anand et al., 
019 ; Closset et al., 2021 ; Li et al., 2018 ; Nigam et al.,
018 ; Sun et al., 2017 ; Wirasatriya et al., 2020 ). Owing 
o the prevailing wind regime in the summer, the forma- 
ion of the upwelling phenomenon in the Caspian Sea is 
ighly important ( Ibrayev et al., 2010 ). The surface wa- 
ers are often warmer during the summer in the shallow 

oastal areas of the Caspian Sea, while along the east coast 
f the middle and southern Caspian basins, due to favorable 
inds (parallel to the coast), the surface waters move to- 
ard the west coast, and create the this phenomenon in the 
ast coast ( Ibrayev et al., 2010 ). Furthermore, they some- 
imes cause downwelling on the west coast. Several fac- 
ors, such as wind and bottom topography (length and cur- 
ature of the bed), affect the rise of water along the coast 
 Shanks et al., 2000 ). The bottom topography plays a key 
ole in the formation of the long upwelling filaments, whose 
ignature extends over the entire water column and influ- 
nces the upper layer dynamics advecting water parcels off- 
hore ( Meunier et al., 2010 ). The upwelling phenomenon in 
arm seasons has an almost stable trend as confirmed in at- 
ospheric ( Kosarev and Yablonskaya, 1994 ) and satellite ob- 
ervations ( Sur et al., 2000 ). During the summer, due to the 
revailing north wind, a relatively strong current is gener- 
ted from the eastern part of the sea to the center, creating 
he Ekman transport along the eastern part ( Ibrayev et al., 
010 ). In July, the prevailing wind in the central Caspian 
ea is often from north to south, causing the upwelling phe- 
omenon on the east coast ( Knysh et al., 2008 ), while in 
he winter, the movement of water mass to the south and 
orth on the western and eastern parts, respectively, in the 
ubsurface layer (up to 30 m depth) of the Caspian Sea cre- 
tes a seasonal counterclockwise rotation ( Gunduz and Öz- 
oy, 2014 ). Sea surface temperature (SST) satellite data of- 
en show relatively colder waters along the coast and fila- 
ents penetrating offshore from the upwelling region. The 
pwelling region extends from 41 ° to 44 °N along the eastern 
oast with a temperature anomaly of 2—3 °C in a region ex- 
ending 5—20 km from the coast ( Gunduz and Özsoy, 2014 ). 
he thermohaline structures of the Caspian Sea waters in 
he areas near the river mouths as well as on the eastern 
hores of the middle Caspian basin, where upwelling is ob- 
erved in the summer, have considerable inconsistency in 
hree dimensions, and seasonal changes in the temperature 
nd salinity of sea water are at 100 m and 20 m, respectively 
 Tuzhilkin and Kosarev, 2005 ). To investigate the upwelling 
henomenon in the eastern coasts of the middle Caspian 
asin, one study used a three-dimensional COHERENS model 
hose horizontal model grid was 0.046 × 0.046 degree and, 
n the vertical direction, it had 30 layers in the sigma co- 
rdinates ( Shiea and Bidokhti, 2015 ). The model was im- 
lemented for 5 years, and it was investigated by sim- 
lation results, studying the horizontal and vertical tem- 
erature structure, and velocities of the sea currents in 
364 
he eastern area of the middle Caspian coast. The maxi- 
um vertical velocity was 12 m/day in July and 7 m/day 

n August ( Shiea and Bidokhti, 2015 ; Shiea et al., 2016 ).
lthough previous research focused on studying the cir- 
ulation of the Caspian Sea, some issues in simulation of 
he current field remain unresolved. Since currents over 
he Caspian Sea are primarily wind-driven ( Ghaffari et al., 
013 ), their accurate simulations depend largely upon the 
ind data resolution ( Kitazawa and Yang, 2012 ). However, 
o the best of our knowledge, previous studies did not ap- 
ly well-resolved spatial changes of wind field over the 
aspian Sea to predict its current field (e.g. Gunduz and 
zsoy, 2014 ; Ibrayev et al., 2010 ; Turuncoglu et al., 2013 ).
he major problem using satellite SST images to detect up- 
elling is that they only provide information about the near 
ea surface layer ( Su and Pohlmann, 2009 ). In addition to 
he lack or scarcity of field measurements for the Caspian 
ea, a high-resolution hydrodynamic model of the South- 
rn Caspian Sea circulation is also absent in the literature. 
n this research, upwelling caused by wind and bottom to- 
ography during the year and in the whole Caspian Sea by 
pplying more forcing and resolution (compared to previ- 
us research), was carried out using Princeton Ocean Model 
POM). The purposes of the paper are (1) to implement the 
D hydrodynamic model (POM) for current, salinity and tem- 
erature fields modeling of the Caspian Sea by applying a 
.041 ° resolution; (2) to investigate the frequency of up- 
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Table 1 Main characteristics of the Caspian Sea ( Arpe et al., 2018; Hall, 2002 ; Kostianoy and Kosarev, 2005 ). 

Surface area (km 

2 ) North 386,400 in 2017 112,056 
Middle 139,104 
South 135,240 

Volume (km 

3 ) North 1% 78,200 900 
South 66% 27335 
South 33% 49865 

Length (km) 1,200 
Width (min-max) (km) 196-435 
Average depth (m) North 5 (max 20) 

Middle 190 (max 790) 
South 330 (max 1025) 

Average surface temperature ( °C) North Winter: 0 °C with ice cover Summer: 24 
South Winter: 10 Summer: 27 

Average surface salinity (psu) North 4 
Middle 12.8 
South 13 

Figure 2 Climatic fields of the water temperature ( °C, a, b) and salinity (psu, c, d) in the surface layer of the Caspian Sea in 
February and August ( Tuzhilkin and Kosarev, 2005 ). 
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elling (per month) in the Caspian Sea using POM model; 
3) In particular, we try to identify the roles of bottom to- 
ography and wind field as important upwelling mechanisms 
n the Caspian Sea. 

. General features of the Caspian Sea 

.1. Study area 

he Caspian Sea, a landlocked body of water between 
sia and Europe, and the largest enclosed sea basin 
n the world is located at 36—48 °N and 46—55 °E, with 
0—44% of the total lacustrine waters of the world 
 Dumont, 1998 ; Bohluly et al., 2018 ). According to phys- 
cal and geographical conditions as well as the bottom 

opography, the Caspian Sea is divided into three basins 
 Figure 1 , Table 1 ), North Caspian Basin (NCB), Mid- 
le Caspian Basin (MCB) and South Caspian Basin (SCB) 
 Tuzhilkin and Kosarev, 2005 ; Zereshkian and Mansoury, 
020 ). 
365 
.2. The climatic temperature and salinity fields 
f the Caspian Sea 

ased on the results of statistical and physical analy- 
es of ship and coastal measurement data ( Tuzhilkin and 
osarev, 2005 ), the winter surface temperature field is char- 
cterized by its significant increase from the north to the 
outh ( Figure 2 a). Heat losses during the winter in the north-
rn and southern Caspian basins reach approximately 700 MJ 
 

—2 and 200 MJ m 

—2 , respectively. Water temperatures are 
pproximately 3 °C lower than those in the open sea at the 
ame latitude ( Tuzhilkin and Kosarev, 2005 ). The advection 
f the waters of the northern and southern Caspian basins 
ffects the surface temperatures of the western and eastern 
oundaries of the Middle Caspian Sea. The maximum values 
f the winter surface temperatures in the Middle Caspian 
esult from the advection of warm waters from the south to 
he north along its eastern boundaries. In the summer, the 
inimum temperature of the Caspian Sea is observed in part 
f its eastern coast, which could be due to a summertime 
pwelling. The high summertime recurrence of upwelling 
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Figure 3 Annual mean climatic field of the current vec- 
tors in the surface layer of the Caspian Sea ( Tuzhilkin and 
Kosarev, 2005 ). 
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ff the eastern coast of the Middle Caspian from May to 
eptember makes this phenomenon climatically significant 
nd it is well illustrated in the multiannual mean monthly 
elds of the water temperature ( Figure 2 b). 
The salinity field in the Caspian Sea is subject to certain 

easonal changes owing to its geographical location, river 
nflow, evaporation (shallow-water zones off arid eastern 
oasts), and precipitation ( Tuzhilkin and Kosarev, 2005 ). In 
inter, due to reduced evaporation, surface salinity is low 

n the central and southern Caspian basins ( Figure 2 c). The 
ropagation of reduced salinity from the northern basin to 
he middle is negligible due to high evaporation in the sum- 
er ( Figure 2 d). 

.3. The mean annual field of the current and 

ind of the Caspian Sea 

he mean annual current velocities at the centers of the 
ub-basin gyres are 0.05—0.10 m s —1 and reach 0.20 m s —1 at 
he interfaces of gyres with opposite vorticities ( Figure 3 ). 
ind-induced currents play a rather significant role in the 
ea surface layer ( Table 2 ). The current variability is re- 
ated to the synoptic variability of the direct wind impact 
 Medvedev et al., 2020 ). 
366 
. Data and methods 

.1. POM model 

he POM is a simple-to-run yet powerful ocean modeling 
ode to simulate a wide-range of problems, from small-scale 
oastal processes to global ocean climate change ( http:// 
ww.ccpo.odu.edu/POMWEB/ ; Mellor and Blumberg, 1985 ). 
any international researchers have studied numerous ap- 
lications of this model in the modeling field in oceans and 
eas in different parts of the world. This model was provided 
y Princeton University in New Jersey and was developed 
ith the support of the Geophysical Fluid Dynamics Labo- 
atory (GFDL) of the National Oceanic and Atmospheric Ad- 
inistration (NOAA) as well as the Princeton Dynamic Analy- 
is Institute ( Blumberg and Mellor, 1987 ). The message pass- 
ng interface Princeton Ocean Model (mpiPOM) was devel- 
ped by Advanced Taiwan Ocean Prediction (ATOP), and it 
as optimized for the needs and resources of the ATOP sys- 
em ( Oey et al., 2013 ). This model was developed for the
aspian Sea with modifications and various types of coding 
s mpiPOM_Caspian Sea (mpiPOM-CS). 

.2. Data preparation to implement the model 

nfortunately, most of the time, there are not sufficient re- 
iable data for the study area due to the lack of field mea-
urements. For the model input, temperature and salinity 
ata of the World Ocean Atlas ( Antonov et al., 2006 ) were
sed; despite high accuracy (1 °), the data do not cover 
he entire Caspian Sea and an algorithm for extrapolation, 
n addition to interpolation on the grid, should be used 
 Mansoury et al., 2015 ). The General Bathymetric Chart of 
he Oceans (GEBCO) aims to provide the most authoritative, 
ublicly available bathymetry data sets for the oceans and 
eas including the Caspian Sea. Atmospheric fluxes data, in- 
luding wind, precipitation, evaporation, heat fluxes (sen- 
ible and latent), and short and long wave solar radiation 
ere received from the ECMWF database with an accuracy 
f 0.125 ° and a 6-hour time step. The most important rivers 
ntering the Caspian Sea are Volga (5 branches), Kura and 
ral. The monthly average of Naval Research Laboratory 
NRL) data was used for the data of the rivers ( Table 3 ;
ara et al., 2010 ). In this research, the model was imple- 
ented for ten years (2008—2018), and the last year out- 
uts of the model implementation were investigated. The 
odel domain is 46.5—55 °E and 36.5—47 °N with a horizon- 
al resolution of 0.041 ° (about 4 km) and 35 vertical layers in 
igma coordinates. It uses external and internal time steps 
f 2s and 90s, respectively. To apply the parallel process- 
ng, four cores were considered with a computational grid 
f 135 × 103. 

.3. Stability and validation of the model 

n the course of a year, salinity has almost a round cy- 
le, but in the first years of the model, it does not have
 clear trend. Its multi-year repetition during model ex- 
cution indicates that the model is stable (and can also 
e true for temperature). In this study, salinity changes 
n the last years of the model implementation show rela- 

http://www.ccpo.odu.edu/POMWEB/
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Figure 4 Monthly mean wind velocity vectors in (a) December and (b) July 1982. The units are in m/s ( Ibrayev et al., 2010 ). 

Table 2 Some wind features in the Caspian Sea ( Ibrayev et al., 2010 ). 

Wind speed (typically) Summer (approximately 4 m/s) 
The maximum speed occurs to the east of the Apsheron 
Winter (approximately 5—6.5 m/s) 
The maximum speed occurs in the north ( Figure 4 a) 

The classification of the annual cycle 
of the monthly mean wind 

1 — December—January: 
With the convergence of winds in MCB and SCB due to high land-sea temperature 
( Figure 4 a) 
2 — February—July: 
When large-scale anti-cyclonic winds prevail over the sea ( Figure 4 b). 
3 — August—November: 
When average wind direction gradually changes from south-, southwestward to 
westward. 

Figure 5 Changes in salinity in the ten-year implementation 
period of the model. 
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ively good model stability ( Kämpf and Sadrinasab, 2006 ; 
adrinasab and Kämpf, 2004 ) ( Figure 5 ). 
The data collected during research cruises in the Caspian 

ea in August and September (from 30.08.1996 for one 
eek) were used to validate the model results. To validate 
he model output according to the available measurement 
367 
ata during 1996 ( UNESCO-IHP-IOC-IAEA, 1996 ), the model 
as re-run for ten years (1988—1997). The results of the 
odel output and measurements were compared to each 
ther ( Figure 6 ) in three positions ( Figure 1 ). 
The following comparisons indicate acceptable agree- 

ents between the model results and the measurement 
ata and satellite image ( https://oceancolor.gsfc.nasa. 
ov/ ). Due to the limited availability of the current veloc- 
ty measurement data in the Caspian Sea, the mean annual 
urrent velocities of previous study ( Figure 3 ), SST satellite 
mage ( Figure 7 a) and this study ( Figure 7 b) were compared,
howing good agreement between them. 

.4. Upwelling detection mechanism 

pwelling occurs due to divergence of currents in the sur- 
ace layers of the sea caused by wind field, in the presence 

https://oceancolor.gsfc.nasa.gov/
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Figure 6 Comparison of modeled and observed temperature—salinity properties: a) St.1, b) St.2 and c) St.3 in 1996. 
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f the shoreline or other special conditions, after which 
he water of the lower layer (colder and denser) is trans- 
erred to the surface to maintain balance. The lower lay- 
rs are known as permanent sources of nutrients, so pro- 
uctivity is significant in areas where upwelling occurs. Due 
o the favorable wind in the sea shores and the resulting 
cumenical transfer, there is a difference in water level 
etween the coast and offshore, and the pressure differ- 
nce caused by them will follow the surface geostrophic 
368 
ow. Changes in sea water temperature (surface temper- 
ture at nearshore and offshore, and the vertical section 
f seawater temperature) and sea currents (such as verti- 
al velocity) due to a rise in a body of water from depth
o surface which can be caused by wind and bottom topo- 
raphic effects ( Meunier et al., 2010 ), indicate the coastal 
pwelling ( Ghaffari et al., 2013 ; Olita et al., 2013 ). In
his research, owing to the physical and geographical lo- 
ation of the Caspian Sea, the Coriolis effect in differ- 
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Figure 7 Annual mean climatic field of SST ( °C): a) Satellite image ( https://oceancolor.gsfc.nasa.gov/ ); b) Model output in the 
Caspian Sea. 

Table 3 Monthly mean discharge for the major rivers dis- 
charged into the Caspian Sea ( Kara et al., 2010 ). 

Volga (m 

3 /s) Kura (m 

3 /s) Ural (m 

3 /s) 

January 780 490 50 
February 790 500 55 
March 800 530 60 
April 1500 800 900 
May 4780 1050 1370 
June 4000 800 420 
July 1650 450 220 
August 1120 310 180 
September 1000 315 140 
October 1060 400 140 
November 1070 420 135 
December 780 460 80 

Table 4 The maximum vertical velocities of seawater in 
upwelling events at 43 °N in June. 

Day w max (m/day) 

11 10.5 
12 11 
13 10.1 
27 10.3 
28 11.3 
29 12 

Table 5 The maximum vertical velocities of seawater in 
upwelling events at 43 °N in July. 

Day w max (m/day) 

22 12.09 
24 8.64 
25 13.82 
26 7.77 

Table 6 The maximum vertical velocities of seawater in 
upwelling events at 43 °N in August. 

Day w max (m/day) 

3 10.36 
4 6.04 
5 6.9 
6 8.64 
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nt latitudes and a variable wind field, as well as the ice 
ffect were considered with an appropriate accuracy in 
piPOM-CS. 

. Results 

.1. Spatio-temporal variability of sea surface 

emperature 

igure 8 presents the monthly changes in the Caspian Sea 
emperature in 2017. In the northern and middle basins, 
he climate pattern is relatively cold and in the southern 
asin, the pattern is warm. Sea surface temperature from 

anuary to April in the three basins of the Caspian Sea have 
ncreased, and this increase in temperature in the north- 
rn basin (from January to April) is east-west due to depth 
hanges ( Figure 8 a—d). These changes are caused by the 
ower depth of the eastern part compared to the west- 
rn part of the basin and the lower heat capacity of the 
eafloor relative to seawater. The mean monthly seawater 
emperature in some parts of the Caspian Sea, particularly 
rom May to September, undergoes unexpected changes 
 Figure 8 e—i). SST changes in the eastern part of the mid-
le and southern basins, from May to August and into part 
f September, are colder than offshore ones (blue ovals). 
rom October to December, it resumes its natural trend 
 Figure 8 j—l). In these months, the air temperature rises 
ompared to previous months, and this increase in tem- 

https://oceancolor.gsfc.nasa.gov/
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Figure 8 SST ( °C) with monthly mean wind overlaid in 2017. 
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erature is expected to affect the eastern coasts of the 
aspian Sea due to the shallow depth and to raise the sur- 
ace temperature of the water. However, the sea surface 
ater on the eastern shores of the central and southern 
aspian basins has been colder compared to the offshore ar- 
as, which may be owed to the transfer of cold water from 

he lower layers to the sea level. The difference between 
he average sea surface temperature in the eastern part of 
he middle Caspian Basin (coastal and offshore) indicates 
he possibility of upwelling in these areas. 
370 
Nevertheless, the monthly pattern of the wind field in 
ay, August and September does not show the Ekman trans- 
ort in favor of upwelling (perpendicular to the coastline) 
 Figure 8 e,h,i). However, the direction of the wind in this 
art, due to pushing the surface water, causes a difference 
n the water level between coastal and offshore areas, be- 
ng consistent with the upwelling event. Since the effect of 
ther factors (other than wind) may play a role in creat- 
ng upwelling, it is necessary to examine the daily changes 
or a more detailed study. Northwest and north winds in 
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Figure 8 Continued. 
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une and July are the main mechanism of upwelling on the 
astern coasts of middle and southern Caspian basins, ow- 
ng to the Ekman transport perpendicular to the coastline 
 Figure 8 f,g). 

.2. Vertical section of seawater temperature in 

iddle and southern Caspian basins 

n May, although the wind direction in the middle Caspian 
asin (at 43 °N) is not parallel to the east coast ( Figure 8 e),
 slight upwelling occurs in lower layers, which may be 
ue to topographic effect ( Figure 9 a). However, in the 
outhern Caspian basin (at 39 °N), it is upwelling-favorable 
ind. Coastal upwelling is seen in the upper layers, which 
an be due to wind field effect ( Figure 9 b). In June, 
emperature contours show that the water masses of the 
astern coasts of the middle and southern Caspian basins 
re the result of divergence of surface waters and the 
ovement of water from lower layers to upper layers 

 Figure 9 c,d). Wind field is the main factor of upwelling 
n this month ( Figure 8 f).The intensity of upwelling due 
o wind is higher in the middle basin than in the southern 
asin, so that the topographic effect in this basin is neg- 
igible ( Figure 9 ). In July, in the middle basin, the rise of
ater mass at a depth of 20 m to the surface occurred, 
nd in the southern basin at a depth of 12 m, partially 
long 52—53 °E, according to the north wind ( Figure 9 e,f). 
urthermore, in the middle basin, wind-driven upwelling is 
redominant. 
In August and September, the rise of water mass from 

ower layers to upper layers in the middle basin (at 43 °N) 
an be seen in two parts ( Figure 9 h,i). The first part (blue
vals) indicates weak coastal upwelling considering the east 
nd southeast wind and change at the coastal water level 
Less than 10 m depth) ( Figure 9 g,i). However, the second 
arts (red ovals) show water rises from a depth of approxi- 
ately 35 to 10 m (along another longitude), which can be 
ue to sea currents encountering the seafloor (bottom to- 
ographic effect). Nevertheless, in the southern basin (at 
9 °N), rising water is seen only in part, at a depth of 35—
0 m (orange ovals), which is similar to the middle basin 
wing to topographic effects ( Figure 9 h,j). 
371 
.3. Monthly mean of vertical velocity in June and 

uly 

ccording to Figure 10 , the maximum vertical velocity oc- 
urs at 51.2 °E in June and July considering positive values. 

.4. Daily upwelling in June, July and August 

ising water mass from lower layers to the surface layer on 
une 27 ( Figure 11 a) in the longitude 51.2 °E occurs consider-
ng the northwest wind that is almost parallel to the coast- 
ine ( Figure 11 b). Moreover, according to Table 4 , the high-
st vertical velocity is estimated at 12 m/day in upwelling 
vents this month, where w max is the maximum vertical ve- 
ocity. 

On July 22, the water mass rises vertically in the longi- 
ude 51.20 °E ( Figure 12 a,b), and according to Table 5 , the
ighest vertical velocity is 13.82 m/day in upwelling events. 
In August, according to the wind direction (southeast), 

he mechanism of formation of upwelling on the fourth 
ay cannot be the effect of wind ( Figure 13 a). Although 
he vector of the wind field in this area is almost paral-
el to the coastline, its Ekman transport is to the onshore. 
herefore, the formation of upwelling in this part of mid- 
le basin coasts can be due to topography ( Figure 13 b). The
ighest vertical velocity is 10.36 m/day in upwelling events 
 Figures 13 b, 14 , Table 6 ). 

. Conclusion 

n this study, upwelling in the Caspian Sea was investigated 
sing a developed three-dimensional hydrodynamic numeri- 
al model (mpiPOM-CS). The Validation of the model results 
ased on measurement and observational data (satellite im- 
ge) showed greater consistency of the simulation results. 
ccording to the findings, upwelling often occurs in the 
aspian Sea from May to September, which is in good agree- 
ent with the results of studies conducted by Lavrova et al. 
2011) and Tuzhilkin and Kosarev (2005) in the eastern part 
f the middle Caspian basin. The difference in SST between 
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Figure 9 Vertical section of the seawater temperature ( °C) in MCB and SCB (May—September). 
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Figure 10 Monthly mean of the vertical velocity (m/day) in MCB. 

Figure 11 Vertical velocity over the vertical section of seawater temperature ( °C) at 43 °N (a) and SST ( °C) with wind field overlaid 
(b) in the Caspian Sea on June 27. 

Figure 12 Vertical velocity over the vertical section of seawater temperature ( °C) at 43 °N (a) and SST ( °C) with wind field overlaid 
(b) in the Caspian Sea on July 22. 
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Figure 13 Vertical velocity over the vertical section of seawater temperature ( °C) at 43 °N (a) and SST ( °C) with wind field overlaid 
(b) in the Caspian Sea on August 4. 

Figure 14 Plan view of the topography and model current 
vectors at a depth of 27 m and its seawater temperature ( °C) in 
the eastern part of the middle Caspian Basin on August 4. 
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he eastern coast of the southern basin and the offshore 
rea is noticeable in May. Upwelling occurs in upper layers 
t the 20 m depth to the surface and 15 km from the coast,
hich can be due to the wind field effect. However, in the 
iddle Caspian basin, a slight upwelling occurs in lower lay- 
rs, owing to the topographic effect. In June, in the middle 
asin, upwelling occurs within 25 km from the coast in up- 
er layers at a depth of 35 m. Although the difference in SST 
between coastal and offshore waters) in these two basins is 
egligible, the vertical temperature gradient is much more 
ntense in the middle basin (43 °N) than in the southern basin 
39 °N). Upwelling in the middle basin occurred 6, 4, and 4 
imes per month in June, July, and August, respectively, so 
hat its intensity in June and July is much higher than in Au- 
ust. According to the wind field direction, upwelling events 
n June and July are mainly due to wind field effects and in 
ugust due to the bottom topography. In July and August, 
he mean of the maximum vertical velocities in the middle 
aspian basin was estimated 10.58 m/day and 7.98 m/day, 
374 
espectively, being in good agreement with the results ob- 
ained by Shia and Bidokhti (2015) (12 m/day and 7 m/day, 
espectively). The reason for the slight difference in these 
alues can be explained by the difference in the forcing ap- 
lied to the model. Wind-driven upwelling in August occurs 
n the eastern coasts of the middle Caspian basin within 25 
m from the coast up to a depth of 15 m. The mechanism of
pwelling formation in the middle Caspian basin in June and 
uly is north or northeast wind (parallel to the coastline), 
eing consistent with the results obtained by Knysh et al. 
2008) indicating that the reason of upwelling in July is the 
revailing wind from north to south in the middle Caspian 
asin. According to east and southeast winds in August and 
eptember in the eastern part of the middle basin, the up- 
elling in these months can be due to the effect of the bot-
om topography. 
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