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ABSTRACT	 The study investigated wind-driven upwelling along the Makran coasts, utilising wind, 
temperature, and sea surface current data. Results revealed a seasonal coastal upwelling 
system along the eastern Makran coasts, primarily influenced by coastline orientation, 
and impacting sea surface dynamics. Trend analysis of sea surface temperature (SST) 
data indicated consistently negative, or near-zero, SST variations in the Makran upwelling 
system, in contrast to adjacent areas. Peak upwelling intensity occurred in May, spanning 
62° to 66° E, encompassing over 300 km of Makran coasts. Temperature profile data 
validated the presence of a seasonal coastal upwelling system along the eastern Makran 
coasts. The examination of sea surface current components, in the northern Arabian 
Sea and the Gulf of Oman, highlighted the dominance of the seasonal upwelling system, 
driven by a decreased geostrophic current in May. In the northern Arabian Sea, the 
intensified geostrophic current, interacting with the Ekman current, diminished coastal 
upwelling intensity along the eastern Makran coasts.
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1. Introduction

Makran coastal waters are located at a latitude of approximately 25° N, spanning from a 
longitude of 57° to 67° E. This area encompasses the northern coastlines of the Gulf of Oman 
and the northernmost coastlines of the Arabian Sea (Fig. 1). Here, the Indian monsoon climate 
significantly influences regional oceanic and atmospheric circulation (Murtugudde et al., 2007; 
Al-Azri et al., 2010; Eshghi et al., 2020). During the summer monsoon season (May - September), 
eastward sea surface currents prevail, while during the winter monsoon season (November - 
February), westward sea surface currents dominate in the central Arabian Sea (Findlater, 1969; 
Shankar et al., 2002). Over the Gulf of Oman and the northern Arabian Sea, the summer monsoon 
is characterised by persistent and intense south-westerly winds, with an average speed of 15 
m/s. Conversely, the winter monsoon features less intensity and is associated with north-easterly 
winds, with average speeds of less than 5 m/s (Chaichitehrani and Allahdadi, 2018). Shamal 
winds can also influence circulation patterns in the Gulf of Oman and the northern Arabian Sea. 
These extratropical climate systems are characterised by strong north-westerly low-level winds 
that blow over the Arabian peninsula, often extending into the Arabian Sea, and reaching the 
Makran coasts (Vinod Kumar et al., 2014).
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The occurrence of Shamal winds in the Arabian Sea, during the summer, is closely linked to 
the phenomenon known as break-monsoons, where the monsoonal winds weaken during the 
dominance of Shamals (Aboobacker et al., 2011; Glejin et al., 2013; Muraleedharan et al., 2013). 
Circulation in the eastern part of the Gulf of Oman is primarily dominated by a cyclonic gyre. In 
the western part, an anticyclonic gyre is also dominant; however, the circulation in this region is 
more complex. From the west, the hydrological regime of the Gulf of Oman is influenced by the 
influx of high-salinity waters from the shallow Persian Gulf through the Strait of Hormuz (Banse, 
1997; Prasad et al., 2001). The Persian Gulf water mass flows along the southern coast of the 
Gulf of Oman, while the surface water mass of the Indian Ocean is centred near the offshore 
frontal part of the Makran coasts (Pous et al., 2004). As these dominant circulation patterns, in 
the Gulf of Oman and the northern Arabian Sea, are primarily concentrated in offshore areas, 
their impact on coastal water dynamics is expected to be relatively slight. Contrarily, coastal 
currents can be influenced by external factors (e.g. wind and tides) and may be associated with 
the circulation prevailing in the region. Previous studies have indicated that tidal currents, in the 
Gulf of Oman and the northern Indian Ocean, generally, are not intense (Akhyani et al., 2015). 
However, regional weather conditions, and the interaction of local wind-driven circulation, can 
give rise to significant patterns of coastal dynamics in the northern Arabian Sea and the Gulf of 
Oman (Reynolds, 1993; Fritz et al., 2010). A major part of our knowledge of coastal upwelling in 
the northern Arabian Sea and the Gulf of Oman is based on limited observations and modelling 
studies carried out in the 1990s and early 2000s. Unfortunately, the lack of observation and 
concerted modelling efforts resulted in a slow progress of our knowledge of this region over 
the last couple of decades. The dynamical reasons for the development of multiscale onshore 
and offshore eddies, and their impact on the coastal upwelling, coastal currents, sea surface 
temperature (SST), air-sea interactions, and, ultimately, on biology, are still not clear. Thus, 
considering the importance of this region in regional physical and ecological processes and, most 

Fig. 1 - The Makran coasts, the study area.
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importantly, its influence on the Indian monsoon, the scientific community should make greater 
effort to reach a complete understanding of the oceanic processes of this coastal upwelling 
system (Vinayachandran et al., 2021).

In general, coastal upwelling occurs due to flow divergence, which happens when surface 
waters are pushed offshore from a coastal boundary by winds blowing parallel to the coast, with 
the coastline on its left in the northern hemisphere (or on its right in the southern hemisphere). 
This phenomenon is known as the Ekman transport and is a result of the combination of wind 
stress and the Coriolis effect caused by the Earth’s rotation (Pond and Pickard, 1983). As a result 
of coastal upwelling, cold waters replace the warm surface waters of the nearshore area. At 
different time scales, this process has a profound influence on the climate (Bakun, 1990). Globally, 
there are four major coastal upwelling centres, namely in the Canaries, Benguela, California, and 
Humboldt. However, compared to the major centres, there are smaller areas with significant 
patterns of coastal upwelling. Detailed information on coastal upwelling characteristics in these 
areas could be crucial to aspects of Earth and environmental sciences, as well as to the local 
economy, given the importance of coastal upwelling in the fishery industries (Watson and Pauly, 
2001). The coastal upwelling intensity, in other coastal areas, can be low due to the lack of driving 
components, such as the eastern boundary currents, though it can still have a significant and 
undeniable effect on changes in physical and biological properties on regional scales (Lehmann 
et al., 2012; Barzandeh et al., 2018; Trinchin et al., 2019; Lu et al., 2021).

Depending on regional wind conditions, coastal upwelling systems can either have a quasi-
permanent or seasonal nature (Reul et al., 2005; Zavala-Hidalgo et al., 2006). The identification 
of temporal and spatial characteristics, along coastlines around the world, can be of utmost 
importance in the recognition of air-sea interactions and climatic consequences. According to 
the coastal upwelling formation mechanism, one of the factors playing a decisive role in the 
occurrence of coastal upwelling is the coastline orientation relative to wind direction. Given 
the variabilities of shoreline angles, on different spatial scales, the manner in which the coastal 
upwelling intensity is distributed and its effects along a certain shoreline are also significant 
(Kämpf and Chapman, 2016). Wind-driven coastal upwelling events are typically localised, and 
coastal upwelling does not occur uniformly along the shorelines. In warm-water ocean regions, 
the upwelling of colder subsurface waters can result in a reduction of sea surface temperatures, 
although this process is not necessarily spatially uniform in specific coastal upwelling areas 
(Tomczak and Godfrey, 2003).

The possibility of coastal upwelling occurrence, in the northern parts of the Gulf of Oman, has 
been suggested by a number of studies. Reynolds (1993) mentioned that the interface between 
the two counter-rotating gyres is a region of upwelling along the Iranian coast (the western Makran 
coasts). The circulation pattern seems to exist in winter and summer, although its strength and 
upwelling depend on prevailing winds. Johns et al. (1999), using limited data over a short period, 
concluded that the Makran coastal waters present consistent upwelling along the eastern part 
that is associated with the south-western monsoon. They also stated that the upwelling is more 
variable along the western parts of the Makran coasts. In addition, they mentioned that, due to 
spatial and temporal variability in the Makran coastal upwelling system, a better depiction of 
the winds over the Makran coasts is necessary. According to Kaul et al. (2000), the temperature 
profile differences in some CTD casts, in Makran coastal waters, could be due to an increased 
upwelling of cold deep waters during the summer. Pous et al. (2004) discussed the hydrology and 
circulation of the Gulf of Oman using data measured over a month, but one of the unanswered 
questions in their conclusion (a suggestion for further study) concerned the clear identification of 
upwelling events and their variability. By using Argo profiles, L’Hégaret et al. (2013) demonstrated 
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that upwelling occurs along the western Makran coasts, and downwelling along the Omani coast 
of the Gulf of Oman, in combination with wind fields. Such upwelling and downwelling processes 
lead to the presence of colder and fresher waters along the Makran coasts. Using satellite remote 
sensing, Moradi (2016) revealed that the SST drop along the northern parts of the Gulf of Oman 
is due to a non-persistent coastal upwelling system, which intensifies from west to east. Ghaemi 
Bajestani et al. (2018), with ArcGIS techniques, and a 3D numerical simulation, indicated the 
existence of upwelling during the monsoon transition period (October and November) in central 
parts of the Makran coasts. According to Hassanzadeh and Hosseinibalam (2020), the difference 
between atmospheric pressure and mean sea level along the Makran coasts is due to alongshore 
wind stress forcing, and is consistent with that expected from the Ekman dynamics. In addition, 
Morvan et al. (2020) revealed that a local coastal upwelling process, in the western and central 
Makran coasts, would affect the first 100 m of depth, and Pratik et al. (2019) confirmed an 
upwelling increase in the northern Arabian Sea, consistent with a spatial trend in heat content.

While upwelling events along the Makran coasts have been sporadically reported and 
studied, a comprehensive and systematic analysis of the spatial and temporal patterns of the 
Makran coastal upwelling system, is lacking. This study aims to fill this gap by analysing high-
resolution satellite data and atmospheric re-analysis, by considering an extended time series 
(that surpasses previous works) and encompassing the entire Makran coastal area. The primary 
focus of this research is to investigate the evidence on coastal upwelling occurrences along the 
Makran coasts using the SST trend, wind-driven coastal upwelling index, temperature profiles, 
and surface current components, which provide a more comprehensive understanding of the 
Makran coastal upwelling system.

2. Data and method

To investigate the initial probability of predominant occurrences of coastal upwelling along 
the Makran coast, 14-year (2007-2020) high-resolution (5×5 km2) gridded SST data, with monthly 
mean time steps, were obtained from the OSTIA global foundation (Good et al., 2020), provided 
by the Copernicus Marine Environment Monitoring Service1, and the linear trends of the long-
term SST changes were compared with the neighbouring areas. To elaborate further, the SST 
trend was determined by fitting a linear equation to the SST data time series for each grid point. 
According to many of the previous studies, among which Chollett et al. (2012) and Varela et al. 
(2016), one of the most important pieces of evidence of a coastal upwelling system consists in 
a locally decreased long-term SST trend. In addition, the coastal upwelling intensity is logically 
expected to be directly related to the decline rate of the fitted trend line on the SST time series. 
Nevertheless, the long-term trend of SST variabilities, on the regional scales, affected by the 
coastal upwelling, may be moderated due to the possible dominance of any other oceanic-
climatic phenomena on coastal water dynamics. This ambiguity can largely be related to the 
resolution of the investigated SST data.

Zonal and meridional wind speed components were extracted from the ECMWF’s ERA-5 
re-analysis2 for the period spanning from 1979 to 2020, for a total of 42 years with monthly 
time steps (Hersbach et al., 2020). To enhance the diagnostic capabilities of the initial results, 
the initial 25×25 km2 winds were interpolated onto a 5×5 km2 gridded data set, aligning with 

1 https://resources.marine.copernicus.eu/product-detail/SST_GLO_SST_L4_NRT_OBSERVATIONS_010_001/
2 https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels
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the spatial resolutions of the OSTIA data products. Next, the wind speed components were 
retrieved, and the wind stress components were computed using the quadratic bulk aerodynamic 
formulation outlined in Hellerman and Rosenstein (1983). The longitudinal (Qx) and latitudinal 
(Qy) components of the Ekman transport were, then, calculated (Schwing et al., 1996; Cropper 
et al., 2014). Based on the Ekman transport components, the Coastal Upwelling Index (CUI) was 
estimated with the following equation (Gomez‐Gesteira et al., 2006):

(1)

where q is the angle of the oceanward unit vector that is perpendicular to the mean shoreline 
position. In fact, the CUI detects coastal upwelling occurrence considering the Ekman transport 
intensity (Qx, Qy) and its direction towards the shoreline orientation. A positive (or negative) 
value of CUI implies that the Ekman transport has an oceanward (or landward) component, and 
the value close to zero implies that the dominated vector of the Ekman transport is parallel to the 
coastline. To estimate the wind-driven coastal upwelling system in comparison with the SST data 
variations, the 42-year mean annual cycle (monthly climatology) of CUI is linearly interpolated 
in each of the five-kilometre intervals along the Makran coasts (57°-67° E). Furthermore, given 
the expected influence of q on the spatial distribution of coastal upwelling intensity, a line fitting 
analysis was conducted within each of the five-kilometre intervals to match the resolution of 
the interpolated wind data. This analysis was performed on a full-resolution extraction of the 
Global Self-consistent, Hierarchical, High-resolution Shoreline3 database (Wessel and Smith, 
1996). For each of the five-kilometre longitudinal sections, the wind speed components 
were determined at the data grid-point nearest to the shoreline location of that section. As a 
result, positive and negative values of the CUI correspond to favourable coastal upwelling and 
downwelling conditions, respectively, with higher positive or negative values indicating more 
intense occurrences.

Furthermore, the monthly climatology of temperature profiles, from the surface to a depth 
of 100 m, was estimated by following the approach suggested by Morvan et al. (2020). This 
climatology covers the period from 1993 to 2019, and is based on weekly ARMOR3D4 multi-
year reprocessed data (Guinehut et al., 2012; Mulet et al., 2012). The ARMOR3D product is a 
composite data set that combines both satellite and in-situ data sources. Similarly to the CUI, the 
temperature profiles were determined at the data grid-point closest to the shoreline location of 
each section.

A 20-year data set (2000-2019) containing geostrophic and Ekman components of sea surface 
current data, with a spatial resolution of 25 km, was also acquired from the Geostrophic and 
Ekman Current Observatory (GEKCO). The GEKCO model, developed by Sudre et al. (2013), 
utilises remote-sensing altimeter and scatterometer data sets to provide both geostrophic 
and Ekman currents, and its outputs are available from the Laboratory of Space Geophysical 
and Oceanographic Studies5, upon request. By assessing the intensity of the Ekman current 
component, in comparison with the geostrophic current component, we aim to improve the 
detection of temporal and spatial changes in the potential wind-driven coastal upwelling system 
along the Makran coasts.

3 https://www.ngdc.noaa.gov/mgg/shorelines/
4 https://resources.marine.copernicus.eu/product-detail/MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012/
5 https://www.legos.omp.eu/en/data/
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3. Results and discussion

3.1. The SST Trend

Since the coastal upwelling mechanism is associated with cold deep waters moving up to 
the sea surface and with the subsequent sea breezes, the frequent and severe occurrences of 
coastal upwelling are expected to moderate the long-term SST trend of coastal waters (Bakun, 
1990). Hence, many studies use the trend analysis of long-term SST records in coastal waters as 
a diagnostic tool for detecting coastal upwelling occurrence and intensity. Fig. 2 shows the SST 
trend of the last 14 years in the northern Arabian Sea.

Fig. 2 - The SST trend based on 14 years of OSTIA data product.

As Fig. 2 demonstrates, the upwelling areas, in the west and east of the Arabian Sea, identified 
by previous studies (Vic et al., 2017; Jayaram and Kumar, 2018), are characterised by a reduced 
SST trend. Also, the north-western part of the Arabian Sea, approximately 23.5° N and 68° E, is 
close to the high wind energy zone in the southern part of Pakistan and the Indus River delta 
(Nayyar and Zaigham, 2013; Mahar and Zaigham, 2015), where water discharge from a large river 
reduces the SST in the coastal area (Jaiganesh et al., 2021). The two other noteworthy points 
are located along the eastern Makran coasts, approximately 25° N, along 62°-64° E and 65°-66° 
E. These reductions in the SST trend are rather similar to other well-known coastal upwelling 
systems in the eastern and western Arabian Sea. In addition, based on data resolution, the trend 
analysis shows that SST variability and the severity of cooling mechanisms is not uniform along 
the Makran coasts. However, if coastal upwelling is assumed to be one of the coastal water 
cooling mechanisms, due to the fact that the wind speed patterns are not significantly variable 
across this relatively small area (Anoop et al., 2020; Aboobacker et al., 2021), then, the second 
factor, the coastline angle (q), will be expected to be responsible for this variable SST trend along 
the Makran coasts.
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In summary, these findings suggest that wind patterns over Makran, in conjunction with the 
specific geometry of certain coastal sections, favour the occurrence of upwelling. This, in turn, 
leads to a significant decrease in SST, particularly along the sections around 63°-64° E and 65°-
66° E. Worthy of note are previous studies (Khan et al., 2004; Rana et al., 2014) that observed an 
increasing SST trend throughout all seasons in the northern Arabian Sea and its coastal zones. 
Therefore, the primary hypothesis of this study is that coastal upwelling occurs more significantly 
in western parts of the Makran coasts than in eastern parts, in contrast to the increasing SST 
trend and long-term warming of coastal waters.

The SST trend analysis implies that the existence of a coastal upwelling system along the 
Makran coasts is not far from what is expected. However, variabilities in sea surface parameters 
are related to all dynamic factors of a basin. It should be noted that, as already proven by 
several studies, the surface mesoscale, as well as submesoscale eddies, impact the circulation 
system of the northern Arabian Sea (Eshghi et al., 2022; Font et al., 2022; Smitha et al., 2022). 
As demonstrated by L’Hegaret et al. (2015), the outflow from the Persian Gulf to the Gulf of 
Oman presents several offshore ejection sites and a complex recirculation, depending on the 
mesoscale eddies. The outflow path in the Makran coastal waters can be, up to approximately 
59° E, parallel to the Makran coasts before it changes to the southern parts of the Gulf of Oman 
(oceanwards). Furthermore, submesoscale eddies can be the results of local coastal upwelling 
(Morvan et al., 2020). In any case, it is important to understand the extent to which these factors 
overshadow the dynamics of coastal currents.

3.2. CUI evaluation

Fig. 3 displays the 42-year mean annual cycle of the CUI. The top panel of Fig. 3 illustrates the 
q values, estimated in this study, for each longitudinal section; the bottom panel shows the 42-
year monthly climatology of the CUI. From an initial examination, the coastal upwelling exhibits 
significant intensity, around 63°-64° E and 65°-66° E.

Fig. 3 - The 42-year mean annual cycles of CUI and the q values.
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Based on Fig. 3, the most intense coastal upwellings are detected in May. There are slight 
local coastal upwelling events, around 58°-61° E. The CUI also shows that there is a very slight 
downwelling around 57°-61° E. Due to the more exact q values for the calculation of the CUI being 
considered in this study, the effect of the smaller scale variabilities is also highlighted in Figs. 2 and 
3. Consequently, this demonstrates that q can be very important in coastal upwelling intensity. For 
example, as shown in Fig. 2, coastal upwelling at 64°-65° E and, also, at 66°-67° E is not expected to 
be significant, as no significantly decreasing SST trend has been found in this location. Conversely, 
the intensity of the coastal upwelling system along 62°-64° E should be larger than that along 65°-
66° E, according to Fig. 2, whereas Fig. 3 proves that the CUI is stronger in the 65°-66° E range.

3.3. Coastal temperature profile

Fig. 4 shows the mean annual cycle of temperature profile along the Makran coasts, from the 
surface to the depth of 100 m. The vertical temperature gradient in the first three months (cold 
season) is not intense. However, from April the surface layers become warmer. The warming is 
modified in May by the vertical transfer of the waters to the surface, as clearly shown by the 62°-
66° E area, indicating the occurrence of a significant coastal upwelling pattern, which continues 
from May until December, while its intensity decreases.

Fig. 4 - The 27-year mean vertical temperature along the Makran coasts based on ARMOR3D re-analysis data.

Fig. 4, obtained using 25-kilometre resolution data, is in very good agreement with Fig. 3. 
Likewise, from June to September (summer season), a warm zone that exists on the surface 
of the coastal waters of western Makran, even though all the coasts of Makran are located at 
a relatively constant latitude, does not involve the eastern coasts. This shows that the coastal 
upwelling system prevents severe warming of coastal waters in summer along the eastern 
Makran coasts. However, the temporal changes of this system are similar to the Indian summer 
monsoons, and the monsoon seasonal cycle also affects the SST changes (Das et al., 2013).
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3.4. Coastal upwelling, SST, and monsoon

Vinayachandran (2004) stated that the duration of the upwelling off the coast of Somalia, 
and its lateral advection, appears to be a significant parameter on which the summer cooling 
depends. Other previous studies have mentioned the upwelling effect on the summer cooling of 
the Arabian Sea, but none of them referred to the northern part of the Arabian Sea, specifically 
to the coastal upwelling system along the Makran coasts (McCreary and Kundu, 1989; Shankar 
et al., 2002; Varela et al., 2018). To explore this uncertainty further, the monsoon index was 
extracted following the methodology of Wang et al. (2001). Next, a correlation analysis was 
conducted between the time series of the summer monsoon index and sea surface SST. 
Additionally, another correlation analysis was performed between the monsoon index and 
the CUI along each of the five-kilometre longitudinal sections along the Makran coasts. These 
analyses were conducted simultaneously, within corresponding time intervals, from the monthly 
time series data.

Fig. 5 - The correlation coefficient for an analysis between the CUI and monsoon index, and for the analysis between 
the SST and monsoon index.

Fig. 5 reveals a noteworthy correlation between SST variations along the Makran coasts and the 
summer monsoon. As expected, the monsoon index exhibits a similar variation to temperature, 
with two peaks during the warm months. However, this correlation gradually diminishes from 
west to east. This could indicate that, in the eastern Makran, a factor, such as coastal upwelling, 
slightly reduces the effect of the summer monsoon on the SST variations. The CUI variations 
show less correlation with the monsoon in several longitudinal sections. Therefore, the CUI 
changes can be acknowledged as being correlated with SST changes, regardless of the seasonal 
variability component. For further investigation, the typical seasonal cycle was removed from 
the CUI and SST time series, and a correlation analysis was performed between them. Fig. 6 
shows a correlation coefficient between the deseasonalised SST and CUI time series for each 
of the five-kilometre longitudinal sections. According to these results, the deseasonalised SST 
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variations are more strongly correlated with the CUI along the eastern Makran coasts, especially 
at the sections with higher CUI peaks, shown in Fig. 3. According to Fig. 6, deseasonalised SST 
variations along the eastern Makran coasts are more strongly, and inversely, correlated with the 
CUI in comparison with the other area.

Fig. 6 - The correlation coefficient between deseasonalised SST and CUI time series.

Inverse correlation implies that an increase in CUI coincides with a decrease in the SST value. 
The strongest correlation coefficient is found in the region between 65° and 66° E, where the 
most intense coastal upwelling events are evident, as depicted in Fig. 3. Conversely, in areas 
where significant coastal upwelling patterns were not anticipated (Figs. 4 and 5), or where slight 
downwelling events were possible (Fig. 3), the correlation coefficient tends to be positive or 
close to zero, indicating a lack of statistically significant influence of coastal upwelling on SST 
variability in such areas.

In addition, the results in Fig. 6 show that a significant signal of coastal upwelling along the 
eastern Makran coasts is wind-driven, despite the other factors that could have a significant 
effect on the coastal water dynamics. In general, all the results presented in Figs. 2 to 6 of this 
study (each of which is obtained from different data and methods) testify to the existence of a 
significant seasonal upwelling system along the eastern Makran coasts, peaking and coinciding 
with the summer monsoon in May, and lasting until mid-autumn.

3.5. Sea surface current

Despite the alignment of the results in the spatiotemporal SST and CUI patterns, changing 
along the eastern Makran coasts, a matter of controversy concerns whether wind-driven currents 
in the coastal areas are affected by other sea surface current components. In this study, to 
address this issue, the climatology of two main sea surface current components were evaluated 
using GECKO2 data from 2000 to 2019. Figs. 7 and 8 show the 20-year mean annual cycles of the 
sea surface Ekman current component and geostrophic current component, respectively, the 
sum of which can be a good estimate of the total sea surface current.

According to Fig. 7, the Ekman current component is dominant in the north-eastern Arabian 
Sea. In addition, based on Fig. 8, the geostrophic current component prevails in the Gulf of 
Oman with a local cyclonic gyre (mesoscale eddy) that peaks in winter along the western Makran 
coasts. However, this gyre naturally reduces the probability of wind-driven coastal upwelling 
occurrences and can increase the likelihood of eddy-induced upwelling. Nevertheless, since 
there is no evidence indicating a significant temperature decrease along the western Makran 
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coasts, this aspect is not explored any further in this study. Worthy of mention is that, as 
described by Ayouche et al. (2021), the cyclonic gyre initially forms at the mouth of the Gulf of 
Oman, near the western Makran coasts, and, then, gradually drifts south-eastwards from early 
to mid-June. Then, it remains stationary at the same location and elongates until mid-August. 
Fig. 8 also highlights a prominent mesoscale eddy pattern between longitudes 62° and 65° E 
along the Makran coasts during June. In addition, it is demonstrated that the geostrophic current 
component values during April-June are very low along the eastern Makran coasts. This indicates 
that the intense wind-driven coastal upwelling activities overcome the surface eddy structure. 
There are also less decreased values of the geostrophic current component in other months, 
especially along 62°-64° E and 65°-66° E.

Fig. 7 - The 20-year (2000-2019) mean annual cycle of the sea surface Ekman current component.

Fig. 8 - The 20-year (2000-2019) mean annual cycle of the sea surface geostrophic current component.
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During June, along the eastern Makran coasts, however, the Ekman current component 
continues to dominate, suggesting favourable conditions for upwelling (Fig. 7). At the same time, 
the geostrophic component, influenced by sea level changes along the Makran coasts (Fig. 8), is 
expected to form, and potentially reduce, the coastal upwelling intensity in June. By comparing 
Figs. 3, 7, and 8, the coastal upwelling system is understandably significant and intense along 
the eastern Makran coasts only when the magnitude of the geostrophic component current 
is not more than 4 cm/s, and the Ekman component prevails in the northern Arabian Sea. In 
other months, the interaction of these two components is such that the greater the Ekman 
component, compared to the geostrophic component in the northern Arabian Sea, the more 
intense the coastal upwelling along the eastern Makran coasts.

4. Conclusions

The existence of a coastal upwelling system along the Makran coasts, and its possible 
spatiotemporal variabilities, have been investigated in this study. Initially, the trend analysis of 
the high-resolution satellite SST data shows a relative decrease in temperature trends along 
the Makran coasts, which could represent an upwelling system similar to the other well-known 
coastal upwelling system in the Arabian Sea. However, it is important to note that this decreasing 
trend is not uniform, thus, indicates the presence of smaller-scale instabilities in the Makran 
waters. Accordingly, the present study demonstrates the importance of investigating the smaller 
scale instabilities in order to better detect regional sea surface dynamics and recognise the 
effects of climate change. To evaluate the variabilities of coastal upwelling on smaller scales, the 
CUI was computed by interpolating coastline data in each longitudinal interval of 5 km along the 
Makran coasts, and by reducing wind stress to this scale. Then, the vertical temperature structure 
was evaluated and, finally, the spatiotemporal patterns of sea surface current components were 
considered across the northern Arabian Sea and the Gulf of Oman. The main results obtained in 
the study are summarised as follows.

The wind regimes in the northern Arabian Sea from late winter to late summer (from early 
March to mid-September) are favourable to the presence of an upwelling system along the 
Makran coasts, with the Ekman transport reaching 500 m3s-1km-1, and being directed offshore. 
The mean horizontal Ekman transport value, calculated for the coastal water segment closest 
to the shoreline, has been evaluated to induce coastal upwelling, as demonstrated in prior 
studies conducted in different basins (Alvarez et al., 2011; Barzandeh et al., 2018; Sousa et al., 
2020). However, along the eastern Makran coasts, from early April to mid-August, when the 
oceanward Ekman transport mean at the coastal water segment closest to the shoreline reaches 
more than 750 m3s-1km-1, the vertical temperature structure changes and, clearly, some signs of 
thermocline, appear starting from April. When the Ekman transport mean peaks to more than 
1,000 m3s-1km-1 in April-May, the mean temperature profile shows the vertical transport of cold 
waters to the upper layers. 

All the results that were obtained using the new long-term data only show the coastal 
upwelling system for the eastern Makran coasts and, also, indicate that in the western Makran 
coasts, i.e. along the northern shoreline of the Gulf of Oman (Iranian coasts), there is no significant 
coastal upwelling pattern. This contrasts with some previous studies that were referred to in the 
introduction to the present study. Although previous studies did not make significant use of big 
data analyses to identify the coastal upwelling system along the Iranian coasts, they mentioned 
the possibility of doing so. However, the results of this study clearly show that there is no coastal 
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upwelling along the Iranian coasts, due to the decrease of wind-driven surface currents and the 
predominance of geostrophic flows that imply the mesoscale eddy structure in the Gulf of Oman. 
The mesoscale eddies, in the northern Arabian Sea, limit the Makran coastal upwelling system 
in summer, and, despite the strong wind regime and the monsoon currents, eddies could also 
limit the coastal upwelling system and cause a reduction of its intensity in summer. However, 
the interaction of winds and eddies can lead to mild coastal upwelling patterns by September. 
The deseasonalised coastal upwelling signals, and their interactions with SST variabilities on 
the eastern Makran coasts, specifically between 65° and 66° E, show that the seasonal Makran 
systems are wind-driven. In subregions, such as 63°-64° E, where the wind-driven coastal 
upwelling intensity is a little milder but the decreasing SST trend is more pronounced, other 
factors (such as eddies) can be recognised as the co-drivers of the coastal upwelling system along 
the eastern Makran coasts. Conversely, the coastal upwelling mechanism collapses due to spatial 
changes in the shoreline angle. Such changes also occur approximately at longitudes of 64.5° or 
66.5 °E, and provide evidence of downwelling, instead of the coastal upwelling pattern, leading 
to a positive SST change rate along the Makran coasts. But even these small changes, as shown 
by results of the trend analysis of high-resolution SST data and the spatiotemporal distribution 
of CUI, affect the coastal water warming process and, consequently, the vertical distribution of 
ocean properties. 

Regionally, the present study demonstrated that the hypothesis of a significant effect of 
wind-driven smaller-scale instabilities, on long-term changes in coastal waters, is valid only for 
the eastern Makran coasts and is inconceivable in the western Makran coasts. In addition, by 
observing the results obtained in this study, the cooling process in Makran coastal waters can 
be assumed to be mainly related to wind-driven currents and coastal upwelling, and, despite 
the mesoscale eddy activity in the Gulf of Oman and the northern Arabian Sea, the eddies could 
influence temperature variability only in offshore areas.
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