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Abstract
The hydrographic characteristics and water mass features of the Saudi waters of the Arabian Gulf (Persian Gulf) are
less documented compared to neighboring regions. This study analyzed vertical profiles of temperature, salinity, and
density collected from five transects with 555 stations in Saudi waters during five seasons. Although the data were
collected during 2002–2003, they reveal notable hydrographic variability and features associated with Saudi waters.
The sea surface temperature during late autumn and winter shows strong horizontal fluctuations between the northern
and southern belts of the Saudi coast, while a high temperature plume is formed in the central coast during early
summer. The central and northern coasts of Saudi Arabia have high concentrations of salinity induced by shallow
embayments, while the impact of brine is limited to small areas in the vicinity of the outfalls. The presence of three
water masses, namely, Indian Ocean Surface Water (IOSW), Arabian Gulf Water (AGW), and Bay Systems-induced
Water (BSW), has been evident in this region; however, they co-occur only during spring, early summer, and summer
in central and northern transects. The autumn and winter are characterized by the presence of AGW and BSW in
all transects, while the IOSW was absent due to the mixing and by the opposing effects of shamal winds, which
diminishes the inflow of IOSW. Nonetheless, the early summer and summer, with strong thermal stratification, exhibit
the progression of IOSW up to the northern end of the Saudi waters.
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1. Introduction
The Arabian/Persian Gulf (hereafter, the Gulf) is situated

within the extensive, arid landmass of East Asia and is bor-

dered by highmountain ranges. This geographical position

gives the Gulf a tropical climate in summer and a temper-

ate climate during winter. Consequently, atmospheric tem-

perature undergoes high seasonal fluctuations, which are

rapidly transferred to the water column due to the shal-

lowness of the Gulf. In the western Gulf, the sea surface

temperature (SST) is as low as 11°C during winter and as

high as 38°C during summer (Alosairi et al., 2020). The

high rate of evaporation and very little precipitation in-

creases the salinity of the Gulf waters, which generally

ranges from 38 to 45 (Rakib et al., 2021). In both summer

and winter, most evaporation occurs in two south embay-
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ments, to the east and west of Qatar, where the depths are

less than 10 m for over 1000 km2 (Sheppard, 1993). As a

result, the temperature and salinity in regions such as the

Gulf of Salwa, Manifa Bay, and Ad Dafi Bay become higher

compared to that in the open sea (KFUPM/RI, 1990a,b,c).

In the Gulf of Salwa, the salinity reaches up to 63.3 and tem-

perature up to 40°C (Joydas et al., 2015; Al-Abdulkader et

al., 2019).

The circulation in the Gulf is highly complex due to shal-

low depths in itsmajor part, and is driven by thermohaline,

wind, and tidal forces. Tides enter the Gulf through the

Strait of Hormuz, propagate as Kelvin waves and progress

in a counterclockwise pattern along the Iranian coast and

along the SaudiArabian coastline (LeProvost, 1983;Madah

and Gharbi, 2022). In the western Gulf, tides are complex

standing waves, and their dominant patterns vary from

semidiurnal to diurnal by one or two amphidromic points

located in the northwestern part (due to semidiurnal tide)
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and in the central part (due to diurnal tide) (Reynolds,

1993; Siddig et al., 2019). The wind-driven currents are

greatly influenced by the northerly/northwesterly shamal

winds (Mussa et al., 2024). Studies reveal that the net

surface flow along the Saudi Arabian coast is toward the

southeast/east (Veerasingam et al., 2020 a,b, 2021a,b).

The persistent southward wind stress sets up coastal cur-

rents along both the Arabian and Iranian coasts (Johns

et al., 1999). The southerly current causes downwelling

along the Saudi coast and upwelling along the Iranian coast

(Hassanzadeh et al., 2011). The flow along the Iranian

coast seems to continue into the southeastern basin, up to

the Strait of Hormuz as a tightly trapped coastal current.

Freshwater input from the Iraqi Shatt-al-Arab system is ex-

pected to amplify the Saudi-Qatar-Emirate coastal current

(KFUPM/RI, 1990a).

The high evaporation over the Gulf leads to an inverse

estuarine circulation with high saline water leaving the

Gulf through the deep part of the Strait of Hormuz and re-

placed by a less saline surface inflow from the Sea of Oman

(Swift and Bower, 2003; Pous et al., 2013; de Marez et al.,

2019). The thermohaline forcing is generally aroused by

the sinking of dense water in the northern Gulf, and a per-

sistent thermal front across the Gulf was found north of

Qatar related to the thermohaline exchange through the

Strait of Hormuz (Johns et al., 1999). The front is most in-

tense in summer andweakest in the late winter and spring.

The data suggests that the location of the front is linked to

the penetration of comparatively less saline oceanic inflow

into the Gulf (Rakib et al., 2021; Al-Ansari et al., 2022).

Much of this inflow terminates in a counterclockwise flow

east of the mid-Gulf front.

The sea surface salinity (SSS) of the Gulf increases as it

moves from the mouth of the Gulf inwards (Thoppil and

Hogan, 2010). Sinking of saltier and denser water starts in

the northwestern part of the Gulf. The dense saline water

migrates down south and increases the salinity of deeper

water. There is an inflow of less saline water through the

Strait of Hormuz along the Iranian coast, which is either

weakened by the northwest shamal winds or sufficiently

strengthened in the summer to reach the northern part of

the Gulf. A cyclonic eddy is noted in the southernGulf along

with a cyclonic eddy in the northwest Gulf maintained by

river runoff from the Shatt-al-Arab (Thoppil and Hogan,

2010). A southward coastal jet is tracked between the

head of the Gulf and Qatar (Hunter, 1986; Reynolds, 1993).

A recent study identified small-scale seasonal eddies in

the Gulf of Salwa and in Qatar waters (Hanert et al., 2023).

Reynolds (1993) reported that the surface residual flow is

southeastward along both the Saudi and Iranian coasts. In

the middle, between these two coasts, surface velocities

appear to be much smaller than near the coasts and there

is evidence that this part of the area shows almost zero net

surface flow (Kämpf and Sadrinasab, 2006).

Studies point out that there are considerable variations

in hydrography in the Gulf – both spatially and temporally,

based on limited measurements. For instance, hydrogra-

phy of the Qatar waters was studied based on a few tran-

sects measurements across the Exclusive Economic Zone

(EEZ) in different seasons (Rakib et al., 2021; Al-Ansari et

al., 2022; Elobaid et al., 2022; Aboobacker et al., 2024). Dif-

ferent water masses have been distinguished in the Qatari

deep and intermediate waters from these studies. The in-

trusion of less saline Indian Ocean Surface Waters (IOSW)

was clearly eident off the east coast of Qatar. However,

the extension of these waters along the central axis of the

Gulf and their presence in the Saudi Arabian coast are not

well understood. Moreover, the anthropogenic and natural

fluxes originating from the land masses will influence the

distribution of hydrographic parameters in Saudi coastal

waters.

The hydrography of Saudi Arabian territorial waters in

the Gulf has been relatively understudied, primarily due to

the unavailability of measured data for scientific research.

A notable exception is the work of John et al. (1990), who

conducted in situ observations at 15 stations along the

Saudi Arabian coast and offshore, extending from southern

Gulf of Salwa to Safaniya near the Kuwait border during

1985–1988. While their study provided useful insights

on the hydrography of the region, the spacing between

their stations was considerably wider. This limits the un-

derstanding of fine scale details of hydrography along the

Saudi coast. In addition, reanalysis data available and the

spatial resolution of numericalmodeling excercises carried

out in the region are coarse. In this context, the present

study has been framed to evaluate the hydrography of the

Saudi Arabian waters in the Gulf based on historical data.

Although old, the data is vast, which constitutes five tran-

sects and large number of data points in different seasons.

Spatial and seasonal variability has been assessed, and

the physical drivers that causes the variability have been

evaluated.

2. Area of study
The study area encompasses the Saudi Arabian waters

of the Gulf, extending from Khafji (28.5°N, 48.5°E) in the

north toRasTanura (27.7°N, 50.1°E) in the south (Figure1).

This region covers approximately 250 km along the coast

and 100 km offshore, with water depths ranging between

2 to 65 m. Ras Tanura is situated at the mouth of the Gulf

of Salwa – an extremely hypersaline water body in the

Gulf. This hyper saline water has not been traced further

north of Ras Tanura (John et al., 1990). The bathymetry

of the study region is characterized by complex features

including coral reefs. The shore-parallel depths are not

entirely isoline. Various industries are located along the

coast, including oil and gas facilities, desalination plants

and thermal plants. In addition, a few aquaculture facilities

are operated along this coastal belt. The central region,

Jubail, is home to some massive desalination plants and



Perspectives of seasonal hydrography and water masses in Saudi waters of the Arabian Gulf 3/16

Figure 1. Transects of hydrographic measurements overlaid with bathymetric contours. The Saudi offshore boundary is

marked in the red line. Inset: Arabian Gulf with sea boundaries of the Gulf countries and measurement transects.

is a major player in the world of water desalination with

approximately 2,078,560–2,578,560 m3 day−1. There are

a few shallow embayments north of Jubail Port, including

Tanajib-Manifa-Ras Al Khair-Dohat Ad Dafi Bay systems

and the semi-enclosed area bounded by Abu Ali Island.

Considering the climatic conditions of the Gulf, the sea-

sons are broadly classified into summer (May–October)

and winter (November–March) (Aboobacker et al., 2021a).

The winter experiences stronger winter shamal winds

(Aboobacker et al., 2021b) blown from the north/north-

west direction. The summer shamal winds, with relatively

lower frequency of occurrence also occur in this region.

The Gulf also experiences other wind systems such as

Nashi, Kaus and Suhaili winds (Aboobacker et al., 2021c).

Large waves in the Gulf are characterized by shamal and

nashi winds.

3. Data and methods
Five multi-disciplinary cruises were planned and executed

to delineate the hydrography of the Saudi waters of the

Gulf. Five transects (Table 1) with 555 stations were estab-

lished for the measurements. The alongshore transects,

running roughly in a northwest-southeast direction, have

been classified as coastal waters (transect A) and offshore

waters (transect B), while the cross-shore transects have

been distinguished as northern waters (transect C), cen-

tral waters (transect D) and southern waters (transect E).

Transect A lies between the Kuwait border and Dammam,

which follows the 5 m bathymetry line in 291 km length.

Transect B lies between Karan Island and Arabiyah Island,

extending from the Kuwait border to the Bahraini border,

following a particular depth contour of 230 km length. The

water depths are less than 15 m around the coastal tran-

sect, while they are between 25m and 50m in the offshore

transect. Transect C is in the Tanajib area, with a length of

127 km; transect D is in the Abu Ali area, with a length of

120 km, and transect E is in the midway of Ras Tanura and

Jubail, with a length of 103 km. The water depths along

these cross-shore profiles vary roughly between 2 m and

55 m.

The sampling was carried out at each station once in

each season, although it took a few days or weeks to com-

plete the sampling. Given that it is difficult in practice to

sample all the 555 stations at once (within 1 or 2 days),

large differences in the dynamics are not expected in a few

days’ time, considering the inter-seasonal variability. The

entire datasets have been used for generating spatial con-

tours along the Saudi coast.

Oceanographic cruises were conducted on five tran-

sects during 2002–2003 (Table 1). Vertical profiles of tem-

perature, salinity, and pressure have been measured at

each station using the Sea-Bird SBE 25 SEALOGGER CTD.
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Table 1. Geographical coordinates of the cruise transect lines.

Transect Region* Start End Cruise dates

Latitude Longitude Latitude Longitude

A Coastal 28°26′N 48°32′E 26°40′N 50°12′E Late autumn: 14 November–13 December 2002

B Offshore 28°36′N 49°17′E 26°56′N 50°48′E Winter: 31 December 2002–19 January 2003

C Northern 27°38′N 48°56′E 28°19′N 49°54′E Spring: 15 April–06 May 2003

D Central 27°19′N 49°24′E 27°53′N 50°14′E Early summer: 31 May–17 June 2003

E Southern 26°52′N 49°32′E 27°31′N 50°33′E Summer: 14–30 August 2003

The density has been calculated based on the in situ tem-

perature, salinity and pressure. Although the SBE-25 sen-

sorswere factory-calibrated, the quality of the CTD sensors

were maintained by periodic calibrations. In total, 2775

profileswere taken for the entire study period. The SBE-25

CTDs were used earlier in the Gulf waters to measure the

hydrography and analyzed the spatial and temporal vari-

ability (Rakib et al., 2021; Al-Ansari et al., 2022; Elobaid

et al., 2022). The in situ data used in this study is made

freely available to the public through Figshare (Asharaf et

al., 2025). Ocean data plotting and analysis were carried

out using Ocean Data View (ODV, mp-version 1.4-2003)

(Schlitzer, 2003). Three interpolation methods are avail-

able inODV, namelyQuick gridding,Weighted-average grid-

ding, and DIVA (Data-Interpolating Variational Analysis)

gridding. The spatial interpolation in this study was per-

formed by a weighted-average gridding technique. The

data were gridded onto a regular grid with a varying grid

resolution, depending on the data density. For each grid

point, the interpolated value was calculated as a distance-

weighted average of data from nearby stations. The results

have been used to study the water constitution as well

as distribution and to evaluate the spatial and seasonal

variability of temperature, salinity, and density.

4. Results and discussion
4.1 SST, SSS, and SSD along the coastal transect
Seasonal variability of SST, SSS, and sea surface density

(SSD) along the Saudi Arabian coast in the Gulf has been

assessed by analyzing the data along Transect A (Figure 2).

The winter exhibits the lowest SST, of the order of 15.6–

20.9°C, followed by the spring, of the order of 21.6–24.7°C

(Figure 2a). The SST during the late autumn and the early

summer are 21.2–27.2°C and 28.2–30.4°C, respectively.

Whereas the highest SST is found during summer, of the

order of 33.2–34.9°C. The SSTwithin the season, especially

during late autumn and winter, indicate strong horizon-

tal fluctuations between the coastal belt, with the lowest

in the northern belt and highest in the first half of the

southern belt. This is because during cold seasons, the

shallow embayments in the north are colder than the sur-

rounding regions, while the discharges from desalination

plants may cause an increase in seawater temperature

in the south. This is consistent with John et al. (1990)

who reported the highest SST near Abu Ali Island, and Joy-

das et al. (2011) who noticed elevated temperatures in

the shallow embayments of Manifa-Tanajib Bay system.

Moreover, the difference between ambient and discharge

temperatures is normally high during winter. Roy et al.

(2022) estimated an average temperature difference be-

tween the intake and outfall of 3°C in cool weather sea-

sons. This is consistent with the variations obtained here.

On the other hand, there is no significant horizontal vari-

ation in SST during summer, as the outfall temperature

did not make a considerable difference to the ambient

temperature.

The overall annual range of SSS observed along the

coastal transect is 40.0–43.8 (Figure 2b). Based on a nu-

merical modeling study, Hassanzadeh et al. (2011) re-

ported a range of salinities 39.0–41.5 along the Saudi coast.

This has a slight underestimation with the values we ob-

tained in the present study, which is primarily because the

spike effects of the outfalls are not well replicated because

of the coarse resolution of the model. The SSS is relatively

low during late autumn and winter compared to the other

seasons, while the difference is limited to a maximum of 2.

Horizontal variations are evident from the northern coast

to the southern coast of Saudi Arabia with spikes at a few

stations, especially near the shallow embayments of north-

ern coast. The higher salinities are mainly contributed

from the shallow embayments, where the evaporation is

much higher than the adjacent regions and the flushing is

poor (Joydas et al., 2011). The dispersion of brine around

Jubail desalination plants can also be taken into account

in this salinity increment, because the coastal transect is

not far from the outfall locations. The topography of the

region suggests an obstruction for the northward move-

ment of brine-induced water by the Abu Ali Island. This

also added to the elevated salinity levels around this island.

The southern coast has relatively low salinity compared

to the northern coast. This region may act as a shadow

zone with less impact from the surrounding coastal wa-

ters, but greater influence of the offshore waters. Along

the east coast of Qatar, SSS of 39.0–41.5 were measured,

with the lowest during summer and the highest during

autumn (Al-Ansari et al., 2022). Measurements along the

central transect of the Gulf show an SSS range of 37.3–41.4

(Ghaemi et al., 2022), which is lower than that found along

the coastal regions. Coastal regions of the Gulf exhibit high

salinities due to relatively high evaporation and the effect

of desalination plants (Ibrahim et al., 2020). Themeasured
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Figure 2. Distribution of sea surface temperature (a), sea surface salinity (b), and sea surface density (c) along the

Transect A .
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SSS in Kuwait Bay (43.0–44.5, Pokavanich et al., 2013)

is higher than that measured along the Transect A, how-

ever, the coasts around the Gulf of Salwa have always been

the highest salinity (above 60) of the Gulf (Joydas et al.,

2023).

A north to south gradient exists in the SSD, except dur-

ing early summer (Figure 2c). Although the magnitudes

are small, these horizontal gradients can lead to a flow

toward the south. This contributes to the Arabian Coastal

Current (ACC) as evident from recent studies (Alosairi and

Pokavanich, 2017; Mussa et al., 2024). However, the Abu

Ali in the central coast restricts the nearshore flowof dense

water toward the southeast. Within the existence of north-

south gradients, there are some spikes of higher density at

a few stations along the transect. During early summer, the

density increases from the north until it meets the spike

in the central coast. This is mainly attributed to the influ-

ence of hypersaline and high temperature waters of the

shallow embayments along the northern coasts of Saudi

Arabia (John et al., 1990; Joydas et al., 2011). Seasonal

variability is evident in the sigma-t, with the lowest during

summer (24.292–25.914 kg m3) and the highest during

winter (29.059–31.472 kg m3). These are consistent with

the SSS measured along the east coast of Qatar (Rakib et

al., 2021; Al-Ansari et al., 2022).

4.2 Spatial distribution of SST, SSS, and SSD in Saudi
waters

Considering all the transects (A, B, C, D, andE), spatial inter-

polation of SST, SSS, and SSD have been carried out using

Ocean Data View for five seasons and presented in Fig-

ures 3, 4 and 5, respectively. The lowest SST is found dur-

ing winter, with distinct horizontal variability (Figure 3b).

The SST on the northern coast is about 15–17°C, while that

on the southern coast is about 18–19°C, and the offshore

is about 21–22°C. In the central region, the SST during

winter is about 17.5–19.5°C, which is consistent with the

observations of John et al. (1990). The offshore-nearshore

gradient (lowest SST near the coast) is because the air-sea

interaction is quite rapid along the coast due to shallow

depths, where the air duringwinter ismuch cooler than the

seawater temperature. This distribution of cooler waters

in the nearshore is stronger in themidlatitudes andweaker

in equatorial regions (Marin et al., 2021). The northern

coast of Saudi Arabia is bounded by the deserts, while the

southern coast is situated near the urban/industrial areas.

An obvious temperature gradient between the desert and

urban/industrial areas is reflected in the nearshore SST

differences. A low- temperature plume is also visible on

the central coast, affected by a discharge from the desalina-

tion plants in Jubail, which will have a lower temperature

than seawater temperature during winter.

Figure 3. Spatial distribution of sea surface temperature in Saudi waters of the Gulf during late autumn 2002 (a), winter

2003 (b), spring 2003 (c), early summer 2003 (d) and summer 2003 (e).
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Figure 4. Spatial distribution of sea surface salinity in Saudi waters of the Gulf during late autumn 2002 (a), winter 2003

(b), spring 2003 (c), early summer 2003 (d) and summer 2003 (e).

Figure 5. Spatial distribution of sea surface density in Saudi waters of the Gulf during late autumn 2002 (a), winter 2003

(b), spring 2003 (c), early summer 2003 (d) and summer 2003 (e).
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The nearshore-offshore gradient in SST is weaker dur-

ing summer, with a range of 34–35°C (Figure 3e). This is

because of the thin surface layer formed in the Gulf dur-

ing summer due to strong thermal stratification, during

which the vertical mixing is weaker. The lowest annual

mean wind speeds occur during late summer (August–

September) (Aboobacker et al., 2021a), which further en-

hances the thermal stratification (Al-Ansari et al., 2022;

Aboobacker et al., 2024). In an earlier study, John et al.

(1990) reported an SST of 35.5°C, north of Abu Ali Island

during summer. The slight difference in the maximum

SST in this study could be due to the difference in the

sampling periods. Spring exhibits a moderately low SST

(around 21–22°C) in the northern offshore region of Saudi

waters, compared to the nearshore (24–25°C) (Figure 3c).

Whereas the opposite is true during late autumn, that is a

relatively higher SST in the offshore (25–27°C) compared

to the nearshore (22–24°C) (Figure 3a). The early summer

is highly chaotic with no clear distinction of nearshore-

offshore gradients of SST, while the SST is in the range

28–31°C (Figure 3d). This is a transformative stage from

well-mixing to stratification. However, a high-temperature

plume is visible on the central coast, affected by the ex-

cess heating in the shallow embayments compared to the

adjacent regions (Joydas et al., 2011).

Nearshore-offshore variability in SSS is evident in all

the seasons (Figure 4). A saltywater flow toward the south

from the northern end of the Saudi coast is fairly evident

during summer, late autumn, and winter, which has inter-

ceded by a relatively low saline water inflow from offshore.

A high saline water plume is apparent in the central coast,

especially in the shallow embayments north of Jubail, with

the strongest plumes identified during and early summer.

This underscores the significance of the shallow bay sys-

tems in intensifying the salinity levels of the northern coast

of Saudi Arabia. The offshore-nearshore ranges of SSS dur-

ing the late autumn, winter, spring, early summer, and sum-

mer are 40.4–41.8, 40.6–41.6, 39.4–42.4, 38.2–42.8, and

38.6–42.2, respectively. John et al. (1990) measured the

SSS along the northern coast of Saudi Arabia as low as 37.9

during spring, and attributed this to strong northwesterly

winds and southeastward curents that brign low saline

water from northern Gulf influenced by the freshwater dis-

charge from Shatt-al-Arab river. However, our results does

not show such a lower salinity along the northern coasts.

This is because Shatt-al-Arab river was less active since

2000 compared to 90’s due to various factors, including,

dam construction, increased water usage from Tigris and

Euphrates rivers and changes in rainfall patterns (Alosairi

and Pokavanich, 2017). Interestingly, surface intrusion

of low saline water has occurred in the offshore waters

of Saudi Arabia with increasing order of intensity during

spring, early summer, and summer, respectively. Yao and

Johns (2010) identified that the extent of intrusion of IOSW

into the Gulf is higher in summer than in winter. The salin-

ity of IOSWpresent in the EEZ of Qatar during late summer

has a salinity range of 38.8–40.2 (Elobaid et al., 2022).

This is consistent with the low-salinity water plume that

appeared in the Saudi offshore waters indicating that the

IOSW, which was tracked through the Iranian coast (Swift

and Bower, 2003) has an extension up to the Saudi waters,

which was not reported before.

Similar to SSS, the SSD also exhibits distinct spatial

and seasonal variability in Saudi waters (Figure 5). The

nearshore region experiences higher SSD than the offshore

region, with the highest offshore-nearshore gradient oc-

curring during early summer (24.2–27.2 kg m−3) and the

lowest during winter (28.8–30.8 kg m−3). The highest

SSD occurred during winter (around 30.6 kg m−3) and

the lowest during summer (23.2 kg m−3). The northern

coast experiences the highest density in all the seasons

due to the relatively high evaporation in the shallow em-

bayments. The low-density plume in the offshore is more

prevalent during summer, followed by early summer and

spring. This clearly depicts the presence of a water mass

in the offshore distinct from the coastal waters. The SSD

variations in the nearshore regions during summer are

more or less the same (roughly 1.6), which is consistent

with the observations of Hunter (1984).

4.3 Vertical distribution of temperature, salinity and
density

Vertical profiles of temperature, salinity, and density along

the coastal and offshore transects show distinct seasonal

and nearshore-offshore variations (Figures 6, 7 and 8).

Vertical homogeneity in temperature, salinity, and density

began in late autumn and became rigorous in winter, in

both transects. In comparison, spatial variability exists

between nearshore and offshore parameters during the

above seasons, with relatively higher temperatures in the

offshore and higher salinity and density in the nearshore.

In both seasons, Transect A gets cooled easily due to the

shallowness of the water and its proximity to the land,

while the higher water depths and the intrusion of IOSW

causes slow cooling at Transect B. The shallow depths of

coastal waters facilitate the vertical transfer of heat result-

ing in a fastermixing and dilution (Yoshida et al., 1998). On

the other hand, higher evaporation, shallow depth nature

and the influence of discharged brine together enable a

higher salinity and density at Transect A, while the low

saline inflow of IOSW enables a relatively lower salinity

and density at Transect B.

In the offshore, the thermal stratification began during

spring, with a thermocline occurred at 15–20 m depths

(<20°C) (Figure 6), whereas the salinity stratification oc-

curred only in the southern part of the transect (Figure 7).

This indicates that the fraction of brine persists in the off-

shore waters during spring, while the low saline IOSW

influences the southern part. This effect is also evident

in the density profile during spring with a thin surface
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Figure 6. Vertical distribution of temperature along Transect A (a) and Transect B (b) during late autumn 2002, winter

2003, spring 2003, early summer 2003, and summer 2003.

layer (<5 m) in the north and a thick surface layer (up

to 20 m) in the south (Figure 8). This stratification has

been strengthened during early summer and became well

pronounced during late summer. During early summer,

the upper layer (up to 18 m) has a temperature range of

27–29°C, while the temperature drops down to 20–21°C

in the bottom layer. Although the surface water is mostly

contributed locally, signatures of IOSW with a lower salin-

ity of around 39 are evident in the southern part of the

transect (Figure 7). During late summer, the upper layer

(up to 20 m) has heated quite extensively resulting in a

temperature range of 31–35°C, while a thin mid-layer has

been formed between 20 and 30 m depths in the south-

ern part, with a temperature range of 26–30°C, while a

bottom layer is formed below the mid-layer with a tem-

perature range of 21–25°C. At the same time, the bottom

layer in the northern part (20–40 m) has a temperature

range of 27–30°C. This three-layer flow within the 60 m

water column is peculiar to the Gulf. Such a 3-layer flow

was reported earlier in the central Gulf, in the EEZ of Qatar

during the late summer (Al-Ansari et al., 2022; Elobaid et

al., 2022). Here, the surface temperature is uniformly dis-

tributed because of excess heating during summer, while

the intrusion of IOSW is evident as reflected by the lower

salinities of about 38.5–39.0. This increased salinity of the

IOSW (basically below 37) is due to the estuarine nature

of the flow, which mixes with the Gulf water. This water

is present at up to 20 m water depth in the southern part,

while only a few patches are visible in the northern part.

In the northern part, the dispersion of brine induced high

saline water might restrict the intrusion of IOSW, as re-

flected by the higher salinity in the northern part of the
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Figure 7. Vertical distribution of salinity along Transect A (a) and Transect B (b) during late autumn 2002, winter 2003,

spring 2003, early summer 2003, and summer 2003.

coastal transect.

The cyclonic eddy in the northern Gulf is stronger dur-

ing summer, and it has a prominent role in the Saudi off-

shore waters (Mussa et al., 2024). This shows that the

intrusion of IOSW has a strong link with the magnitude of

this eddy. In the coastal transect, the vertical temperature

distribution is nearly homogenous during early and late

summer (Figure 6), while horizontal variability in salinity

exists due to the influence of brine discharges (Figure 7).

The thin mid-layer water with a salinity of 40–41 formed

in the Saudi offshore during summer is associated with

the localized sinking of dense water, especially along the

Arabian coast (Figure 8). The dense deep water identified

in the Saudi offshore with a salinity of above 41 could be

flown from the northern Gulf toward the Strait of Hormuz.

4.4 Water mass distribution
The vertical profiles in the cross-shore transects C, D, and

E (northern, central, and southern, respectively, Figure 1)

have been used to draw the T-S diagrams (Figure 9) and

characterize the water masses in the Saudi Arabian waters

of the Gulf. It reveals three distinct waters in this region,

namely, Arabian Gulf Water (AGW), Bay Systems-induced

Water (BSW), and IOSW. The AGW is also known as Persian

Gulf Water (PGW). The temperature differences among the

seasons result in slight gradients in their density distri-

butions. However, the patterns are distinct throughout

the year. Here the AGW is a deep water formed along the

northwestern Gulf that flows through the southern deep

part of the Strait of Hormuz (Johns et al., 2003). The BSW

is a high saline water caused due to the shallow water em-

bayments and by the brine discharge along the Saudi coast,

as identified from the T-S diagram.

During late autumn and winter, the vertical mixing re-

sulted in a constricted distribution of water masses (Fig-

ure 9a,b). The AGW is present in all the transects (C, D

and E) with a density range of 27.0–29.0 kg m−3 during

late autumn and 28.5–30.0 kg m−3 during winter. Mean-

while, the BSWwith a density range of 30.0–32.5 kg m−3
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Figure 8. Vertical distribution of density along Transect A (a) and Transect B (b) during late autumn 2002, winter 2003,

spring 2003, early summer 2003, and summer 2003.

is present only in the transect C and D during the above

seasons. This water mass is more prominent in transect

D, having a salinity gradient of about 1 with transect C.

The BSW is mostly present in water depths less than 10

m, indicating its intense distribution in the coastal waters

in the vicinity of the shallow embayments. This shows

that the brine-induced impacts are limited to the coastal

regions, while offshore regions are stable. This is consis-

tent with the finding from the numerical modeling study

of Ibrahim et al. (2020) that the Gulf maintains an equi-

librium state with a stable annual basin-averaged salinity.

Strong shamal winds during late autumn and winter en-

abled advection and dispersion of the elevated salinity at a

faster rate compared to the other seasons, leading to a dis-

appearance of BSW from transect E. Moreover, the features

of IOSW have not been visible in the Saudi waters during

the late autumn and winter, which could be attributed to

the effects of prevailing shamal winds. Mussa et al. (2024)

identified that thewinter shamal winds oppose the Iranian

Coastal Current (ICC) resulting in a reduction of monthly

mean current speeds of the Gulf.

During spring, the density distribution of AGW is sim-

ilar to that during winter. However, the density range of

BSW is slightly dropped due to increased temperature:

28.5–30.0 kg m−3 and 28.5–31.0 kg m−3 at transects C and

D, respectively (Figure 9c). Moreover, the BSW is present

at transect E with limited salinity levels, as the stratifica-

tion begins in spring. The interesting feature is the intru-

sion of IOSW during this season, which is more evident in

transects D and E, while a small patch is observed in tran-

sect C. This has predominantly a density level of 26.5–28.0

kg m−3. This is the first time the presence of IOSW has

been reported in the Saudi waters of the Gulf with obser-

vational evidence, especially in the intermediate-shallow

waters. The intrusion has been further strengthened dur-

ing early summer (Figure 9d), as the stratification becomes

stronger. The thin surface layer formed during this sea-

son could enable a fast intrusion of IOSW along with the
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Figure 9. T-S diagrams of north, center, and south cross-shore transects in Saudi waters of the Gulf during late autumn

2002 (a), winter 2003 (b), spring 2003 (c), early summer 2003 (d), and summer 2003 (e). Color variations indicate

water depths.

increased intensity of ICC (Mussa et al., 2024). The density

levels of IOSW during this season are 23.5–26, 24–26.5,

and 25–26.5 kg m−3, respectively, at transects E, D, and

C, with decreasing order of its intensity as it progresses

toward the north. The progression of IOSW during early

summer is mostly through the intermediate and shallow

waters of the Saudi coast as indicated by the respective

depths. During summer, there is a pattern change in the

progression of IOSW, as evident from their presence in the

deep-water and intermediate-water locations, especially

at transects D and E (Figure 9e). The density levels of IOSW

during this season are 23.0–25.0 kgm−3 at transects D and

E and 23.5–25.0 kg m−3 at transect C.

The AGW is widely scattered during early summer, and

mostly appears in the intermediate layers (Figure 9d).

Whereas it sinks further during the summer and appeared

in the bottom layer (Figure 9e). This is due to the develop-

ment of a well-structured bottom layer with reduced thick-

ness due to strong stratification (Al-Ansari et al., 2022).

Such a development has led to the formation of summer

hypoxia in the bottom layer (>47 m) of the central Gulf,

where the water depth was about 67 m (Al-Ansari et al.,

2015). In the transects we analyzed, the maximum depth

is about 60 m. So far, there are no reports of hypoxia in

the Saudi waters of the Gulf. The BSW has been elongated

further during early summer and summer compared to

other seasons. This is primarily due to the increase in the

intensity of ACC (Mussa et al., 2024), which has increased

the chances of spreading the brine to farther distances,

especially toward the south. The sinking of BSW to a depth

of about 20 m is evident in transect E during summer.

The above water masses pose a detailed picture of the

Gulf’s dynamic and complex nature. The formation of these

water masses took place within the Gulf, and therefore,

rapid variations in temperature and salinity characteris-

tics of each water masses is evident in the measurements.

The temperature and salinity signatures of IOSW gradually

disappear as it flows northward due to surface heating

and higher evaporation. The dense water that sinks in the

northern Gulf ultimately leads to the formation of AGW,

which flows out through the Strait of Hormuz as a well-

oxygenatedwater, and has been detected in the far areas of

the Indian Ocean (Prasad et al., 2001; Jain et al., 2017; L’Hé-

garet et al., 2021). The Gulf of SalwaWater, another promi-

nent water previously reported in the Gulf with salinities

often reaching above 52 (John et al., 1990), is not evident

along the transects. This is mainly due to the opposing

surface currents (Alosairi and Pokavanich, 2017; Mussa

et al., 2024) inhibiting the northward propagation of the

Gulf of Salwa water. The inflow from the Indian Ocean to

the Gulf is equally important as the outflow from the Gulf,

because it stabilizes the Gulf by maintaining an equilib-

rium salinity. Recent changes in the Arabian Sea salinity

and temperature may reflect in the inflow characteristics

including its northward extension. This may in turn, affect

the overturning circulations of the Gulf and the deep-water

outflow. This needs to be investigated further with more

recent datasets.
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5. Summary and conclusions
The studyutilized pastmeasurements (during 2002–2003)

of temperature, salinity, and density at five transects in the

Saudi Arabianwaters of the Gulf, and analyzed their spatial

and temporal variability. The northern coast is character-

ized by Tanajib-Manifa-Ras Al Khair- Dohat AdDafi shallow

embayments, and the measurements demonstrated that

they cause significant variations in salinity and tempera-

ture along this region. The obstruction of northward flow

of brine-induced water from the desalination plants by the

Abu Ali Island also caused the elevated salinity levels in

the vicinity of the island. The offshore-nearshore gradi-

ents of SSS during the late autumn, winter, spring, early

summer, and summer are 40.4–41.8, 40.6–41.6, 39.4–42.4,

38.2–42.8, and 38.6–42.2, respectively. This has been sup-

ported by the offshore-nearshore gradient in SSD, highest

during early summer (24.2–27.2 kg m−3) and lowest dur-

ing winter (28.8–30.8 kg m−3). While vertical homogene-

ity in temperature and salinity was present during late

autumn and winter, the spring, early summer, and sum-

mer exhibited thermal stratification with a thermocline

developed at 15–20 m below the surface. Late summer

marked the formation of 3 layers (surface, subsurface, and

bottom) with distinct temperature, salinity, and density.

This is peculiar to the Gulf considering the shallowness of

the basin, and this has been reported for the first time in

the Saudi waters from in situ measurements.

Three distinct water masses, AGW, BSW, and IOSW

were identified in the Saudi waters. AGW prevailed in the

entire Saudi waters throughout the year, with consider-

able seasonal variations. The intrusion of IOSW began

during spring, with a gradual progressiveness from south

to north, while it attained a well-defined pattern during

early summer and summer. A remarkable presence of BSW

was found along the central and northern transects in all

the seasons, but with a prolonged salinity distribution dur-

ing early summer and summer. The intensified ACC during

summer enhanced the southward transport of BSW, which

resulted in the sinking of water mass at the southern tran-

sect to a depth of above 20 m. This study underscores the

significance of the shallow embayments along the north-

ern coast of Saudi Arabia in intensifying the salinity levels

in their proximity, while relatively low salinity persists

in other areas. The three water masses and associated

transports have a significant role in maintaining the salin-

ity equilibrium of the Gulf; however, recent changes in

hydrography and water mass characteristics need to be in-

vestigated through repeatedmeasurements and numerical

modelling to elucidate further on the decadal variability

and its driving mechanisms, including the role of climate

change, which we aim as our future scope of study.

We acknowledge that the data used in this study is

older than two decades. During this period there have

been substantial changes in coastal developments along

the coastal areas, including land reclamation, construction

of marinas, ports and desalination plants. These devel-

opments could have altered the bathymetry and coastal

morphology, which in turn affect the coastal circulation

and hydrographic features. In addition, increased capacity

of desalination in recent years across the region could have

added more salinity/density to the water in the vicinity of

the outfalls. Notwithstanding these limitations, the data

presented in this study can be considered as a strong his-

torical basis, and can be compared with the most recent

or future measurements to study the decadal changes in

hydrography and water masses along the Saudi Arabian

coast.
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