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Regional phytoplankton
responses to upwelling in the
Arabian Gulf and northwestern
Arabian Sea adjacent to

the Omani coast
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tCollege of Marine Sciences and Aquatic Biology, University of Khorfakkan, Sharjah, United Arab
Emirates, ?Department of Meteorology, University of Reading, Reading, United Kingdom

Phytoplankton productivity in the Arabian Gulf is strongly influenced by regional
oceanographic processes, yet the specific role of upwelling remains unclear. This
study addresses this gap by analyzing seasonal and lagged correlations between
Chlorophyll-a (Chl-a) concentrations and Vertical velocity (Wt) during the
summer monsoon period (June—September 2018). The results show that in
the Iranian regions (I & I1), a slight delay in phytoplankton response to upwelling
was observed in early summer, with the highest correlation at lag 1 in June (r =
0.80). In contrast, Region IlI, located in the northwestern Arabian Sea adjacent to
the Omani coast, exhibited an immediate response throughout the season, with
peak correlations at lag O (r = 0.72 in June and 0.67 in July). Stratification and
horizontal currents played distinct roles in modulating Chl-a distributions: in Iran,
stratification was positively correlated with Chl-a throughout the season (r =
0.37-0.42), while currents showed a consistently negative correlation (r = -0.57
to -0.40). In region I, stratification was negatively correlated with Chl-a in June
(r = -0.54), becoming positive in later months (up to r = 0.39), and currents were
positively correlated throughout (r = 0.15-0.42). These regional contrasts
emphasize the importance of local oceanographic context, with upwelling,
stratification, and horizontal transport exerting distinct controls on
phytoplankton dynamics in the Arabian Gulf and northwestern Arabian Sea.

KEYWORDS

chlorophyll-a, upwelling, lagged correlation, nutrient, remineralization, Arabian Gulf,
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1 Introduction

Phytoplankton primary productivity constitutes the foundation of marine ecosystems,
sustaining global biogeochemical cycles and the marine food web by driving the carbon
cycle and influencing trophic interactions (Behrenfeld and Falkowski, 1997; Falkowski,
1994; Field et al., 1998). Chlorophyll-a (Chl-a), the primary photosynthetic pigment in
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phytoplankton, is widely used as a proxy for phytoplankton
biomass and serves as an essential indicator of marine ecosystem
responses to both physical and biological drivers (Lehman, 1981;
Voros and Padisak, 1991). Among these drivers, upwelling plays a
critical role by delivering nutrient-rich deep water to the surface
ocean, thereby elevating productivity in regions where nutrient
availability often limits phytoplankton growth (Aristegui et al,
2004; Brandt et al., 2023).

Upwelling facilitates the vertical transport of cold, nutrient-rich
waters from deeper ocean layers to the euphotic zone, which
enhances phytoplankton photosynthesis and drives primary
production (Carr, 2002; Chavez and Messie, 2009; Messie et al.,
2009). Eastern Boundary Upwelling Ecosystems (EBUEs), including
the Canary, California, Humboldt, and Benguela Current systems,
demonstrate the global significance of upwelling processes (Carr
and Kearns, 2003; Chavez and Messie, 2009). Although they cover
only about 2% of the ocean surface, these regions contribute nearly
20% of global marine fish catches, highlighting their exceptional
biological productivity and economic significance (Freon et al.,
2009). These systems emphasize the importance of wind-driven
upwelling in sustaining fisheries and supporting ecological balance
(Aristegui et al., 2004). In contrast to the extensively studied EBUEs,
the Arabian Sea, recognized as one of the most productive regions
globally, relies on seasonal upwelling driven by the southwest
monsoon to sustain its high productivity (Yi et al., 2021). This
process not only influences nutrient dynamics but also modulates
sea surface temperatures (SSTs), with implications for regional air-
sea interactions and contributing to broader climatic feedback
(Pareja-Roman et al., 2024).

While upwelling systems are globally significant, the Arabian
Gulf presents a unique case of nutrient dynamics. As a semi-
enclosed water body, the Gulf is characterized by high salinity
(Swift and Bower, 2003; Vasou et al, 2020) and oligotrophic
conditions, with surface waters often limited by low nitrate
concentrations (Al-Yamani et al., 2006). In addition to
anthropogenic sources such as treated wastewater and industrial
discharges, riverine input also plays a notable role in the nutrient
budget of the Gulf. The Shatt Al-Arab River, formed by the
confluence of the Tigris and Euphrates, is a major source of
freshwater and nutrients to the northwestern Gulf, supporting
elevated phytoplankton biomass and influencing regional nutrient
regimes, especially near its delta (Ghaemi et al., 2024; Saad, 1978).
Similarly, the Mond River discharges into the Gulf in proximity to
Region I, contributing to localized increases in nutrient
concentrations and primary productivity, particularly during
periods of high flow (Ghaemi et al., 2024). These riverine inputs,
together with limited water exchange through the narrow Strait of
Hormuz, shape the Gulf's nutrient landscape and highlight its
vulnerability to both natural variability and human-induced
changes (Sheppard et al.,, 2010; Jawad, 2021).

In contrast, the northwestern Arabian Sea adjacent to the
Omani coast, including the Sea of Oman, is subject to seasonal
upwelling primarily driven by the southwest monsoon. This
upwelling brings nutrient-rich waters to the surface, supporting
higher levels of primary productivity compared to the Arabian Gulf
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(Goes et al.,, 2005; Kumar et al., 2001; Piontkovski et al.,
2011).Despite its ecological significance, detailed studies on the
mechanisms, variability, and ecological consequences of upwelling
in the northwestern Arabian Sea, including the Sea of Oman and the
Omani coastal region, are limited. Most available research has
focused on broad patterns of productivity or has documented
specific bloom events, while comprehensive assessments of the
spatial and temporal dynamics of upwelling and its direct
relationship with chlorophyll-a concentrations remain scarce
(Banse and English, 2000; Wiggert et al., 2005). This lack of
detailed investigation highlights a gap in our understanding of
how upwelling influences phytoplankton dynamics in this region.

The present study addresses the gap in understanding the
mechanisms regulating phytoplankton productivity in the
northwestern Arabian Sea and the Arabian Gulf by examining
how upwelling (as indicated by vertical velocity), stratification,
and horizontal currents interact to shape phytoplankton
dynamics. Horizontal currents may transfer nutrients and Chl-a
across regions, potentially mitigating the direct impact of upwelling,
whereas stratification might restrict nutrient mixing at times of
large thermal gradients (Levy et al., 2012; McGillicuddy et al., 2007).
Specifically, this work aims to: (1) examine the seasonal trends in
Chlorophyl-a (Chl-a) and vertical velocity (Wt) to understand the
temporal dynamics of upwelling-driven productivity; (2) analyze
the lagged relationships between Chl-a and Wt to uncover temporal
delays in phytoplankton responses; and (3) evaluate the roles of
stratification and horizontal currents in influencing Chl-a beyond
upwelling. By providing a nuanced analysis of these interactions,
this study contributes new insights into the physical and biological
processes that regulate productivity in a region that remains
relatively understudied compared to other major upwelling systems.

2 Data and methods
2.1 Study area

The domain selected for this study includes the Arabian Gulf
and the northwestern Arabian Sea adjacent to the Omani coast
(hereafter referred to as the northwestern Arabian Sea),
encompassing the Sea of Oman (Figure 1). A bathymetric map
(GEBCO Bathymetric Compilation Group, 2024)) of the Arabian
Gulf and the northwestern Arabian Sea, shown in Figure 1, provides
the geographical context for this study. The map is overlaid with the
climatological summer (JJA) general circulation pattern simulated
by the model (Al-Shehhi et al., 2021; Ismail, 2023; Salim et al., 2024;
Subeesh et al., 2025). These regions are characterized by dynamic
oceanographic processes, including seasonal upwelling (Ismail and
Al Shehhi, 2022). These areas are significant for understanding the
dynamics of Chl-a and Wt, which are key factors driving
phytoplankton productivity and nutrient dynamics in the region.

The study domain can be divided into two primary sub-regions:

Arabian Gulf: A semi-enclosed body of water with a highly
variable nutrient regime (Al-Yamani and Naqvi, 2019), influenced
by both natural factors (e.g., upwelling) and anthropogenic impacts
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FIGURE 1

Bathymetric map (GEBCO-2024) of the Arabian Gulf and northwestern Arabian Sea, highlighting depth variations and primary upwelling zones
(Iranian Region: I, I, and Northwestern Arabian Sea Region: Ill) marked by boxes with upward arrows. The bathymetry is overlaid with the
climatological summer (JJA) general circulation pattern simulated by the model.

(e.g., nutrient runoff from industrial areas) (Devlin et al., 2015;
Ismail and Al Shehhi, 2022). The Gulf is connected to the Sea of
Oman through the narrow Strait of Hormuz, which limits its
exchange with the open Arabian Sea. This restricted exchange
makes the Arabian Gulf particularly sensitive to both natural and
human-induced changes in water quality and nutrient levels.
Northwestern Arabian Sea Adjacent to the Omani Coast
(including the Sea of Oman): This region, encompassing the Omani
coastal waters and the Sea of Oman, represents the northern part of
the Arabian Sea and is characterized by more consistent upwelling
and nutrient input (Bali et al., 2019; Jickells et al., 2005; Kumar and
Narvekar, 2005; Lee et al, 2000). This provides a contrasting
environment to the Arabian Gulf, where upwelling events are more
variable. The northwestern Arabian Sea and Sea of Oman play a
crucial role in nutrient transport and phytoplankton productivity
(Ismail and Al Shehhi, 2022), making this area important for
understanding marine ecosystem dynamics in the region.

2.2 Datasets

To investigate phytoplankton responses to upwelling in the
Arabian Gulf and the northwestern Arabian Sea, this study utilized
the following datasets to analyze the relationship between Chl-a
concentrations and Wt: Chl-a: Monthly climatology Chl-a data were
obtained from the NASA Ocean Color project, specifically the MODIS
aqua (year 2018) (NASA Goddard Space Flight Center, Ocean Biology
Processing Group, https://oceandata.sci.gsfc.nasa.gov/). MODIS
chlorophyl anomaly calculated between 2018 Chl-a and MODIS
climatology obtained from GMIS-MODIS-AQUA Monthly
climatology data (Melin, 2013).These data provide monthly mean
chlorophyll concentrations (ug/L) and were used to assess seasonal
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patterns in Chl-a and their correspondence with upwelling signals
inferred from Wt.

2.2.1 Total vertical velocity

The Wt, used as a proxy for upwelling intensity, was derived
from the ERA-Interim reanalysis dataset provided by the European
Centre for Medium-Range Weather Forecasts (ECMWFEF) (https://
www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-
interim). The dataset includes 10 m zonal and meridional wind
components (ul0 and v10) that were used to estimate total vertical
velocity (coastal and curl driven upwelling) via the Ekman transport
method as described in (Ismail and Al Shehhi, 2022). The wind
components have a spatial resolution of 0.75° x 0.75° and the
vertical velocities were derived from the curl of the wind field
(Ismail and Al Shehhi, 2022).

2.2.2 Additional supporting data

Simulated Ocean Current Data: Monthly zonal (U) and
meridional (V) ocean current components for the year 2012 were
obtained from model-generated NetCDF datasets produced by the
MIT General Circulation Model (MITgcm). These simulations have
been validated and used in several regional studies in the Sea of
Oman and the Arabian Gulf (Al-Shehhi et al., 2021; Ismail, 2023;
Salim et al, 2024; Subeesh et al, 2025). The climatological or
seasonal circulation patterns were well validated and closely
aligned with those reported in several previous studies (e.g.,
Reynolds, 1993, Kampf and Sadrinasab, 2005). Regardless of the
forcing year, all studies consistently revealed a similar general
circulation pattern. Detailed model configurations and validation
procedures are described in Salim et al. (2024); Subeesh et al. (2025),
and Al-Shehhi et al. (2021).
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The dataset provides ocean current velocity fields at multiple
depths (up to 83 levels) and has a spatial resolution of 2.5 km for
longitude and latitude. The U and V ocean current components
were analyzed to assess their potential impact on Chl-a
concentrations, in conjunction with Wt, which serves as a proxy
for upwelling intensity. Ocean currents may affect nutrient
transport pathways, phytoplankton distribution, and primary
productivity, contributing to spatial variability in Chl-a
concentrations across the Arabian Gulf and the Sea of Oman
(Jordi et al., 2009).

Sea Surface Temperature (SST): Monthly SST data were
obtained from the same MIT general circulation model outputs
for the same period (year 2012) and were used to calculate the
stratification index. The SST data have a spatial resolution of 2.5 km
and include a depth range down to 83 levels. These model outputs,
validated through comparison with observational data (Al-Shehhi
et al, 2021; Salim et al., 2024), were used to assess the thermal
stratification and upwelling influence in the Arabian Gulf and the
northwestern Arabian Sea.

The stratification index was computed as follows:

SSTsurface - SSTbotmm
SST.

surface

Stratification Index =

Where: SSTyface: Refers to the Sea Surface Temperature at the
shallowest available layer in the model data, typically around 5
meters, as specified in the dataset.

SSThotom: Refers to the Sea Surface Temperature at a deeper
layer, which is 50 meters.

This index provides a normalized measure of thermal
stratification, which can inhibit vertical nutrient mixing and
thereby influence phytoplankton growth dynamics.

2.3 Methodology

2.3.1 Correlation analysis of Chl-a and upwelling
(total vertical velocity)

We performed a seasonal correlation analysis to examine the
relationship between Chl-a and upwelling intensity (Wt) in the
Arabian Gulf and northwestern Arabian Sea. The Pearson
correlation coefficient was used to quantify the strength of the
linear relationship between monthly average values of Chl-a and
Wt. Seasonal variations in upwelling intensity and phytoplankton
biomass were assessed using the monthly SST stratification index
and Chl-a data.

2.3.2 Lagged correlation analysis

To further investigate the timing of the relationship between
upwelling and Chl-a concentration, we performed lagged
correlation analysis. This approach accounts for the biological
response time of phytoplankton to upwelling-induced nutrient
supply, which may not be instantaneous due to ecological and
biogeochemical processes (Ma et al., 2021).
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2.3.2.1 Time series preparation

Monthly time series of upwelling index (Wt) and Chl-a
concentration were extracted for each sub-region (Iran I & II and
northwestern Arabian Sea III) within the study area.

2.3.2.2 Lag implementation

The Chl-a time series was systematically shifted relative to the
upwelling time series by lag periods ranging from -2 months to +2
months (T =-2, -1, 0, + 1, + 2 months). Negative lags indicate Chl-a
leading upwelling, while positive lags indicate Chl-a lagging behind
upwelling (Bograd et al., 2009; Jacox et al., 2015).

2.3.2.3 Correlation calculation

For each lag period T, the Pearson correlation coefficient was
computed between the upwelling index at time t and Chl-a
concentration at time t + T:

r(7) = corr[Wt(t), Chl - a(t + 7))

2.3.2.4 Optimal lag identification

The lag period producing the maximum absolute correlation
coefficient was identified as the optimal lag, representing the
characteristic response time of phytoplankton to upwelling
forcing (Jacox et al., 2016).

For this analysis, monthly Chl-a concentrations and Wt were
extracted for the period April to September for the year (2018) in the
study. This period was selected because it corresponds to the primary
upwelling and phytoplankton growing season in the region, during
which both physical and biological signals are most pronounced. The
analysis was restricted to this six-month window to focus on the
period of greatest ecological relevance for upwelling-driven
phytoplankton dynamics. As only six data points from a single year
were available for the lagged correlation analysis, the results should be
interpreted as exploratory and descriptive. The short time series does
not allow for robust statistical significance testing or generalization
beyond the 2018 upwelling season. Future work including multi-year
or full-annual-cycle data is reccommended to strengthen the analysis.

2.3.3 Spatial analysis

The spatial distribution of Chl-a and upwelling was examined
by analyzing the geographical extent of high and low upwelling
regions within the study domain. We computed the spatial
correlations between Chl-a and Wt in selected upwelling hotspots
(Ismail and Al Shehhi, 2022) along the Iranian and northwestern
Arabian Sea coasts (I, II, III), Figure 1.

2.3.4 Statistical significance

Statistical significance of the correlation analyses between Chl-a
and Wt was determined using p-values derived from the correlation
coefficients. A threshold of p-value< 0.05 was considered
statistically significant (Zar, 2014) for the relationship between
Chl-a and vertical velocity.
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2.4 Limitations and data comparability

This study integrates remotely sensed surface Chl-a data,
reanalysis-derived Wt, and model-simulated oceanographic
parameters to investigate upwelling-driven phytoplankton
dynamics in the Arabian Gulf and northwestern Arabian Sea.
While this multi-source approach offers a comprehensive
perspective, several limitations and considerations should be
acknowledged regarding data comparability, selection,
and interpretation.

2.4.1 Comparability of data sources

Vertical velocity used here as a proxy for upwelling intensity,
was calculated from ERA-Interim reanalysis wind data using the
Ekman transport method. While ERA-Interim provides consistent
and widely used gridded atmospheric data, it may not capture all
fine-scale or transient wind patterns, especially in coastal or semi-
enclosed regions. The stratification index and ocean current fields
were obtained from the MITgcm, a high-resolution ocean
circulation model previously validated for this region. However,
as with all models, uncertainties remain due to parameterizations
and boundary conditions.

Chlorophyll-a concentrations were derived from MODIS
satellite observations, which represent surface-layer
phytoplankton biomass. Satellite Chl-a estimates are subject to
potential errors from atmospheric correction, water turbidity, and
colored dissolved organic matter, particularly in optically complex
coastal environments like the Arabian Gulf. Furthermore, satellite
sensors primarily detect surface signals and may not fully capture
subsurface phytoplankton maxima or vertical variability.

2.4.2 Justification for data selection and time
frames

The datasets and time frames were selected based on their
regional validation, spatial and temporal resolution, and relevance
to the study objectives. The period from April to September 2018
was chosen to focus on the main upwelling and phytoplankton
growth season, as documented in a previous study (Ismail and Al
Shehhi, 2022). Monthly averaging of data was employed to
minimize the influence of short-term variability and to align the
temporal resolution across all datasets.

2.4.3 Limitations and implications

While the use of a six-month, single-year dataset limits the
ability to generalize results across years or different regional
settings, the findings provide valuable insights into seasonal-scale
phytoplankton-upwelling interactions in the Arabian Gulf and
northwestern Arabian Sea. These results should be viewed as a
baseline contribution that emphasizes the importance of further
multi-year studies for robust temporal generalization.

2.4.4 Recommendations
Future studies should incorporate multi-year and higher-
frequency datasets, as well as in situ measurements of Chl-a and
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nutrients, to validate and extend the findings presented here. Such
efforts would help resolve vertical and temporal variability more
accurately and support more robust statistical analyses.

3 Results and discussions

3.1 Seasonal trends in chlorophyll-a and
vertical velocity

Understanding the seasonal dynamics of phytoplankton
productivity requires examining how surface Chl-a responds to
physical processes such as upwelling. In this study, we focus on the
summer monsoon period (June-September), when upwelling is
expected to intensify due to prevailing southwesterly winds
(Kumar et al., 2001; Wiggert et al., 2005). The Arabian Gulf and
the northwestern Arabian Sea represent two adjacent yet
hydrographically distinct systems. The Arabian Gulf is semi-
enclosed, shallow, and strongly stratified during summer (Al
Azhar et al,, 2016), whereas the northwestern Arabian Sea is
deeper, open to the Arabian Sea, and more directly influenced by
monsoon-driven upwelling (Piontkovski et al,, 2011). These
regional contrasts provide an ideal framework to investigate how
phytoplankton respond to variability in vertical nutrient flux.

Figure 2 displays average Chl-a concentrations from June to
September (for the upwelling season), overlaid with vertical velocity
vectors to indicate the main upwelling zones and areas of high
phytoplankton biomass. The spatial alignment of elevated Chl-a
with strong vertical velocities suggests a linkage between upwelling
intensity and surface phytoplankton biomass. This analysis
examines three key upwelling zones: the Iranian upwelling
regions (Regions I and II) and the northwestern Arabian Sea
upwelling region (Region III), as delineated in Figure 1. These
subregions were selected to evaluate spatial differences in the
coupling between vertical nutrient supply and biological response,
thereby offering insight into the drivers of primary production in
each zone.

3.1.1 Iranian region (I and 11)

In the Iranian coastal upwelling zones (Regions I and II), Chl-a
concentrations exhibit a clear seasonal pattern, closely linked to
upwelling dynamics during the summer monsoon. Chl-a increases
from 1.23 mg m™ in June to a peak of 1.68 mg m™ in July, followed
by a gradual decline to 1.45 mg m™ in August and 1.37 mg m™ in
September (Figure 3, left y-axis). Simultaneously, Wt exhibits a
decreasing trend, indicating that upwelling intensity weakens over
time. Wt declines from 6.34 x 10° m s™ in June t0 3.46 x 10° m s™!
in July, followed by 3.29 x 10°ms!in August, reaching its lowest
value of 1.50 x 10° m s in September (Figure 3, right y-axis)
suggesting that the strongest upwelling occurs in early summer
(June-July), when rising water masses enhance nutrient supply to
the euphotic zone, promoting phytoplankton growth as reflected by
the peak in Chl-a concentrations (Banse and English, 2000; Wiggert
et al,, 2005). The subsequent decline in vertical velocity from July
onward suggests a weakening upwelling signal, but Chl-a remains

frontiersin.org


https://doi.org/10.3389/fmars.2025.1641995
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ismail and Salim

10.3389/fmars.2025.1641995

30°N 30°N
28.5°N 28.5°N
27°N 27°N
25.5°N 25.5°N
24°N 24°N
22.5°N 22.5°N| > s pmss
48°E  50°E 52°E 54°E 56°E 58°E 60°E  62°E 48°E  50°E 52°E 54°E 56°E 58°E 60°E 62°E
30°N “ 30°N [~ September
28.5°N " 28.5°N |- e
27°N 27°N
25.5°N 25.5°N
24°N 24°N
22.5°N| > 5unys 22.5°N| > 5umss
48°E 50°E 52°E 54°E 56°E 58°E 60°E 62°E 48°E 50°E 52°E 54°E 56°E 58°E 60°E 62°E
O.IOO 0.57 1.14 1.71 2.29 2.86 3.43 4.00

Chl-a (mg/m3)

FIGURE 2

Monthly spatial distribution of chlorophyll-a concentration (mg m™®) for June, July, August, and September, overlaid with vectors representing
upwelling index (vertical velocity, m s as a proxy for upwelling intensity. Arrows indicate areas of enhanced vertical water movement and

associated phytoplankton accumulation

relatively high throughout the summer, indicating a sustained
phytoplankton response. This persistence may be attributed to
several factors, including nutrient retention within the system,
continued stratification dynamics, and biological processes such
as grazing pressure and changes in community composition
(Behrenfeld and Falkowski, 1997; Landry et al,, 2024; Teixeira
et al., 2014). For example, shifts in phytoplankton community
structure toward larger or less palatable species, or the dominance
of taxa with lower grazing susceptibility, can reduce the efficiency of
grazer control and allow Chl-a to remain elevated (Cloern, 1996;
Teixeira et al., 2014). Conversely, if grazer populations (such as
zooplankton) do not increase proportionally with phytoplankton,
or if there is a mismatch in timing, phytoplankton biomass can
persist at high levels despite ongoing grazing (Calbet and Landry,
2004; Sommer et al, 2012). Thus, it is the interplay between
phytoplankton community composition and grazer dynamics that
influences the persistence of high Chl-a concentrations during
periods of reduced upwelling (Landry et al., 2024). These findings
are consistent with other upwelling systems, such as the California
Current and the Peru Current, where phytoplankton productivity
remains elevated even after upwelling intensity diminishes, due to
delayed biological responses and nutrient recycling (Checkley and
Barth, 2009; Espinoza-Morriberon et al., 2017; Igarza et al., 2019).
In particular, (Jacox et al., 2016) reported that upwelling alone does
not always dictate biological productivity, as pre-existing oceanic
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conditions, nutrient retention, and local hydrography can mediate
the phytoplankton response to upwelling variability.

3.1.2 Northwestern Arabian Sea region (lll)

In the northwestern Arabian Sea (Region III), Chl-a
concentrations follow a clear seasonal pattern, increasing from
1.04 mg m™ in June to 2.39 mg m” in August, then stabilizing at
2.39 mg m™ in September. This trend closely corresponds with the
seasonal evolution of Wt, which peaks in July at 7.97 x 10°m s,
before declining to 5.82 x 10° m s in August and 3.58 x 10°m s
in September. The rapid rise in Chl-a response to the intensifying
Wt during early to mid-summer suggests a direct link between
upwelling-driven nutrient flux and surface phytoplankton growth.
This pattern is similar to other coastal upwelling systems, where
rapid nutrient input fuels phytoplankton blooms almost
immediately during strong upwelling periods (Chavez and Messie,
2009; Broullon et al., 2023). The alignment between the peak in Wt
and the highest Chl-a values in July highlights the role of upwelling
in supporting productivity in northwestern Arabian Sea waters.
This pattern is consistent with earlier studies that have documented
the significant impact of monsoon-driven upwelling on seasonal
phytoplankton dynamics in the region (Wiggert et al., 2005; Al-Azri
et al,, 2010).

Despite the decline in Wt after July, Chl-a remains high in
August and September, suggesting that nutrient recycling or
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retention may help sustain phytoplankton growth beyond the peak
upwelling period. This pattern has been observed in other major
upwelling systems, such as the Benguela Current, where efficient
nutrient utilization allows phytoplankton blooms to persist even
after upwelling slows down (Hutchings et al., 2009; Monteiro et al.,
2011). Additionally, the persistence of Chl-a despite weakening
upwelling intensity could also be influenced by stratification
dynamics, which have been shown to regulate phytoplankton
growth in other eastern boundary upwelling systems (Messi¢ and
Chavez, 2015).

Furthermore, biological processes, as discussed above, likely
contribute to sustaining productivity after the decline in upwelling
intensity (Landry et al., 2024; Teixeira et al., 2014). Studies in the
California Current have demonstrated that phytoplankton blooms
can persist even during weakened upwelling phases due to organic
matter recycling and continued nitrate availability in subsurface
layers (Jacox et al., 2016). A similar mechanism may be at play in
northwestern Arabian Sea upwelling region, supporting a
prolonged phytoplankton response beyond the peak
upwelling season.

This prolonged biological or phytoplankton response is further
supported by spatial anomaly maps (Figure 4), which reveal
localized, near-instantaneous positive Chl-a anomalies along the
northwestern Arabian Sea coast (Sea of Oman) during July-August,
indicative of a rapid response to strong upwelling. In contrast, the
Iranian coast displays predominantly neutral to negative anomalies
during early upwelling, with only modest positive anomalies
emerging one to two months later. This spatial and temporal
differentiation reflects a lagged biological response in the Iranian
regions, likely arising from slower nutrient replenishment and local
stratification constraints, and is consistent with established
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observations of delayed chlorophyll peaks following upwelling
events in the northern Arabian Gulf.

3.2 Correlation between chlorophyll-a and
vertical velocity

To assess the physical-biological coupling across the study
region, we examined the relationship between Chl-a
concentrations and Wt in the Iranian (Regions I and II) and
northwestern Arabian Sea (Region III) upwelling zones. These
correlations provide insight into how seasonal upwelling,
stratification, and horizontal transport influence surface
phytoplankton productivity.

3.2.1 Iranian region (1 & 11)

In the Iranian upwelling zones, Chl-a exhibits a strong positive
correlation with Wt during early summer, with coefficients of 0.76
in June and 0.83 in July at lag 0, declining to 0.50 in August and 0.48
in September (Figure 5). This pattern indicates that upwelling-
driven nutrient supply strongly fuels phytoplankton growth,
especially in early summer when upwelling peaks (Ismail and Al
Shehhi, 2022; Ghaemi et al., 2024). As upwelling weakens in August
and September, the correlation declines, implying that other
processes such as remineralization, lateral transport, and
biological interactions sustain phytoplankton biomass (Hutchings
et al,, 2009; Jacox et al.,, 2016; Kudela et al., 2008). These findings
align with previous observations in the Arabian Gulf and Sea of
Oman, where subsurface nutrient intrusions and organic matter
remineralization contribute to elevated nitrate and silicate
concentrations during late summer and early autumn (Ghaemi

frontiersin.org


https://doi.org/10.3389/fmars.2025.1641995
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ismail and Salim 10.3389/fmars.2025.1641995

30°N
28.5°N
27°N
25.5°N
24°N
22.5°N :
48°E 50°E 52°E 54°E 56°E 58°E 60°E 62°E 48°E 50°E 52°E 54°E 56°E 58°E 60°E 62°
30°N 30°N
28.5°N 28.5°N
27°N 27°N
25.5°N | _[25.5°N
113
24°N 7%% 24°N
iy
22.5°N #4%22.5°N
48°E 50°E 52°E 54°E 56°E 58°E 60°E 62°E 48°E 50°E 52°E 54°E 56°E 58°E 60°E 62°E

5 pm/s —>

-1.8 -1.2 -0.6 0.0 0.6 1.2 1.8
Chlorophyll-a Anomaly (mg m-3)

FIGURE 4

Monthly chlorophyll-a (Chl-a) anomaly map for 2018, computed relative to the MODIS climatological mean from Melin (2013). Positive anomalies
(shades of red) represent regions where 2018 Chl-a concentrations exceeded the climatological average, while negative anomalies (shades of blue)
indicate below-average values.

et al,, 2021; Al-Azri et al, 2010) In addition to natural nutrient  absence of vertical mixing (Al-Yamani et al., 2006; Devlin
sources, anthropogenic nutrient inputs such as treated wastewater, et al., 2015).

industrial runoff, and coastal pollution may elevate surface nutrient Interestingly, the correlation between stratification and Chl-a in
concentrations and support phytoplankton growth even in the  Iran is positive (0.37 to 0.42), contradicting the expected inverse
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relationship. Stratification typically suppresses nutrient mixing
(Behrenfeld et al., 2006). However, in semi-enclosed basins like
the Arabian Gulf, other processes can sustain productivity despite
stratification. Potential explanations include lateral nutrient
transport from the Sea of Oman (Al Azhar et al., 2016), nutrient
retention and recycling within the mixed layer, maintaining high
surface productivity despite weaker upwelling (Ismail and Al
Shehhi, 2022), and the dominance of small phytoplankton (e.g.,
flagellates, cyanobacteria) that thrive in stratified, stable conditions,
rather than diatoms which require strong mixing (Igarza et al,
2019). The negative correlation between Chl-a and currents (-0.57
to -0.40) suggests that horizontal advection disperses
phytoplankton rather than enhancing growth. Similar patterns
were observed in the California Current, where circulation
spreads phytoplankton biomass without necessarily increasing
local chlorophyll levels. Compared to northwestern Arabian Sea,
upwelling in Iranian waters is weaker and delivers fewer nutrients,
so currents tend to disperse phytoplankton rather than support
their growth (Ismail and Al Shehhi, 2022; Lachkar et al., 2022).
Similar patterns have been documented in other upwelling systems,
such as the California and Peru Currents, where phytoplankton
blooms often persist after peak upwelling due to nutrient recycling
and delayed uptake (Checkley and Barth, 2009; Espinoza-
Morriberon et al., 2017; Igarza et al., 2019).

3.2.2 Northwestern Arabian Sea region (l11)

In the northwestern Arabian Sea (Region III), the pattern of
correlation between Chl-a and Wt differs from the Iranian
upwelling zones. The correlation is strongest in June (0.72),
reflecting a rapid phytoplankton response to upwelling. This
relationship weakens through the season, declining to 0.67 in
July, 0.48 in August, and 0.35 in September, paralleling the
seasonal decrease in upwelling intensity. This trend suggests that
as upwelling weakens, additional factors such as nutrient variability
and physical transport processes (e.g., eddies) increasingly influence
phytoplankton growth (Al-Azri et al., 2010). Stratification in this
region plays a more dynamic role than in Iran. A negative
correlation between stratification and Chl-a in June (-0.54)
indicates that strong early-season stratification suppresses
nutrient mixing and limits phytoplankton production. As
upwelling intensifies, this effect diminishes, and the influence of
stratification on phytoplankton blooms weakens, consistent with
previously reported seasonal dynamics (Lachkar et al., 2022;
Wiggert et al,, 2005). By September, the correlation between
stratification and Chl-a is weakly positive (0.1), suggesting that
processes such as horizontal transport, remineralization, and
biological interactions become more important (Al-Azri et al,
2010). The late-summer shift from diatom-dominated blooms to
dinoflagellates aligns with this pattern, as dinoflagellates are better
adapted to lower-nutrient, stratified conditions (Piontkovski et al.,
2011; Wiggert and Murtugudde, 2007).

Unlike the Iranian zones, currents in the northwestern Arabian
Sea region show a positive correlation with Chl-a, particularly in
September (0.42). This suggests that horizontal transport may
enhance Chl-a concentrations by redistributing nutrients and
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phytoplankton, especially when retention times are favorable
(Lachkar and Gruber, 2011). This contrasts with the Iranian
region, where horizontal advection tends to disperse
phytoplankton, a pattern also observed in regions with strong
export processes, such as the central Arabian Sea (Bauer et al,
1991). The sustained upwelling along the Omani coast likely
maintains nutrient availability even as surface waters are advected
offshore (Ismail and Al Shehhi, 2022). Similar mechanisms have
been reported in other upwelling systems, such as the Canary and
Benguela Currents, where lateral transport supports persistent
phytoplankton blooms (Chavez and Messie, 2009).

3.3 Lagged response of Chl-a to upwelling

To further investigate the timing of phytoplankton response to
upwelling, lagged correlation analyses were performed between
Chl-a concentrations and Wt, revealing distinct regional
difterences (Figure 6).

3.3.1 Iranian region (I and 1)

In the Iranian region, the correlation between Chl-a and Wt
increases slightly from 0.76 at lag 0 to 0.80 at lag 1 in June and
decreases from 0.83 at lag 0 to 0.65 at lag 1 in July. While this minor
change suggests a possible delayed phytoplankton response to
upwelling in June, the difference is small and not statistically
significant due to the limited data. Thus, it should be interpreted
as a potential trend rather than definitive evidence. Physical and
biological processes such as nutrient remineralization, vertical
mixing, and subsurface nutrient transport may contribute to this
lag (Brock et al., 1991; Ershadifar et al., 2023; Lachkar et al., 2022).
Similar lagged responses have been observed in other upwelling
systems, including the Western Iberian Coast (Favareto et al., 2023)
and the California and Peru Currents, where delays are attributed to
nutrient cycling and grazing pressure (Chavez and Messie, 2009;
Wilkerson et al., 2006).

Greater stratification along the Iranian coast, compared to
Oman, may limit upward diffusion of subsurface nutrients,
causing remineralized nutrients to accumulate at depth and
become available only during subsequent upwelling events
(Alosairi et al., 2011; Al-Yamani and Naqvi, 2019; Kdmpf and
Sadrinasab, 2005). Subsurface inflows from the Sea of Oman may
also sustain nutrient levels in Iranian waters beyond the peak
upwelling period (Al-Azri et al., 2010; Al-Yamani and Naqvi,
2019; Ghaemi et al., 2024). Zooplankton grazing and community
structure may further influence bloom persistence, as lower grazing
pressure could allow phytoplankton biomass to remain elevated for
longer durations (Roman et al., 2000).

3.3.2 Northwestern Arabian Sea region (lll)

In contrast, the northwestern Arabian Sea upwelling region
displays an immediate phytoplankton response to upwelling, with
the strongest correlation between Chl-a and Wt at lag 0 (0.72) in
June and weaker correlations at negative lags (Figures 5, 6). This
rapid response is consistent with the immediate injection of
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nutrients into the euphotic zone following upwelling events (Zhong
etal., 2019). Similar rapid responses have been documented in other
systems, such as the Mediterranean (Fuchs et al., 2023) and the
California and Peru Currents (Chavez and Messié, 2009). The most
intense upwelling along the northwestern Arabian Sea and along
Omani coasts occurs in June and July, coinciding with the
southwest monsoon and enhanced Ekman transport, which
delivers cold, nutrient-rich waters to the surface (Al-Azri et al.,
2010; Watanabe et al., 2017; Wiggert et al., 2005). This supports
high chlorophyll levels and local fisheries productivity (Goes
et al., 2005).

While our lag analysis provides insight into seasonal-scale
phytoplankton responses, it is based on monthly data and may
not capture finer-scale (e.g., weekly or daily) dynamics. Therefore,
findings regarding the timing of delayed responses should be
interpreted as broad trends rather than precise estimates.

4 Conclusions

This study explored the influence of upwelling on
phytoplankton productivity in the Arabian Gulf and Sea of
Oman, focusing on regional differences between the Iranian
(Regions I and II) and northwestern Arabian Sea (Region III)
coastal systems. Results revealed that upwelling plays a central
but regionally variable role in regulating surface Chl-a
concentrations: along the northwestern Arabian Sea coast, strong
vertical nutrient transport during peak upwelling months (June-
July) supports higher Chl-a levels and a rapid phytoplankton
response, while on the Iranian shelf, a slightly delayed response is
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observed, with productivity peaking later in the season likely
sustained by lateral nutrient transport, remineralization, and
persistent stratification. Stratification showed a positive
correlation with Chl-a in the Iranian region, suggesting that
surface nutrient retention can support ongoing growth despite
weaker mixing, whereas in the northwestern Arabian Sea, the
limiting effect of early stratification diminishes as upwelling
intensifies. Currents are negatively correlated with Chl-a in Iran,
indicating a dispersive role, while in the northwestern Arabian Sea,
the correlation becomes slightly positive by late summer, suggesting
horizontal transport may help retain or redistribute phytoplankton
biomass. Collectively, these findings indicate the importance of
local oceanographic context in shaping phytoplankton responses to
physical drivers and highlight the need for region-specific
management and monitoring strategies in semi-enclosed and
upwelling-influenced marine systems.
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