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A B S T R A C T

This study examines the effect of maritime activity, wildfires, and dust storms on phytoplankton growth and 
presents a comprehensive five-year spatio-temporal assessment of Chl-a levels across the study area covering the 
Sea of Marmara, the Aegean Sea, and the Eastern Mediterranean, including coastal and open sea areas. In
vestigations utilizing GCOM retrievals revealed areas and intervals of increased Chl-a levels. A novel quantitative 
method was developed to categorize open sea areas based on shipping intensity, demonstrating a significant 
association between high shipping activity and elevated Chl-a concentrations for the first time in the literature. 
The association was particularly remarkable during times of limited phytoplankton growth in the Eastern 
Mediterranean. In addition, three specific episodes focusing on one anthropogenic (shipping-livestock) and two 
natural sources (wildfire and dust) were selected for the investigation of high Chl-a concentrations in open sea. 
Dust episode exhibited the most widespread and intense Chl-a increase, followed by wildfire episode with lower 
Chl-a increase. On the other hand, livestock episode indicated more localized, but intense increases. These 
natural and anthropogenic factors elevated Chl-a levels compared to pre- and post-event periods. These findings 
underlined the crucial role of overlooked shipping activities on phytoplankton dynamics in open seas. Natural 
events such as wildfires and dust storms are anticipated to occur more frequently and severely in the Mediter
ranean due to climate change, highlighting the need for efforts to quantify and mitigate shipping activities that 
might contribute to algal blooms.

1. Introduction

The growth of phytoplankton, the base of oceanic food webs, is 
primarily regulated by the availability of nutrients and light, and 
phytoplankton respond rapidly to changes in environmental conditions 
(Kotta and Kitsiou, 2019a). The growth rate of phytoplankton may differ 
depending on their location and is higher in coastal areas such as estu
aries and bays with terrestrial nutrient inputs or nutrient loading from 
ships due to limited water exchange (Wang et al., 2024). On the other 
hand, in the open sea, the nutrients might be transported via air through 
dust storms, volcanoes and wild fires (Hamilton et al., 2025) to support 
phytoplankton growth.

Chl-a is widely used to evaluate phytoplankton abundance and 
ecosystem health (Chen et al., 2024) and it is one of the key optical 
properties that define eutrophication status of aquatic ecosystems along 
with Total Suspended Matter (TSM). TSM consists of insoluble inorganic 
and organic particles, such as clays, sediments, algae, and other aquatic 

microorganisms (He et al., 2013) and it is an essential parameter for 
assessing water color in environmental remote sensing (Sun et al., 
2024). A significant linear relationship exists between Chl-a and TSM, as 
determined from both in-situ measurements and satellite retrievals 
(Maslukah et al., 2022). Further, Chl-a concentrations are key indicators 
for forecasting ocean net primary productivity, which is essential for 
marine ecosystem management (Xu et al., 2023).

Remote sensing data from several satellites have been utilized in the 
literature to assess Chl-a concentrations using different instruments such 
as MODIS (El Hourany et al. (2017) or through multi-satellite observa
tions (SeaWiFS, MODIS-Aqua, MERIS, and VIIRS sensors) (Kotta and 
Kitsiou, 2019a; Salgado-Hernanz et al., 2019). In the Eastern Mediter
ranean, seasonal variations were generally marked by a phytoplankton 
growth period starting in late fall/winter extending to spring (El 
Hourany et al., 2017; Kotta and Kitsiou, 2019a; Kournopoulou et al., 
2024), lasting an average of 150 days (Salgado-Hernanz et al., 2019). In 
contrast, the period from May to October corresponds to a low-growth 
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phase.
The rate at which Chl-a concentration decreases with the distance 

from the coast varies depending on local environmental conditions, river 
outflows, and anthropogenic activities. A general decreasing trend with 
distance from the shore is observed; however, generally the depth of the 
water instead of the distance from the coast is used to distinguish coastal 
areas and open sea in terms of bloom patterns of Chl-a (Kim et al., 2024). 
Nearshore areas were defined up to 50 m depth in the Eastern Yellow Sea 
(Kim et al., 2024; Son et al., 2005; Xuan et al., 2011), whereas studies in 
the Mediterranean have considered nearshore areas to extend to depths 
up to 200 meters (El Hourany et al., 2017; Salgado-Hernanz et al., 
2019).

Measurements of Chl-a can be used to study both anthropogenic and 
natural airborne pollution effects on Chl-a concentrations. One of the 
anthropogenic effects is the shipping industry (Gössling et al., 2021) and 
marine environment is polluted by ships in different ways (i.e., air, 
water, and noise pollution) (Bilgin Güney and Kinaci, 2024; Viana et al., 
2014; Yu et al., 2025). Shipping sector has significant amount of air 
pollutants released into the atmosphere due to their intensive fossil fuel 
use of their engines (Aulinger et al., 2016; Raut et al., 2022; Wang et al., 
2025). Along with other pollutants, they emit nitrogen oxides, which 
can be deposited onto the ocean as nitrate and other nitrogen com
pounds through wet and dry deposition (Chen et al., 2020). Nitrogen is a 
critical nutrient for phytoplankton growth, particularly in 
nutrient-limited regions (Browning and Moore, 2023) in open seas far 
away from the coastlines. Increased nitrogen deposition from shipping 
can act as a nutrient, enhancing phytoplankton productivity. In addi
tion, ships take in and release ballast water, which can introduce nu
trients (Gaballa Altohame Jalgaif et al., 2019) into the sea, potentially 
leading to eutrophication (Raudsepp et al., 2019). Another possible 
pathway of ship-based pollution into the seas is the discharge of 
wastewater (Shu et al., 2022). Wastewater from domestic use in ships 
such as showers and kitchens often contain detergents, food residues and 
other organic matter that decompose and release nutrients (Chen et al., 
2022) in addition to high concentrations of nitrogen and phosphorus 
mainly from human waste (Lappalainen et al., 2024). Raudsepp et al. 
(2019) investigated ship-based nutrient dynamics and effect on eutro
phication in Baltic Sea, and calculated nutrients from shipping emissions 
and ship-based wastewater. Ship-based N deposition was estimated to 
contribute up to 10 % increase in Chl-a concentration. Zhang et al. 
(2021) investigated impact of shipping emissions on phytoplankton 
growth over the Northwest Pacific Ocean, and predicted a contribution 
up to 8 % increase in Chl-a concentration due to ship-based N 
deposition.

When specific types of marine vessels are considered, livestock car
riers are among the significant sources of pollution. These livestock 
carriers are usually old cargo vessels converted to transport live animals 
(e.g., sheep, cattle and goats), with an average fleet age of 43 (Bossard 
and Bonnemains, 2024). 75 % of the livestock carrier vessels investi
gated between 2021 and 2023 were lacking proper pollution prevention 
techniques (Bossard and Bonnemains, 2024) possibly discharging high 
levels of nutrients due to the livestock waste (manure and urine) 
(Princewill et al., 2012).

In addition to anthropogenic sources, there are natural sources of 
nitrogen and other nutrients such as wildfires and dust transport. Most 
wildfire research has focused on terrestrial ecologies (Kala, 2023; Martin 
et al., 2016) and relatively little is known about the effects of wildfires 
on marine environments, despite the fact that many wildfires occur in 
coastal areas (Eke et al., 2024; Giannaros et al., 2022). As wildfire fre
quency and intensity continue to rise globally, understanding their im
pacts on ocean ecosystems is becoming increasingly important. Wildfire 
emissions and ash are rich in nitrogen, phosphate, iron, and silicate and 
a positive correlation has been observed between wildfires and phyto
plankton production in ocean waters in Kimberly coast, Australia (Liu 
et al., 2022). Recent studies have shown that wildfire ash can act as a 
fertilizer for surface ocean waters often leading to bloom conditions 

(Kramer et al., 2020; Nguyen et al., 2024). Similarly, wildfires near lakes 
have been associated with increased phytoplankton community 
composition during and after fire events (Charette and Prepas, 2003). 
Similarly, dust storms transport essential nutrients to nutrient-limited 
regions like the open ocean (Nguyen et al., 2024) and promote phyto
plankton growth (Bigio et al., 2020; Meng et al., 2023).

The main aim of this study is to estimate the spatio-temporal varia
tion of Chl-a and TSM levels in the Sea of Marmara, Aegean Sea and the 
Eastern Mediterranean, with a focus on coastal regions of Türkiye for the 
years of 2019–2023. Chl-a and TSM levels were investigated in selected 
coastal areas, on important shipping routes, and in open sea regions. 
There is no comprehensive study about the spatio-temporal changes of 
Chl-a with high resolution GCOM (Global Change Observation Mission) 
instrument focusing on these regions affected by different anthropo
genic and natural nutrient sources. Thus, the impact of shipping, wild
fires, and dust transport on phytoplankton growth was investigated via 
high-resolution GCOM Chl-a retrievals.

2. Methodology

.1. Study area and time-interval

The study area covers Sea of Marmara, Aegean Sea and the Eastern 
Mediterranean (Fig. 1) for coastal analysis, whereas Aegean Sea and the 
Eastern Mediterranean were focused in open sea and episodic analysis. 
The Mediterranean is one of the nutrient-poor marine areas in the world 
(Oms et al., 2024). While in-situ measurements across the Eastern 
Mediterranean remain limited, remote sensing measurements via sat
ellites provide increasing spatial resolution data.

Due to the significant impact of terrestrial sources, the study area 
was categorized into two overall regions: coastal and open sea, and these 
regions were investigated separately. The coastal zone was defined as 
the area from the shoreline up to 200 m depth, while the open sea began 
beyond this 200 m depth boundary (El Hourany et al., 2017; 
Salgado-Hernanz et al., 2019). Bathymetry data were obtained from the 
EMODnet Bathymetry portal (EMODnet, 2025a). In addition to inves
tigating the overall region, several sub-areas were selected for the study: 
14 coastal and 10 open sea areas for detailed investigation (Fig. 1). Open 
seas were selected as four areas with higher Chl-a levels and main 
shipping routes passing, and six areas with limited shipping density. In 
particular, S01 was selected off the coast of Antalya, and S02 was in the 
Rhodes Gyre region, situated south of Rhodes Island and east of Crete 
Island. S03 lies along the shipping routes connected to the Suez Canal, 
and S04 is also positioned along the Suez Canal route, located between 
Africa and Europe. A total of 14 coastal regions selected for further 
investigation are Izmit (C01), Gemlik (C02), Saros (C03), Edremit (C04), 
Aliaga (C05), Izmir (C06), B. Menderes (C07), Gulluk (C08), Gokova 
(C09), Fethiye (C10), Antalya (C11), Tasucu (C12), Mersin (C13), and 
Iskenderun (C14) (Fig. 1 and Table 1).

The time-interval investigated was the five-year period of 
2019–2023. In addition, specific episodes of 11–12 days were selected to 
investigate important anthropogenic and natural impacts in the open sea 
areas (Table 2). The episodes were investigated with pre- and post- in
tervals and the enhancements during the episodes were estimated.

.2. Ship route density

Route density (RD) data by the European Maritime Safety Agency 
(EMSA) were obtained from European Marine Observation and Data 
Network (EMODnet, 2025b) with a spatial resolution of 1 × 1 km2. It 
provides annual, seasonal, and monthly route density data (#rou
tes/km2/month) for different vessel types, including cargo, tanker, 
fishing, passenger, and other, as well as total vessel traffic. Since cargo 
and tanker ships account for approximately 80 % of total emissions in 
the Mediterranean (Pseftogkas et al., 2021), their monthly route density 
data were specifically included in the analysis, in addition to total 
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vessels for the selection of main routes with busy shipping traffic 
(Figure S1, Table 1).

Surface currents’ speed varies depending on environmental condi
tions in the Eastern Mediterranean. Average current speed ranging be
tween 10 cm/s (Amitai et al., 2010), 19 cm/s (Poulain et al., 2012) and 
80 cm/s (Gucel and Sakalli, 2024). In this study, 30 cm/s (=1.08 km/h) 
average current speed was used. Phytoplankton doubling time is 
approximately 8 h (Freilich et al., 2022) and combining this two infor
mation the width of the routes was defined as 20 km with 10 km from 
the route centerline to each direction. To avoid impacts of land-based 
nutrient sources and transport of nutrients by upwelling and sinking 
processes, Chl-a and TSM concentrations for each route were calculated 
only in open sea regions with depths more than 200 m. In addition to the 
selected routes, another, more quantitative, approach was applied to 
investigate and quantify the impact of shipping on Chl-a levels. A more 
precise quantification of RD was done by estimating the percentile of 
every 1 × 1 km2 grid for each year using the annual total RD for the 
study area. These percentiles were then used to categorize Chl-a con
centrations according to the intensity of the shipping for the grids. In 
that selection, the coastal grids within 200 m bathymetry were excluded 
from the analysis to eliminate the impact of terrestrial sources.

.3. Satellite retrievals

GCOM-C Chl-a product algorithm is based on the standard blue- 
green band ratio (OCx) algorithm (O’Reilly et al., 2000) and the Color 
Index approach (Hu et al., 2012) with coefficients derived from the 
NASA NOMAD bio-optical dataset and further adjusted for the SGLI 
spectral bands. Additional in-situ observations collected around Japan 
supported evaluation and improvement of the retrieval performance. 
TSM algorithm is an empirical multiple regression model that combines 
the reflectance ratio Rrs(443)/Rrs(565) which represents organic sus
pended matter, with the single-band reflectance Rrs(565), which rep
resents inorganic suspended matter, to estimate total suspended matter 

concentrations (Toratani, 2021). Validation of these products were 
performed during the period 2018–2021 by comparing SGLI retrievals 
with in-situ measurements (ship observations, MOBY, BOUSSOLE, 
AERONET-OC), using temporal (±3 h) and spatial (5 ×5 pixel) collo
cation criteria. These analyses showed that version 3 product meets the 
standard accuracy requirements (-60 % to +150 %) (-59–141 % for 
Chl-a and − 59–145 % for TSM) with improved valid pixel coverage in 
coastal and sunglint regions (JAXA, 2022).

In this study, 250-meter daily scene-based resolution Level 2 (L2) in- 
water properties (IWPRQ) products (Major version 3, full version 3000), 
Chl-a (CHLA, in units of mg/m3) and total suspended matter (TSM, in 
units of g/m3) with an equator-crossing time of 10:30 (am) were ob
tained from G-Portal in April 2025 (G-PORTAL, 2025a). L2 products 
were converted to GeoTIFF format using the SGLI Map Projection & 
GeoTIFF Conversion Tool (Ver. 1.2) provided by JAXA (G-PORTAL, 
2025b). To convert GeoTIFF digital numbers (DN) to physical quantities, 
geophysical conversion coefficients (slope/offset) were applied using 
product-specific values (CHLA: slope = 0.0016, offset = 0.0; TSM: slope 
= 0.001, offset = 0.0), following the equation: DN × slope + offset. To 
conduct a uniform spatial and temporal assessment over the Eastern 
Mediterranean, then pixel center points were processed with 1 × 1 km2 

EMOD grids to estimate daily, moving 7-day and 14-day, monthly and 
selected period averages for the years of 2019–2023.

The GCOM-C version 3 validation results between retrievals and field 
observations showed that Chl-a and TSM products achieved standard 
accuracy of − 59 to + 141 % and − 59 to + 145 %, respectively (JAXA, 
2022). Salem et al. (2025) compared GCOM Chl-a retrievals with in-situ 
measurements in Japan and East Asia between January 2018 and 
December 2023. In situ measurements indicated that GCOM (G-Portal) 
provides better agreement for Chl-a concentrations below 5 mg/m3. In 
another study (Luang-on et al., 2024), GCOM accurately identified red 
tides in Gulf of Thailand confirming the GCOM reliability with in situ 
data (Salem et al., 2025).

Period selections were performed utilizing five-year monthly 

Fig. 1. The study area with focused sub-regions, routes, ports, major rivers, and bathymetry.
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analysis, and further investigated in-detail. The episodes were selected 
according to times of extreme Chl-a levels observed (dust), devastating- 
level natural hazards (wildfire), and investigating the local known 
environmental issues within study region and interval.

3. Results and discussion

The Mediterranean and the Sea of Marmara are very important in 
terms of international maritime traffic, and monthly route density dis
tribution for all vessels between 2019 and 2023 varied spatially 
throughout the year (Figure S1). Istanbul and Canakkale Straits, Mersin, 
Iskenderun, Izmir, Piraeus, Alexandria, Haifa, Beirut and entrance of the 
Suez Canal had busy traffic and route density did not change for the 
whole year. Summer months showed slightly increased activity, espe
cially in the Aegean Sea, likely due to seasonal ferry and cruise traffic. 
Winter months still maintained heavy traffic in the main shipping routes 

with predominantly cargo and tanker vessels. In 2023, maritime traffic 
increased compared to previous years. The Suez Canal had the passage 
of 18,880 vessels in 2019 and 18,830 vessels in 2020, but had increasing 
ship traffic with 20,694 vessels in 2021, and 23,851 vessels in 2022, and 
the canal achieved a new record with 26,434 vessels in 2023 (Suez Canal 
Authority, 2023). The major routes selected according to route density 
maps of 2019–2023 were given along with other selected regions 
(Table 1). Mediterranean-Canakkale Strait (R02) and Suez 
Canal-Canakkale Strait (R04) are the busiest routes in the study area. 
Maritime traffic along the Mediterranean-Suez Canal (R01) route 
increased over the years.

.4. Spatio-temporal variation of Chl-a

The evaluation of monthly Chl-a concentration distributions for the 
five years (2019–2023) over the Sea of Marmara, the Aegean Sea and the 
Eastern Mediterranean, indicated significant spatial and temporal vari
ations. Chl-a concentrations were generally higher along the coast and 
near river outflows (Fig. 2). This increase was due to nutrient enrich
ment from agricultural runoff and wastewater discharge, which support 
phytoplankton growth (MoEUCC, 2022a). The monthly Chl-a distribu
tions for five years indicated a decline in Chl-a concentrations, possibly 
due to the onset of water column stratification which limits nutrient 
availability in surface waters in summer months especially in open sea 
regions (Fig. 2 and Fig. 3). The study area consists of the Sea of Marmara 
in the north, the Aegean Sea and the Eastern Mediterranean in the south 
with different water quality and bathymetric characteristics (MoEUCC, 
2022a, 2022b, 2022c). Being an inland sea with comparatively smaller 
area, the Sea of Marmara had the highest Chl-a concentrations. On the 
other hand, the Aegean Sea and the Mediterranean exhibited a differ
ence between coastal and open sea regions (Figure S2). Open sea waters, 
especially in the Eastern Mediterranean, were oligotrophic, with 
monthly average Chl-a values dropping below 0.1 mg/m3 in the summer 
months (Fig. 3). Coastal areas still showed higher concentrations, 
possibly due to terrestrial nutrient sources. Summer season appeared to 
have the lowest productivity. In fall months, Chl-a levels began to in
crease again, due to the breakdown of stratification, mixing of the water 
column, and renewed nutrient availability (Salgado-Hernanz et al., 
2019; Kournopoulou, et al., 2024). Long term spatial and temporal TSM 
concentration distributions between 2019 and 2023 was similar with 
Chl-a (Fig. 3, Figure S3). TSM and Chl-a showed overlapping hotspots in 
open sea regions, since the main source of TSM is phytoplankton. 
However, coastal regions with intense industrialization and urbaniza
tion like coastal regions of Türkiye in the Aegean Sea might have 
different sources of TSM other than phytoplankton due to surface runoff 
and wastewater discharges resulting in different Chl-a and TSM patterns. 
Coastal Chl-a levels remained relatively stable, with slightly elevated 
concentrations during the winter months, likely due to increased 
nutrient inputs. A notable exception was observed between Jul-Sep 2021 
(Figure S2c), when Chl-a levels increased in the Sea of Marmara and 
Aegean Sea, driven by impacts of the mucilage event (Balkıs Özdelice 
et al., 2023; Tuzcu Kokal et al., 2022). Chl-a levels in the Sea of Marmara 
and north of Aegean Sea were higher year-around with a slight decrease 
in summer season. However, Chl-a concentrations in the south Aegean 
Sea and the Mediterranean open sea typically displayed a clear seasonal 
pattern, with lower levels during summer, and a gradual increase 
starting in October, peaking in winter and early spring (Fig. 2 and Fig. 3) 
reflecting typical oligotrophic conditions of the Mediterranean open 
waters (Kournopoulou et al., 2024).

The problematic results of the Sea of Marmara having limited cir
culation and high coastal nutrient inputs were particularly observed 
during the 2021 mucilage crisis (Balkıs Özdelice et al., 2023; Demir, 
2022). An increase in average SST from 16.1◦C in 2015 to 17.6◦C in 
2021 (Tuzcu Kokal et al., 2022) was probably one of the reasons of the 
mucilage. When 2020 and 2021 Chl-a distributions are compared 
(Figure S2b and c), unexpectedly high concentrations were noticeable in 

Table 1 
Selected sub-regions of coastal and open sea areas, and major routes in the study 
area.

Type ID-SEA Regions

Coastal C01-MAR Izmit
​ C02-MAR Gemlik
​ C03-AEG Saros
​ C04-AEG Edremit
​ C05-AEG Aliaga
​ C06-AEG Izmir
​ C07-AEG B. Menderes
​ C08-AEG Gulluk
​ C09-AEG Gokova
​ C10-MED Fethiye
​ C11-MED Antalya
​ C12-MED Tasucu
​ C13-MED Mersin
​ C14-MED Iskenderun
Open sea S01-MED South of Antalya
​ S02-MED Rhodes Gyre
​ S03-MED North of Egypt
​ S04-MED Southwest of Crete
​ S05-MED Southwest of Crete
​ S06-MED South of Crete - Northeast of Libya
​ S07-MED North of Egypt
​ S08-MED South of Cyprus
​ S09-MED Southwest of Cyprus
​ S10-MED West of Cyprus
Route R01-MED Mediterranean-Suez Canal
​ R02-AEG Mediterranean-Canakkale Strait
​ R03-AEG Alexandria-Canakkale Strait
​ R04-AEG Suez Canal-Canakkale Strait
​ R05-AEG Suez Canal-Pireus
​ R06-MED Tasucu-Kyrenia
​ R07-AEG Mediterranean-Izmir
​ R08-AEG Aliaga-Canakkale Strait
​ R09-MED Mediterranean-Ashdod
​ R10-MED Haifa-Mediterranean
​ R11-AEG Beirut-Canakkale Strait
​ R12-MED Mediterranean-Iskenderun
​ R13-MED Suez Canal-BOTAS
​ R14-MED Mersin-Famagusta
​ R15-AEG Mersin-Canakkale Strait

Table 2 
Selected episodes with their pre- and post- time intervals.

Episode Type ID Region Dates

Pre- Episode Post-

Livestock - 
Shipping

E01 MED 25 Jul–5 Aug 
2023

6–17 Aug 
2023

18–29 Aug 
2023

Wildfire E02 MED 18–27 Jul 
2021

28 Jul–7 Aug 
2021

8–17 Aug 
2021

Dust E03 MED 17–27 Mar 
2022

28 Mar–7 Apr 
2022

8–18 Apr 
2022
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spring and summer 2021 due to this problem. The mucilage event 
affected several areas, including the Gulf of Izmit, Gulf of Gemlik, 
Kapidag Peninsula, Prince Islands, and various other coastal regions 
(Fig. 1, Table 1). Notably, in June 2021, daily Chl-a concentrations 
peaked at 21.7 mg/m3 in the Gulf of Gemlik and reached 27.4 mg/m3 in 
the Gulf of Izmit, indicating intense algal activity linked to the mucilage 
event, although the monthly average Chl-a levels during summer and 
fall of other years were generally around 1–2 mg/m3. This result of the 
Sea of Marmara coastal areas suggested that TSM in the Marmara region 
was influenced by several factors, notably agricultural runoff, urban 
wastewater and industrial discharges, which contribute significantly to 
elevated monthly average TSM concentrations, often exceeding 2 g/m3 

(Figure S3) with a maximum monthly average of 3.6 g/m3 occurring in 
Feb 2022 (Fig. 3). The Sea of Marmara was eutrophic and turbid, likely 
due to its semi-enclosed geography, Black Sea outflow, river discharges, 
urban and agricultural runoff, and dense maritime traffic.

Islands and river discharges play a crucial role in shaping the spatial 
distribution of Chl-a. In the Aegean Sea, discharges of Evros (Meric), 
Struma and Axios (Vardar) rivers enhanced productivity due to terres
trial sources. River-influenced zones and exit of Canakkale Strait showed 
higher Chl-a at the northern parts of Aegean Sea (Fig. 2, Figure S2). The 
northern and coastal regions were biologically more productive 
compared to the oligotrophic southern and open Aegean waters. Vari
ation was relatively low compared to the Sea of Marmara. Chl-a levels 
were moderate year-round, with slightly elevated levels in winter and 
spring (Fig. 3). The presence of numerous Aegean islands (e.g., Lesvos, 
Chios) introduces localized upwelling zones (Androulidakis et al., 2017; 
Mamoutos et al., 2017; Tükenmez and Altıok, 2022) and strong vertical 
mixing (Nishioka et al., 2021) fostering elevated Chl-a values in their 
vicinity (Figure S2). Particularly during winter and fall, localized Chl-a 
hotspots were observed near some of these islands. In summer 2021, 
Chl-a concentrations in the northern Aegean Sea were noticeably higher 

Fig. 2. Monthly average Chl-a distributions of the study area from Dec 2018 to Nov 2023.

Fig. 3. Monthly average Chl-a and TSM distributions for the Sea of Marmara (top), Aegean Sea (center), and the Eastern Mediterranean (bottom) for five years (box: 
25–75 percentiles (Q1-Q3; Interquartile range (IQR)), whiskers: Q1 - 1.5 ×IQR and Q3 + 1.5 ×IQR, central line: median, circle: mean).
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compared to other summer periods (Fig. 3), with elevated levels 
particularly evident around the Evros River outflow (Figure S2c). This 
result suggests that nutrient-rich water discharged from the river likely 
influenced phytoplankton growth and impacted water quality in the 
northern Aegean Sea.

In the Eastern Mediterranean, Chl-a levels exhibited a clear seasonal 
pattern, with higher values from winter to spring (Dec-Apr) and a 
decline in summer in both coastal regions and open sea (Fig. 3). Open 
sea regions showed low Chl-a values while elevated concentrations 

appear near the coasts (Fig. 2). Chl-a levels drop to monthly averages 
around 0.02–0.05 mg/m3, especially in open waters in summer due to 
low biological productivity. Open waters were oligotrophic because of 
stratification and weak vertical mixing while Chl-a concentrations were 
high around the southeastern coast of the Mediterranean, especially 
near the Nile Delta (Fig. 2). The Nile Delta discharges nutrient-rich 
freshwater into the southeastern Mediterranean. Urbanized coastal re
gions around Alexandria, Beirut, and Tel Aviv contribute with waste
water discharge and surface runoff, supplying nutrients. Southeast 

Fig. 4. Monthly average Chl-a concentrations for coastal (C01-C14) (top), open sea (S01–10) areas (center), and along the routes (R01-R15) (bottom) for five years.
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depths are shallow compared to other Mediterranean coastal areas, 
which allow stronger vertical mixing and light penetration, supporting 
phytoplankton growth (Jäger et al., 2008). In the southeastern coast of 
the Mediterranean (especially around Nile Delta region), elevated Chl-a 
concentrations extend up to 60 km from the coast (Fig. 2). In the 
northern coast, Mersin region, high Chl-a levels were observed up to 
25 km from the coast. In contrast, in the Eastern Mediterranean -spe
cifically along the coasts of Syria, Lebanon, and Israel- as well as around 
Antalya and Fethiye of Türkiye, high Chl-a concentrations were limited 
within 5 km of the coast. This variation is influenced not only by the 
impact of land sources but also by regional differences in bathymetry, as 
Chl-a concentrations tend to decrease beyond the 200-meter depth 
contour, which occurs at varying distances from the coast in different 
areas (Fig. 1). Over the five-year period from 2019 to 2023, the coastal 
average Chl-a concentration were highest in the Marmara Sea, followed 
by the Aegean Sea with extreme levels in Jul-Aug 2021 and the lowest 
levels were observed in the Mediterranean (Fig. 3).

Due to Chl-a magnitude and variability in coastal regions, specific 
coastal areas with different conditions were investigated in detail 
(Table 1, Fig. 1). Selected 14 coastal areas can be divided into three 
categories according to their distinct Chl-a patterns (Fig. 4). Relatively 
clean bays such as Antalya, Edremit, Gokova, Fethiye, Saros along with 
slightly more polluted Aliaga and Gulluk exhibited high Chl-a concen
trations in winter, and low concentrations in summer, consistent with 
typical Mediterranean seasonal trends previously reported in the liter
ature (El Hourany et al., 2017; Kotta and Kitsiou, 2019a; Kournopoulou 
et al., 2024). In Saros, the mucilage event strongly affected the summer 
of 2021 (Jun-Sep). The Chl-a concentrations in the Gulf of Gulluk indi
cated an earlier rise starting in Aug different from other areas with 
maximum levels in late fall, not in winter in 2019–2020. The presence of 
numerous aquaculture farms in the Gulf of Gulluk may cause this 
anomaly (Bardakçı Şener and Tıraşın, 2024). In the recent years after 
2020, reductions in Chl-a concentrations were observed possibly due 
efforts of coastal cleaning campaigns by municipalities of Mugla (Action 
Plan, 2020) covering the coastal areas of Gulluk (C08), Gokova (C09), 
Fethiye (C10). Aliaga (C05) region is a well-known industrial district 
with various pollution sources including industrial facilities, refineries 
and ship breaking which could also contribute to nutrient pollution.

Urbanized and industrialized regions like Izmir, Izmit, Gemlik 
showed elevated Chl-a levels without following the standard Mediter
ranean seasonal pattern. Monthly Chl-a distributions in Izmir had a 
unique profile with the highest levels occurring consistently reaching 
over 20 mg/m3 suggesting a mix of extraordinary conditions supporting 
eutrophication in summer season. In the Gulf of Izmir, lower Chl-a levels 
were observed during the winter months, followed by a sharp increase 
starting in April, with peak concentrations between April and August 
(Fig. 4). This phytoplankton bloom is typical of eutrophic conditions in 
semi-enclosed coastal bays influenced by nutrient inputs from streams, 
urban runoff, and possible wastewater discharges. 7-day moving 
average Chl-a concentrations exceeded 30 mg/m3 in summer of 2020 
and 2021. The daily peak Chl-a in the Gulf of Izmir reached up to 75 mg/ 
m3 which is much higher than peak levels observed in the Amvrakikos 
Gulf (8 mg/m3), a semi-enclosed, shallow basin affected by urban 
pollution (Kournopoulou et al., 2024). These levels indicated the 
importance of monitoring eutrophication risk and implementing effec
tive nutrient management strategies in such regions. Unlike Chl-a, daily 
TSM levels did not show a sharp seasonal peak and remained relatively 
elevated year-round with maximum in summer, indicating persistent 
inputs of suspended particulate matter in to the Gulf of Izmir.

In Izmit and Gemlik in the Sea of Marmara, monthly average Chl-a 
concentrations reached up to 15 and 4 mg/m3, with 7-day moving 
average concentrations of 10 and 2 mg/m3, respectively. The highest 
monthly averages were not consistent with seasonality, but they were 
limited to single incidents with extreme values. Notably, the summer of 
2021 showed increased Chl-a levels in Gemlik compared to other sum
mer periods, likely due to the mucilage event. Chl-a concentrations were 

consistently higher in Izmit than Gemlik. Daily TSM indicating higher 
temporal variability than Chl-a in Gemlik than Izmit, suggesting pres
ence of other suspended solids than phytoplankton in Gemlik.

As the last category, Iskenderun, Mersin, Tasucu, and B. Menderes 
Delta did not display the seasonal variations of the Mediterranean. 
Nevertheless, the range of variation in monthly Chl-a concentrations 
were larger. The daily Chl-a concentrations in the B. Menderes showed a 
base level around 1 mg/m3 throughout the year with spikes above 5 mg/ 
m3 reaching up to 22 mg/m3 in summer months of all years, especially 
in June and July which aligns with the agricultural practices for cotton 
farming. This summer spike was also evident in Mersin; however, the 
Chl-a levels were higher with moderate to high spikes occurring at other 
times as well with spikes above 3 mg/m3 reaching up to 16 mg/m3. The 
daily spikes observed in 2019 and 2020 were not observed in the 
following years and the levels were lower in Tasucu than Mersin and B. 
Menderes. In Iskenderun Bay, Chl-a concentrations were comparable 
with Tasucu without the higher levels observed in 2019 and 2020. The 
Chl-a concentrations remained relatively constant throughout the year, 
showing limited seasonal variability due to sustained nutrient inputs 
and the semi-enclosed structure of the bay (Fig. 2, Figure S2). The 
agricultural activities and large river discharges to Tasucu, Mersin, B. 
Menderes, industrial activities to Mersin, Iskenderun, and shipping ac
tivities with busy international ports in Mersin, Tasucu, Iskenderun 
likely contributed to increased nutrient input, influencing the local Chl-a 
concentrations (Fig. 4). Iskenderun, Mersin and Tasucu ports are the sole 
ports of Türkiye accepting livestock carriers with significant nutrient 
source via animal waste.

In addition to the overall assessment of open seas, ten specific open 
sea areas were selected: with high shipping route densities consisting of 
significant routes (S01-S04) and with more sparse route densities (S05- 
S10) (Fig. 1 and Fig. 5-left panel). Seasonal Chl-a variability in S01 was 
similar to general Mediterranean open sea trend (Fig. 4). In 2023, Chl-a 
concentrations were generally lower than in previous years, except for a 
peak observed in March. S02 was characterized by eddy circulation and 
nutrient upwelling due to Rhodes Gyre, which supports high primary 
productivity (Van Leeuwen et al., 2022) similar to the findings of 
Kournopoulou et al. (2024). As a result, Chl-a concentrations here were 
higher and showed a pronounced seasonal pattern compared to other 
open sea areas (Fig. 4). On the other hand, S03 had lower and S02 had 
higher Chl-a concentrations than the other areas selected as well as the 
Mediterranean overall with statistical significance (Mann–Whitney U 
test) (Figure S5). S04 displayed a typical seasonal pattern of oligotrophic 
open sea (Fig. 4). In S02 and S04, traffic was busier than in S01 and S03 
(Figure S1 and S4). Route density showed seasonal peaks, with higher 
values typically in summer months, likely due to increased commercial 
shipping. A major spike in spring 2022, where the 14-day moving 
average Chl-a exceeded 1 mg/m3, was possibly linked to an episodic 
event such as dust deposition. Despite increased shipping, there was no 
clear long-term trend in Chl-a or TSM, suggesting limited direct impact 
from route density alone, or that impacts were episodic or masked by 
natural variability. For open sea areas, S05-S10, the typical seasonal 
pattern prevailed with median Chl-a concentration of approximately 
0.2 mg/m3 throughout winter and early spring and around 0.1 mg/m3 

during summer months Fig. 4).

.5. Impact of shipping on Chl-a levels

In addition to selected open sea and coastal areas, Chl-a and TSM 
levels were investigated along major maritime routes (R01-R15) across 
the study area. Monthly average Chl-a concentrations along the routes 
showed the expected pattern of Mediterranean in almost all routes 
where Chl-a concentrations were higher in winter and lower in summer 
(Fig. 4-bottom). Routes R08 and R02 are not in the Mediterranean, but 
from the Canakkale Strait through the Aegean Sea, and the reason for the 
slightly higher variability in Chl-a concentrations could be explained by 
the fact that these routes are impacted by the mucilage event in the Sea 
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of Marmara, as it can be observed in the Chl-a spike in Aug 2021, for 
both routes. The route densities increased slightly every year except for a 
drop in mid-2020, possibly linked to COVID-19 pandemic impacts on 
shipping (Fig. 5, Figure S4). As a general trend in all routes, route 
density showed a cyclic trend with decreases in winter and increases in 
summer which did not overlap with the Chl-a trends observed along the 
routes.

Overall, Chl-a concentrations along these routes followed expected 
seasonal trends with increases in winter and decreases in summer 
(Fig. 4, Figure S4). In 2021, some routes (R02, R07, R08) showed 
elevated Chl-a (Fig. 4), likely influenced by mucilage events and wild
fires. A distinct spike appeared almost all routes in spring 2022, sug
gesting a potential widespread bloom event, possibly triggered by dust 
transport.

Route density of the Suez Canal-Canakkale Strait route (R04) passing 
from Mediterranean and Aegean Sea (Fig. 1) increased in mid to late 
2023. Chl-a concentrations were moderate levels in most years 
(0.1–0.3 mg/m3), typical of mesotrophic to oligotrophic waters in the 
Aegean-Eastern Mediterranean. The Aliaga-Canakkale Strait route (R08) 
showed higher Chl-a concentrations than other routes, likely due to its 
proximity to the shoreline and industrial activity. The Tasucu-Girne 
route (R06) also exhibited relatively high values, which could be 
influenced by nutrient inputs from the Goksu Delta and Tasucu Port 
(C12) where cargo ships carrying livestock dock. Similarly, the Izmir- 
Mediterranean route (R07) showed elevated Chl-a probably due to 
urban runoff and wastewater discharges from the Izmir metropolitan 
area (Fig. 4, Figure S4).

The Mediterranean-Suez Canal route (R01) exhibited lower monthly 

average Chl-a concentrations, around 0.1 mg/m3, as it primarily passes 
through open sea areas. In contrast, route R04, which also traverses the 
Suez Canal but connects to or from the Canakkale Strait, showed higher 
Chl-a levels than R01, likely due to the influence of the Aegean Islands. 
The Mediterranean-Canakkale Strait route (R02) was the busiest route in 
the study area with the highest route density and displayed relatively 
higher Chl-a concentrations and its proximity to coastal and land- 
influenced regions might have affected these high levels (Figure S4).

The fact that the cyclic patterns of RD and Chl-a concentrations did 
not overlap implied no direct relation between the RD and Chl-a con
centrations on the selected routes. Nevertheless, it is important to state 
several limitations of this approach. The first one is related with the fact 
that the satellite retrievals for the whole route may not be representing 
the same day, since it usually takes two-three days for GCOM to cover 
the whole study region. The second limitation is that the route zones 
selected with fixed width along the routes did not have uniformly high 
RD regions due to slightly changing of the individual ship routes. These 
limitations impact the average Chl-a concentrations which make it 
harder to observe the relationship. In addition, the type, size and age of 
the ships as well as the type of cargo may affect how much nutrient is 
discharged. For example, RD alone cannot distinguish between cargo 
ships carrying livestock and other types of cargo, although ships with 
more than 20,000 animals onboard are known to cause serious smell 
problems due to NH3 emissions. The significant animal waste of these 
carriers could be responsible for N input from ship wastewater dis
charges, and also atmospheric N deposition from NH3 emissions.

The route-based assessment of Chl-a did not indicate a significant 
relationship. Therefore, a more thorough investigation on the possible 

Fig. 5. Annual route density (RD) percentile distributions (left), monthly average Chl-a levels for percentile categories (open sea with >200 m bathymetry) (center) 
with their yearly Chl-a distributions (right).
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nutrient sources in the open sea areas was needed. Since coastal areas 
are excluded for the areas S01-S10, the observed increase in Chl-a 
concentrations in these open sea areas necessitates that either natural 
sources via atmospheric deposition or ship wastewater discharges as 
possible nutrient sources in addition to the known impact of eddies 
(Siokou et al., 2025) favoring vertical exchange of water masses thus 
transporting nutrients. Therefore, two approaches were further used. 
Firstly, to assess the possible effect of shipping on Chl-a concentrations, 
a grid-based more precise spatial assessment was used, where Chl-a 
concentrations in the Mediterranean open sea areas for the 5-year 
period were joined with RD percentiles. The percentile ranges of ≤ 1, 
≤ 5, ≤ 10 and ≤ 25, and ≥ 75, ≥ 90, ≥ 95 and ≥ 99 were selected to 
represent low and high shipping intensity regions, respectively. The 
mean and median Chl-a along with their distributions were investigated 
for each percentile category (Fig. 5 and Figure S6). Mann-Whitney U-Test 
was used to check the percentile RD and Chl-a relationship in order to 
determine significant differences in Chl-a levels among all individual 
percentile groups. When percentiles of ≤ 25, and ≥ 75 were compared, 
all datasets showed statistically significant differences indicating higher 
levels in ≥ 75 except Jan 2019. The probability density distributions 
also showed shifts in Chl-a levels for higher percentile ranges (Figure S6) 
suggesting that the underlying datasets were statistically different.

For all five years, between April and November, it was evident that 
the routes corresponding to high shipping intensity have significantly 
higher Chl-a concentration compared with those with low intensity 
(Fig. 5). The enhancements were especially noticeable in months with 
low Chl-a levels (May-Oct). The Chl-a levels increase with high corre
lation as the upper percentile categories increase (Figure S6). This dif
ference was also observed in most other months with higher Chl-a 
concentrations except four months (Mar 2020, Feb 2021, Feb 2022 and 
Mar 2022) within all years.

The use of grid-base categorization instead of fixed width route zones 
proved to be successful, and the results indicated that in the open sea 
areas where the route density was high also had high Chl-a concentra
tions suggesting a strong link between shipping activity and increased 
phytoplankton biomass for the first time in the literature to our 
knowledge.

.6. Episodic investigations on factors impacting Chl-a levels

The investigation of different coastal and open sea areas for five 
years demonstrated the spatio-temporal variations and extreme event 
impacts on daily and monthly average Chl-a concentrations. Some of 
these events were associated with land-based sources, and extreme 
mucilage event. However, the remaining high Chl-a levels away from 
the coast, requires further attention. In this context, a second approach 
was designed to determine the possible sources of nutrients in the open 
sea leading to high Chl-a concentrations. Three specific episodes 
focusing on one anthropogenic (livestock carriers) and two natural 
sources (wildfires and dust transport) were determined (Table 2), and 
investigated spatially and temporally in detail.

In order to determine whether the mean Chl-a levels over the periods 
differ significantly before and after the selected events for each subre
gion a paired t-test was conducted, as applied in previous Chl-a studies 
(Kotta and Kitsiou, 2019b). According to results, differences between all 
subregions and periods were statistically significant at the 95 % confi
dence level (p < 0.05), except S08 between wildfire episode and its post 
period. Then, corresponding effect sizes were computed as Cohen’s d to 
assess the strength of these differences. The results of the statistical 
analysis (Table S1) and the probability distributions of Chl-a distribu
tions of pre, post and episodes for all subregions (Figure S9) showed 
significant differences.

The strong positive correlation of RD with Chl-a levels in the open 
seas of the Eastern Mediterranean (Figure S6), especially in the months 
with limited nutrient availability indicated the impact of wastewater 
from ships. Livestock carriers, in particular, along with their high 

capacity exceeding 20,000 animals can be a significant nutrient source 
in the open sea. The arrival and departure of the livestock carriers along 
with their cargo capacities to the ports of Mersin and Tasucu were 
investigated for the most recent year 2023 with daily Chl-a concentra
tions of S01, because these carriers follow the route R15. The spatial 
distribution of the Chl-a in the selected episode indicated higher levels 
around S01 reaching up to 300 % increases compared to both pre- and 
post- intervals (Fig. 6). These areas with significant increases coincide 
with the routes of livestock carriers.

In remote ocean ecosystems, aerosol deposition represents an 
essential source of nutrients for primary production, especially from 
significant natural sources of wildfires and dust storms (Hamilton et al., 
2025). As an example, 2019–2020 Australian wildfires caused wide
spread phytoplankton blooms in the Southern Ocean downwind of 
Australia (Tang et al., 2021; Wang et al., 2022). 2021 wildfire season 
was the second worst on record for EU since 2000, with particularly 
large wildfires in Türkiye in July-Aug 2021 (San-Miguel-Ayanz et al., 
2021). Previous studies indicated wildfire plumes from Türkiye trans
ported to the Mediterranean open sea regions with high levels of pol
lutants such as NO2 and NH3 (Eke et al., 2024; Saracoglu et al., 2025). 
The second episode was focused on these wildfires, and indicated up to 
500 % increases compared to both pre- and post- intervals in the regions 
where the smoke plume was transported (Fig. 7). The high increases 
compared to pre- in the northern Aegean Sea close to Greece could also 
be explained by the intense wildfires in Greece. This enhancement was 
not observed in the post- averages, because the wildfires continued in 
Greece after the selected time interval.

In the western subregions (S02, S04, S05, S06, and S10), the impact 
of wildfires was more pronounced (Fig. 9 and Table S1) due to north
easterly winds that transported the plume toward the southwest (Eke 
et al., 2024). Among these, S02 experienced the strongest response, 
where the average Chl-a concentration increased from 0.07 mg/m3 

before the wildfires to 0.15 mg/m3 during the event. Similarly, in S04, 
average Chl-a concentrations rose from 0.06 to 0.11 mg/m3.

The highest monthly levels were observed in March 2022 with a 
hotspot in the south east of Crete, significantly higher than other years 
(Fig. 2). Investigation of daily MODIS real-time images, aerosol index 
(AI) and aerosol optical depth (AOD) products revealed significant dust 
transport over the Mediterranean around the same time (Figure S8). 
Thus, the third episode was focused on this dust event. The highest 
magnitude and widely spread increases were observed in this episode, 
especially in the southern regions of Crete (Fig. 8). The daily Chl-a 
concentrations were observed highest in S02 and S10. The comparison 
of the pre- episodic and post- average Chl-a levels were performed for 
selected open sea areas (S01–10) and the Eastern Mediterranean open 
sea region. The highest enhancements were observed during the dust 
event (E03) with consistent increases in all selected regions (Fig. 9).

All study subregions (S01-S10) were influenced by dust transport, 
leading to significant Chl-a enhancements. The most affected area was 
S04, where average Chl-a concentrations increased sharply from 
0.19 mg/m3 before the dust storm to 0.61 mg/m3 during the event. In 
larger scale, the Eastern Mediterranean exhibited an increase in average 
Chl-a concentrations from 0.24 mg/m3 to 0.40 mg/m3. A comparison of 
the post-dust storm and storm periods revealed that the enhancements 
were strongest during the event itself. Even in the least affected region, 
S03, Chl-a concentrations increased from 0.16 to 0.24 mg/m3 during the 
dust episode.

The average Chl-a during the dust event ranged between 1.09 and 
3.19 times of the pre-average Chl-a concentrations with 1.68 times for 
the whole Eastern Mediterranean region. The ratios were even higher 
when compared with post-averages reaching 2.09 for the whole Eastern 
Mediterranean. Our findings were similar to previous studies finding 
enhancements in Chl-a concentrations due to dust storms from the Gobi 
Desert (692 % increase) in the Northwest Pacific (Li and Wang, 2024), 
and dust deposition from the Sahara and Syria (11–36 % increase) in the 
Black Sea (Varenik and Kalinskaya, 2021). The impact of wildfire can 
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Fig. 6. Average Chl-a levels for E01: Livestock shipping (a) pre- (b), and post- (c) time intervals and the changes in between (d, e).
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Fig. 7. Average Chl-a levels for E02: Wildfire (a), pre- (b), and post- (c) time intervals and the changes in between (d, e).
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Fig. 8. Average Chl-a levels for E03: Dust (a) pre- (b), and post- (c) time intervals and the changes in between (d, e).
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also be observed in the overall averages with 1.42–1.28 times of pre- and 
post- respectively. The highest impacted regions showed up to approx
imately two times increase (S02). The impact of livestock episode was 
regional with very large enhancements in S01 and S10, reaching 2.5 
times compared to both pre- and post- averages in S01 (Fig. 9).

4. Conclusions

Eutrophication used to be a freshwater problem but with increasing 
population leading to higher pollution ending in marine waters, increase 
in Chl-a levels in the seas and possible catastrophic events in the coastal 
areas are being observed. The climate change is expected to worsen 
these outcomes. In-situ measurements of Chl-a are not only laborious 
and costly limiting the number of measurements and resulting in less- 
than-proper monitoring studies, but are also not always available to 
general public. In our study, through satellite retrievals of Chl-a, the 
nutrient status of the Sea of Marmara, the Aegean Sea and the Eastern 
Mediterranean was investigated, showing more polluted coastal areas 
and the temporal trends of Chl-a. These results underline the importance 
of terrestrial sources and similar approaches could be used to check the 
effect of policies to decrease pollution such as installing and properly 
operating wastewater treatment plants, particularly for hotspots such as 
Izmir and Izmit for coastal areas. The thorough investigation of temporal 
and spatial changes of Chl-a levels in open seas around Türkiye also acts 
as a base to compare future negative or positive effects of climate change 
or better environmental and maritime policies.

The correlation of high percentiles of route densities, indicating an 
association of high shipping intensities with Chl-a concentrations in the 
open sea is an important finding and can further be improved with in
clusion of more detailed info on ships. Similarly, the addition of hy
drologic information and sea surface temperatures may provide a way to 
anticipate the effect of nutrient discharges and emissions originating 
from ships. In addition, the temporal and spatial Chl-a data could be 
used as a proxy parameter for other types of pollution such as micro
pollutants and microplastics, and provide an essential tool in designing 
monitoring studies on those pollutants as well.

The impact of dust storms was with the highest magnitude and most 
widespread Chl-a enhancements, whereas wildfire and livestock epi
sodes showed relatively lower and regional enhancements. 

Nevertheless, all of the episodes showed consistently higher levels 
compared to pre- and post- time intervals. The comparisons were spe
cific to the selected episodes, and are not to be taken as a general 
comparison of these two phenomena (wildfire and dust storm). Because 
the seasons were different in wildfire and dust episodes, several other 
factors such as mixed layer depth and surface nutrients concentration 
vary and can contribute to Chl-a enhancements. The inevitable natural 
events of wildfires and dust storms are expected to increase in the future 
with the impacts of climate change in the Mediterranean, indicating 
more effort is needed to quantify and reduce the possible anthropogenic 
impacts such as shipping.
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