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ABSTRACT :

The Red Sea has a special geographical feature because it is situated in the tropical and subtropical
zones. The uniqueness of the Red Sea makes a variability of oceanography data (Chlorophyll-a (Chl-
a), current, Salinity, etc.) and meteorological data (Precipitation, Wind Speed, etc.). However,
investigations of differences interaction of oceanography and meteorology are less studied in of the
Red Sea. Satellites and modeling make it possible to observe oceanographic and meteorological data
over a long period of time. This study first demonstrates that there are three major areas along the Red
Sea that represent the different Chl-a concentrations during the rainy season. The month of July has
the highest Chl-a concentration in the south (1.3 mg/m?) and the lowest Chl-a concentration in the
north (0.18 mg/mq). The southern part of the Red Sea has a different generation mechanism from the
northern part of the Red Sea in terms of increasing and decreasing Chl-a concentrations. The existence
of surface runoff in this area may result in the supply of anthropogenic organic compounds and fresh
water to coastal waters. This may increase the supply of nutrients at the peak of the rainy season, and
finally increase the concentration of Chl-a in the southern part. In the middle part, the variability of
Chl-a is mainly affected by wind speed. Meanwhile, the high salinity in the northern part may limit the
growth of phytoplankton and keep the Chl-a concentration low.
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1. INTRODUCTION

Chlorophyll-a (Chl-a) is a phytoplankton biomass indicator present in practically every aquatic
habitat (Smith et al., 2005). As the top trophic level, it is crucial to the marine food chain. Chl-a is an
important food for fish and other organisms in coral reef ecosystems (Smith et al., 2005; Zainuddin
etal., 2017). The positive correlation between Chl-a and fish productivity can be seen from the lower
of Chl-a corresponding to the lower fish catch. Smith et al. (2005), reported a significant positive
relationship between the skipjack catches and the concentration of chlorophyll in the Gulf of Bone-
Flores Sea. Furthermore, Hunt et al. (2021), reported that the Red Sea's fish catch potential is split
into two areas, with the south having the highest potential and the north having the lowest. Chl-a
variability characteristics in an area are essential in increasing fish catches. Furthermore, we also need
to understand Chl-a variability to understand fisheries management.

The Red Sea is one of the most important marine economic and environmental assets in the
Middle East (Dagamseh et al., 2019). The Red Sea is a semi enclosed waters, lies between the Asian
and African continental shelves and has a complex bathymetry and topography. The Red Sea's
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southern region has numerous islands and shallow bathymetry. In contrast, the northern and middle
regions have fewer islands and deeper bathymetry (Raitsos et al., 2013). It can cause variations in
oceanographic and meteorological variability (Munandar et al., 2023; Figa-Saldafia et al., 2002). This
feature makes the Red Sea an essential region for many marine species, some of which are endemic
(Belkin, 2009). Another essential feature of the Red Sea lies in the uniqueness of the coral reef
ecosystem that survives with the highest salinity in the world [Nassar et al., 2014; Raitsos et al., 2011).
The range of salinity that coral reefs can survive is 28.7-40.4 ppt (Wilkinson, 2008), and the Red Sea
has a salinity range of 36-40 ppt (Mezger et al., 2016). The Red Sea has the highest diversity of coral
communities outside of the southeast Asian "coral triangle,” with a 0.12 percent ‘global coral reef
ecosystem (Wilkinson, 2008; DeVantier et al., 2000). The water can influence the natural
environment of phytoplankton communities (Mezger et al., 2016; Sew and Todd, 2020; Sugie et al.,
2020; Redden and Rukminasari, 2008). Changes in salinity are the result of runoff from the mainland
and the balance between precipitation and evaporation (Al-Najjar et al., 2007; Lee and Hong, 2019).

Precipitation is one of the most important climate variables that influence the variability of
chlorophyll in marine ecosystems (Shou et al., 2022; Kim et al., 2014). Increased precipitation triggers
arise in nutrient supply (NO3), which plays an essential role in the increase of Chl-a in coastal waters
(Baker et al., 2007; Maslukah et al., 2019). Meanwhile, the variability of chlorophyll-a in offshore
areas is more dominated by upwelling, downwelling, and vertical mixing caused by wind speed
variability (Munandar et al., 2023; Wirasatriya et al., 2019; Siswanto et al., 2020; DeCarlo et al.,
2021). The mechanisms of upwelling, downwelling, and vertical mixing can be triggered by ekman
transport, ekman pumping, cyclonic and anticyclonic eddy, etc. (Wang and Tang, 2014). These
mechanisms influence the movement of nutrients from the deep ocean to the surface and from the
surface to the deep ocean (Munandar et al., 2023; Wirasatriya et al., 2019; Wirasatriya et al., 2020).
The variability of nutrients in surface water can influence the growth of phytoplankton (Maslukah et
al., 2019). Consequently, it is necessary to determine to what extent these parameters affect the
variability of Chl-a as a representative of phytoplankton in these waters.
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Fig. 1. Location area research with topography and Chl-a in Summer (July). Sampling areas for time series
analysis (Fig. 3, 4) are denoted by the boxes. The yellow, purple and black boxes (dotted line) represent the
region of the southern, middle and northern Red Sea with the highest, medium and lowest Chl-a
concentration, respectively. The area for extracting the value of surface runoff
and precipitation are extended into land (solid line).
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Therefore, we observed the seasonal variations of Chl-a concentration in the whole area along
the Red Sea. In addition, data on surface wind, surface current, current curl, precipitation, and salinity
are used to comprehend the mechanisms responsible for the occurrence of these phenomena. In the
present study, the analysis data came from satellite and model observation for 17 years of recording
(from 2003 to 2020). In Section 2.1, we explain all remote sensing and modeling data used in this
research. Furthermore, all data is averaged into seasonal variations to investigate time series and
spatial variations.

2. STUDY AREA

Our study area is located at the Red Sea and the area of interest was limited for the Red Sea area
bordered by 30°E - 50°E and 8°N -30°N (Fig. 1). The Red Sea is one of the most important marine
economic and environmental assets in the Middle East (Dagamseh et al., 2019). The Red Sea is a semi
enclosed waters, lies between the Asian and African continental shelves and has a complex
bathymetry and topography.

3. DATA AND METHODS
3.1. Data

The data used in this study are Chl-a, surface wind, surface current, current curl, surface salinity,
surface runoff and precipitation with the observation period from 2003-2020. We observed the
distribution of Chl-a concentrations in the Red Sea using products from a multi-satellite collaboration
of the European Space Agency (ESA) and the National Aeronautics and Space Administration
(NASA). This collaboration resulted in a more accurate product, the Ocean Color-Climate Change
Initiative (OC-CCI) (http://marine.copernicus.eu/). To create this data, the OC-CCI product used a
multi-ocean-color satellite platform that included the Sea-viewing Wide Field-of-View Sensor
(SeaWiFS GAC+LAC), the Medium Resolution Imaging Spectrometer (MERIS), the Moderate
Resolution Imaging Spectro-radiometer (MODIS-A), and the Visible Infrared Imaging Radiometer
Suite (VIIRS) (Sathyendranath et al., 2019). All satellite platforms are combined using the space-time
interpolation method (Wirasatriya et al., 2019). This product has a spatial resolution of 4 km.

For investigating the surface current, we used the ocean physics reanalysis data distributed
through the Copernicus Marine Environment Monitoring Service (CMEMS), i.e., GLOBAL-
REANALYSIS-PHY-001-030
(https://data.marine.copernicus.eu/product/ GLOBAL_MULTIYEAR_PHY_ 001 030/description).
The grid interval of this dataset is 0.083° x 0.083° (Drévillon et al., 2022). From surface ocean current,
we calculated surface ocean curl to represent the existence of eddies.

The Advanced Scatterometer (ASCAT) is produced by the European Organization for the
Exploitation of Meteorological Satellites (EUMETSAT) and has more accuracy for coastal waters
compared to other products (Figa-Saldafia et al., 2002). ASCAT is a semi-daily surface wind product
with a resolution of 14 km (http://marine.copernicus.eu/).

The precipitation data product from ERA-5 reanalysis is widely used for hydrological monitoring
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form). ERAS5
precipitation data is generated using a combination of modelling and data assimilation systems
(Lavers et al., 2022). ERA5 output is provided hourly, and the resolution of this dataset is 30 km.
Data on sea surface salinity were obtained from Remote Sensing Systems' Soil Moisture Active
Passive (SMAP) version 2.0 (https://www.remss.com/missions/smap/salinity/). The resolution of
SMAP 2.0 is 70 km, but the 70 km product is resampled into 0.25°. The accuracy product, SMAP
2.0, is higher if compared with SMAP 1.0 (AlJassar et al., 2022).

The surface runoff data is obtained from ERA5 data which is the fifth generation European
Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis for the global climate and
weather for the past 8 decades. This is hourly data with grid interval of 0.25° x 0.25°
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-erab-single-levels?tab=overview).
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3.2. Method

The data in this study were collected over various time periods of observation (hourly, semi-
daily, daily, and monthly), so all data needs to be averaged into monthly climatological data to
facilitate analysis. To composite the data, we used the formula described in (Wirasatriya et al., 2017).

X(a,b) = = ¥ xi(a,b, ) (1)

where (a, b) is the monthly climatology at a, b, and xi (a, b, t) is the i-th data value at position a (longitude),
b (latitude), and t (time). Furthermore, m is the number of time periods of observation for the monthly climatology
calculation. Additionally, the Not a Number (NaN) data is excluded from the calculation of the monthly
climatology calculation.

We analyzed the spatial distribution of all data by season i.e. winter, spring, summer and autumn
as represented by January, April, July, and October, respectively.

To investigated the influence of eddies forcing on chlorophyll-a in the Red Sea, we convert
surface current data into current curl (Wang and Tang, 2014):

v U
Current Curl = 3y (2)

where V is wind stress from meridional componend and U is wind stress from zonal componend.

4. RESULTS AND DISCUSSIONS

4.1. Spatial Distribution of Chl-a, Current Curl, Surface Current, and Surface Wind

The results of the spatial distribution of the monthly climatology of Chl-a in the Red Sea in
January, April, July, and October (Fig. 2) and the Chl-a concentration detected appear in three areas
(Fig. 1). The three locations studied have low (northern part), medium (middle part), and high
(southern part) Chl-a concentrations, respectively. In the northern part, Chl-a concentrations reach
0.18 mg/m? in October and 0.28 mg/m?2 in February (Fig. 3). In the middle part, Chl-a concentrations
reach 0.4 mg/m?in April and 0.8 mg/m? in July (Fig. 3). In the southern part, Chl-a concentrations
reach 0.5 mg/m?in May and 1.3 mg/m?in July (Fig. 3). The difference in Chl-a concentration in the
Red Sea is clearly seen, and it is indicated that the Red Sea has different mechanisms to generate
increases and decreases in Chl-a concentration. The variability of the Chl-a concentration in the on-
shore and off-shore areas can be triggered by wind, current, tide, run-off from the mainland, etc.
(Munandar et al., 2023; Kim et al., 2014; Wirasatriya et al., 2020; Wang and Tang, 2014).

To investigate the Chl-a variability mechanisms, we examined the relation between Chl-a and
surface wind. In the southern part, surface winds reached 5.5 m/s (November) and 1 m/s (May),
surface winds in the middle part reached 3.5 m/s (July) and 1.5 m/s (October), and in the northern
part, surface winds reached 4.25 m/s (June and September) and 3.25 m/s (April) (Fig. 3). Previous
studies found that strong surface winds mostly influence the increasing Chl-a (Wirasatriya et al.,
2019;lwasaki, 2020; Liu et al., 2020). In the middle part, the relationship between surface wind and
Chl-a has the same pattern. It is indicated that surface wind can generate vertical mixing and become
the primary process for increasing Chl-a in the middle part of the Red Sea. However, we found an
inconsistent relationship between wind speed and Chl-a in the southern and northern parts of the Red
Sea. The variability of Chl-a does not follow the variation of surface wind. In the southern part, the
increasing surface wind increases Chl-a a little from the previous month (September—October) from
0.8 to 1 mg/m?, but not higher than July (1.3 mg/m?3). In the northern part, the strong wind speed does
not influence the increase of Chl-a. Munandar et al. (2023) found that in the Sulu Sea, surface wind
is not the primary data to trigger high Chl-a, but tide is the primary process to trigger high Chl-a.
Thus, surface wind in the northern and southern parts of the Red Sea has less influence on the
variability of Chl-a in the Red Sea and indicates a different mechanism for the variability of Chl-a in
the Red Sea.
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Fig. 2. The spatial distribution of the monthly climatology of (a) Surface wind, (b) Surface current, and
(c) Curl current and (d) Chl-a along the Red Sea in January, April, July and October (2003-2020).

We also investigate the relation between Chl-a and current speed, the current speed is high in the
southern part (0.6 m/s) in January and lower on the other. Raitsos et al. (2013) indicate that the
existence of cyclonic and anticyclonic eddies along the Red Sea contributes to the variability of Chl-
a. To represent the variability of eddy, we convert current speed to current curl, and compare it to
Chl-a (Fig. 2 ¢, d). The existence of cyclonic and anticyclonic eddies along the Red Sea is indicated
by positive and negative curl, respectively. The distribution of surface current and current curl do not
show that there are strong cyclonic and anticyclonic eddies in the Red Sea. Interestingly, the cyclonic
and anticyclonic eddies are stronger in the Gulf of Aden (southern part of the Red Sea). In the Gulf
of Aden, strong anticyclonic eddies occur in July and cause Chl-a decrease. Furthermore, cyclonic
eddies detected in October, and their occurrences increases Chl-a. In contrast, the curl pattern in the
Red Sea as not as clear as the Gulf of Aden. Thus, eddy currents are not the primary processes that
trigger increasing Chl-a in the Red Sea but the play important role to distribute Chl-a in the Red Sea
as mentioned by Raitsos et al. (2013). This indicates a different mechanism for the generating factor
of increasing Chl-a in the Red Sea.

4.2. Time Series investigation of Chl-a, Surface Wind, and Precipitation

The previous analysis found that surface wind and current do not play a significant role in
chlorophyll variability in the northern and southern parts of the Red Sea. We investigated the time
series variability of precipitation and Chl-a to investigate the inconsistency of the relationship
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between wind speed and Chl-a in the southern Red Sea. Kim et al. (2014) and Wirasatriya et al. (2021)
found that precipitation plays an important role in increasing Chl-a in the on-shore area. The
precipitation extraction area was expanded in order to observe mainland runoff in the southern Red
Sea (Figure 1). In the southern part, the intensity of precipitation is 14-30 times higher (14 mm/day)
than precipitation in the northern and middle areas (Fig. 3). Higher precipitation in the southern part
occurs in July, at the same time as the peak of Chl-a concentration (1.3 mg/m?). Precipitation can
influence the variability of Chl-a in on-shore areas because, during the rainy season, it can change the
amount of nutrients coming from runoff on the mainland. Increased runoff water from the mainland
has an impact on the nutrients (phosphate, nitrate, etc.) in coastal waters and becomes an important
material for phytoplankton to conduct photosynthesis (Baker et al., 2007; Maslukah et al., 2019;
Gittings et al., 2018).

To investigate the evidence of high runoff from land during high rainfall, we analyzed surface
runoff in the southern part of the Red Sea. The peak of surface runoff reached 150 x 10 m®s in July
and decreased in the next month. It has the same pattern with precipitation and Chl-a in the southern
part. The influx of mainland runoff is characterized by an increase in surface runoff in July, as well
as the occurrence of Chl-a and precipitation peaks (Fig. 4). This indicates that precipitation is the
primary process contributing to the variability of Chl-a in the southern part of the Red Sea.

Nevertheless, the precipitation in the northern part reaches only 0,18 mm/day, which is lower
than in other parts. This reinforces the fact that wind speed and precipitation are not the primary
processes that trigger the variability of Chl-a in this area. This indicates another factor influences the
occurrence of variability in Chl-a concentration in the northern part of the Red Sea.
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Fig. 3. Time series data of the monthly climatology of Chl-a, surface wind speed,
and precipitation in three areas (a= northern, b= middle, c= southern).



244

16 T 1T T T T T T T 1 1.6 —200 __
— )
~ 12 -~ —150,
S 128 o
£10 < E &
3z 8 o7 —100 8,
= = =]
< 6 < r=
= 08 % ;
o 4 s —50 ©
(] = [
% 2 065 ‘g

0 0.4 o &

01 02 03 04 05 06 07 08 09 10 11 12

Month

Fig. 4. Time series data of Chl-a, surface runoff, and precipitation
in the southern part of Red Sea.

4.3. Time Series investigation of Chl-a, Surface Wind, and Salinity

In the northern part of the Red Sea the variability of Chl-a does not match with the wind speed
and precipitation (Fig. 3a). In this area, the wind speed increases between the May - September reach
3.4 — 4.4 m/s and precipitation increase between the November - January reach 0.05 — 0.18 mm/day.
Wind speed values in the northern is not lower than other areas, but the value of Chl-a in the northern
is lower compared to other areas.

As shown earlier, Chl-a in the north was lower than in other areas and this could be because the
northern part has higher salinity. Moreover, the northern part is included in the sub-tropical region.
To investigate more about this phenomenon, we analyze the meridional propagation of salinity, Chl-
a and surface wind along the Red Sea. We took 14 sample areas in 0.5° x 0.5° bins and the plot the
monthly climatology of salinity, Chl-a and surface wind speed in Hovméller diagram as shown in
Fig. 5. In the middle and southern parts, the salinity reaches 35-38 ppt and in the north it reaches
>38.5 ppt. the high salinity in the northern area may become the limiting factor for several organisms
including phytoplankton in the sea to survive and grow. Ismael (2015) reported a gradual decrease in
phytoplankton richness from the southern Red Sea to the Gulf of Suez.
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Fig. 5. Hovmoller diagram of monthly climatology of (a) salinity, (b) Chl-a, and (c) suface wind (C) with bin
number at x-axis. The bins with numbers used for creating Hovmoller are shown in (d). Dashed black box
donates the area of observation 1 (northern), 2 (middle), 3 (southern).

The high (low) salinity impact to low (high) Chl-a.
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5. DISCUSSION

According to previous research, the Red Sea is known for having high Chl-a concentrations
during the winter (December-March) and low concentrations during the summer (May-September)
(Raitsos et al., 2013; Raitsos et al., 2015). An essential mechanism for influencing the high Chl-a in
the Red Sea found by [Raitsos et al., 2013; Gittings et al., 2021) is eddy current and vertical mixing,
which supply nutrients from deeper waters. We discovered the time difference and the mechanism
causing the increase and decrease of Chl-a concentration in the Red Sea. This vertical mixing may
occur in winter because wind speeds are higher in the Red Sea from November to December.
However, higher wind speeds are unrelated to increased Chl-a concentration (July) in the Red Sea.
More clearly affecting the increase in Chl-a are salinity and precipitation in the northern and southern
parts of the Red Sea, respectively. Vertical mixing is shown in the middle part of the Red Sea, even
though the wind speed values are lower compared to other areas. Furthermore, the impact of wind
speed in the southern affects the increase in Chl-a in October, but not higher than precipitation in July
(Fig. 3c).

The climatological and meteorological analysis determine the essential factors that influence the
increase in Chl-a in the Red Sea (Acker et al., 2008). As presented in this study, the southern part of
the Red Sea clearly shows that precipitation can affect the variability of Chl-a caused by mainland
runoff. In accordance with the result of Racault et al. (2015), the highest Chl-a occurs during summer
and we found that it occurs under the condition of highest precipitation and surface runoff. As found
by (Kim et al., 2014; Wirasatriya et al., 2017; Wang and Tang, 2014; Iwasaki, 2020; Kunarso et al.,
2019), the increases in wind speed and precipitation greatly affect the variability of Chl-a. The
mainland runoff may supply nutrients to coastal areas and can be part of the items for the
photosynthesis mechanism. Therefore, this finding completes the results of Dreano et al. (2016) and
Triantafyllou et al. (2014), who found the subsurface intrusion from the Gulf of Aden that plays a key
role in the development of the southern Red Sea phytoplankton blooms during winter. However, the
use of satellite imagery to analyze the effect of precipitation on Chl-a needs to be done carefully
because the total suspended meter factor in the waters can affect the accuracy of the data. The periodic
collection of field observations needs to be done to improve the accuracy of satellite imagery by
creating an algorithm suitable for the Red Sea conditions. Future research is required to improve and
extend this task.

The different conditions in the northern part of the Red Sea, where salinity is a limit-ing factor in
the growth of phytoplankton. As summarized by (Mezger et al., 2016; Sew and Todd, 2020; Putland
and lIverson, 2007), in areas with four seasons the salinity value suitable for the growth of
phytoplankton ranges from 20-30 ppt. Sugie et al. (2020) found that waters with low to moderate
salinity or in the upper reaches had higher levels of Chl-a. Furthermore, research in the laboratory
conducted by Yun et al. (2019) revealed that in-creased salt levels in the waters affect the growth of
phytoplankton. The high salinity in the northern part of the Red Sea can be affected by lower
precipitation, so that the surface runoff in this area becomes less. The lower surface runoff can
influence the high salinity in the water (Sew and Todd, 2020; Sugie et al., 2020; Redden and
Rukminasari, 2008; Fisher et al., 1988), respectively. However, a more thorough analysis is needed
regarding the types of phytoplankton that live in the Red Sea because some phytoplankton have
different salinity tolerances. Future research is required to improve and extend this task.

6. CONCLUSIONS

Utilizing satellite observations, Chl-a variability in the Red Sea is characterized by highest,
medium and lowest concentration in the southern, middle, and northern parts, respectively. In the
southern part, the highest Chl-a (i.e., 1.3 mg/m?) occurs during summer as a result of high precipitation
that may bring nutrient from land via surface runoff. In the middle part, the highest Chl-a (i.e., 0.8
mg/m?®) also occurs during summer. However, wind speed play more important role to control the
variability of Chl-a than precipitation. In the northern part, the Chl-a concentration is very low, even
during the peak in winter, the concentration is only 0.28 mg/m?. The high salinity (> 38.5 ppt) in the
northern part may become the limiting factor for phytoplankton to survive and grow.
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