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Figure 4. Correlation between the diffuse attenuation coefficient of the UV wavelength
313nm (Kd313nm) and the two bio-optical parameters A) aCDOM(313nm) and B) chlorophyll-
a concentration. Data are displayed for the KAUST time series station (blue diamonds),
Threats cruise (green circles), Dust cruise (purple squares) and the Winter CCF cruise
(yellow triangles). Dotted, black lines indicate 95% CI.
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INTRODUCTIONINTRODUCTION

BIO-OPTICAL PARAMETERS

MATERIALS & METHODS

Seasonality of UV attenuation coefficient (Kd) at KAUST
For each UV wavelength, the diffuse attenuation coefficient was determined from
the slope of the linear regression of the natural logarithm of instantaneous down-welling
irradiance (µW cm-2) vs. depth (m). Fitting was robust with R2 typically > 0.99. For
consistency, only data from 0–20 m were used. Beneath this depth, the signal for
305 nm was generally below the detection limit of the radiometer.

Latitudinal gradient of UV attenuation coefficient (Kd)
The diffuse attenuation coefficient was calculated from the slope of the linear regression
of the natural logarithm of instantaneous down-welling irradiance (µW cm-2) vs.
depth (m). Fitting was robust with R2 typically > 0.99. For consistency, only data
from 0–20 m were used. Beneath 20 m, the signal for 305 nm was generally below
the radiometer's detection limit.

Chlorophyll-a & CDOM
Chl-a: Surface water (300 ml) was filtered (0.7 µm), 90% acetone added and the
samples kept in the dark at 4°C. After 24 hours, samples were centrifuged at 3000
rpm at 18°C for 15 minutes. Chl-a concentration was determined with a Trilogy
fluorometer (Turner Designs, USA).
CDOM: Seawater was collected from 2–5 m depth, filtered (0.22 µm) and injected
into a 2.5 m liquid waveguide capillary cell (LWCC) coupled with a fibre-optic
spectrometer and dual lamp (tungsten and deuterium). Absorbance was determined
for 250–750 nm and the sample spectrum compared against that of Milli-Q water.
CDOM absorption coefficients (aCDOM(λ), m–1) were calculated using the following
equation where l is the optical path length (m) and 2.303 is the factor used to convert
base e to base 10 logarithms:

aCDOM(λ) = 2.303 [ODCDOM(λ) – ODnull,CDOM] / l

RESULTS

DISCUSSION & CONCLUSION

UV diffuse attenuation coefficient (Kd)
• At KAUST, UV attenuation was lowest in October 2016 (Min. Kd(313nm) = 0.171

m-1), while the strongest attenuation was recorded in October 2017 (Max.
Kd(313nm) = 0.352 m-1)

• Across the Red Sea, UV attenuation was lowest in the Northern Red Sea off the
coast of Duba (Kd(313nm) = 0.130 m-1), and highest in the southern Red Sea close
to the Farasan Banks (Kd(313nm) = 0.357 m-1)

Percent attenuation depth (Zn%)
• Maximum Z1%(313nm) at KAUST was found to be 27 m in summer, while minimum

Z1%(313nm) was 13m in winter
• Across the Red Sea, the maximum 1% attenuation depth of 313 nm was calculated

at Duba (Z1%(313nm): 35 m), while the minimum depth was found near the Farasan
Banks (Z1%(313nm): 13 m)

Modulators of UV attenuation
• Overall, we found that the correlation between UV attenuation (Kd(313 nm) and the

concentration of Chl-a (R2 = 0.33, p < 0.0001) was higher than for UV attenuation
and CDOM (R2 = 0.26, p < 0.0001).

• For the KAUST time series data, UV attenuation was strongly significantly correlated
with Chl-a (R2 = 0.20, p = 0.0014) but barely with CDOM (R2 = 0.09, p = 0.049)

• For the time series, we found a seasonal pattern of UV
attenuation with the lowest and highest attenuation occurring in
summer/autumn and winter/spring, respectively.

• We identified a pronounced inter-annual variability in UV
attenuation, e.g. UV attenuation was considerably lower in summer
2016 than in summer 2017.

• Across the Red Sea, we discovered a latitudinal gradient in UV
attenuation with the northern Red Sea being the most transparent.

• In open waters, UV attenuation was modulated by both CDOM
and Chl-a, while the attenuation of UV radiation in coastal areas
was not predominantly driven by CDOM.
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Figure 2. Attenuation coefficient (Kd) for six UV wavelengths (305, 313,
320, 340, 380 and 395 nm) and PAR (400–700 nm) measured at the
pelagic station off KAUST between Jul 2016 and Sep 2018. Additionally
displayed is the sea surface temperature (SST) in 1 meter depth.
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Study area and radiometer
measurements
UV profiles were recorded fortnightly with
a C-OPS spectroradiometer (Biospherical
Instruments, USA) between Jul 2016 and Sep 2018
at a time series sampling station 10 km off KAUST
(◆ ), as well as at selected stations during the
Threats Cruise in Oct 2016 (●), the Dust Cruise in
Dec 2016 (◼), the Summer CCF cruise in Aug
2017 (▲), and the Winter CCF cruise in Mar 2018
(▼) using a PUV-2500 (Biospherical Instruments,
USA). The spectroradiometer was deployed on
the sunny side of the vessel in the late
mornings (9.30am–11.30am) down to 30 meters.
Measuring frequency was set to 5 Hz
and the instrument deployment speed was 0.25 m
s–1. Radiometer measurements were analysed for
the seven UV wavelength channels 305, 313, 320,
330, 340, 380 and 395 nm, as well as for the
integrated PAR spectrum.

Background
• Due to its close proximity to the equator and negligible cloud cover, the Red Sea

receives one of the highest incident UV radiations globally (Acker et al., 2008)
• The Red Sea is one of the most ultra-oligotrophic seas in the world with very little

biomass (< 0.8 mg Chl m–3). During summer, an intense and stable water
stratification occurs, with the consequence that surface layers become further
exhausted in the already scarce nutrients

• The lack of fluvial inputs and minimal amounts of CDOM due to low biomass mean
the Red Sea could have one of the highest UV transparencies amongst marine water
bodies (Helbling et al., 2003)

• Since UV attenuation is strongly determined by the concentration of chlorophyll and
CDOM, which vary spatially and temporally in the Red Sea, it is likely that UV
attenuation changes accordingly

• However, existing bio-optical Red Sea studies have predominantly been carried out
in the far north and the Gulf of Aqaba in particular (Dishon et al., 2012).

Aims
The goal of this study was to establish baseline UV attenuation data for Red Sea
coastal and pelagic sites across different seasons and along a broad latitudinal range.
A further aim was to determine the contribution of Chl-a and CDOM towards UV
attenuation in the Red Sea.
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Spatio-temporal pattern of UV attenuation in the Red Sea

Figure 1. Location of the time series
(diamond), Threats cruise (circles), Dust
cruise (squares), CCF 2017 (yellow
triangles) and CCF 2018 (red triangles)
sampling stations.

Figure 3. Downwelling diffuse attenuation coefficients (Kd) for three UV-B wavelengths (305 nm,
313 nm, 320 nm; top panels) and three UV-A wavelengths (340 nm, 380 nm, 395 nm; bottom
panels), measured during four Red Sea cruises between October 2016 and March 2018.
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