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Abstract: Hydrogen sulphide eruptions with their typical turquoise discolorations at the water surface are a unique phe-
nomenon along the Namibian coastline. The remote sensing techniques of ocean colour sensors and microwave
scatterometers were used for the investigation of such events.

The studies with ocean colour sensors showed that the turquoise discolorations near the Namibian coast were
neither linked to dust deposition into the water column by desert storms nor to the reflection of bright material in
shallow water areas. In addition, other coloured marine events like algae blooms and river outflows were differ-
entiable from the hydrogen sulphide eruptions by their special optical properties. Quasi-true colour images and
spectral identification methods were utilised to monitor and investigate the spatial and temporal distribution of
sulphide events. In the past years, they were sometimes and locally limited discovered. Newest remote sensing
observations including our own investigations have established that the occurrence of sulphide events is more
frequent and longer lasting. The north-westerly direction of propagation and their velocity between 12 cm s~ and
15 cm s~ were derived from an event on 14 April 2004.

Lastly, the microwave scatterometer remote sensing was applied to investigate the relation of sulphide events to
oceanographic conditions. The events from May 2004 were clearly related to strong coastal upwelling.
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1. IntrOductlon tom material as well as material from river outflows.

Observations of nearshore milky-turquoise discolorations
made by the local inhabitants, coincident with a bad smell,

From time to time milky to turquoise discolorations were . . . . I
corrosive effects and mortality of marine organisms indi-

b d in th h d offsh tal ff . S
observed tn The nearshore and ofishore coastat area o cate the existence of hydrogen sulphide in the water col-

Namibia (Figure 1). Possible reasons for these discol- umn and atmosphere [1, 2]. Measurements of uncommonly

orations in the surface water could be oxidised hydrogen high concentrations of elemental sulphur in milky water
bodies established the formation of colloidal sulphur by

oxidation of hydrogen sulphide in the upper aerobic water

sulphide, absorbing and scattering phytoplankton blooms,
dust deposition by desert storms, reflection of bright bot-

body [1, 3]. The newest investigations have demonstrated

*E-mail: thomas.ohde@io-warnemuende.de that most of the nearshore discolorations are caused by
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Figure 1. Map of studies area at the southwest African shelf off
Namibia. The locations of some important bays and of
the River Orange are given.

oxidised hydrogen sulphide which is produced in the shelf
region in the sediment layer or in the water layer near the
seafloor by sulphate reduction of anaerobic bacteria [2, 4]

Different absorbing and scattering phytoplankton blooms
were often observed in the coastal area off Namibia due
to the transport of nutrients by upwelling processes [5—
7]. Sometimes these blooms discoloured the water sur-
face bluish-green to turquoise depending on their optical
properties. Some of the blooms were similarly turquoise
like the hydrogen sulphide events. Newer studies have
demonstrated that the offshore plumes outside the imme-
diate upwelling area are generated by coccolithophores
increasing the backscattering due to the calcite coccol-
iths [5].

The objective of this paper is the investigation and evalua-
tion of different reasons for the turquoise discolorations in
the coastal area of Namibia. This paper will specifically
consider the possibility of discolorations from events like
dust storms and river outflows as well as bottom material
in shallow water areas. Another focus of the paper is the
study of the extent and development of some hydrogen

sulphide events in relation to upwelling processes.

2. Methods

The studied area, with a meridional extent from 12°W to
18°W and a zonal extent from 18°S to 32°S (Figure 1), was
selected in order to investigate the different discolorations
of the coastal area, offshore Namibia.

The remote sensing with ocean colour sensors in combina-
tion with microwave scatterometers is a useful technique
for the investigation of discoloured surface water areas
and their possible connections to upwelling processes.

Quasi-true colour (RGB-red-green-blue) MODIS (Mod-
erate Resolution Imaging Spectroradiometer) images
available at MODIS Rapid Response System (rapid-
fire.sci.gsfc.nasa.gov) were analysed and used for the com-
parison of different discoloured events. The RGB-images
use MODIS Bands 1, 4, and 3 (670 nm, 565 nm, 479 nm)
corresponding to the red, green, and blue range of the
light spectrum. This combination of wavelengths is simi-
lar to what the human eye would see. In the RGB-images
features like land surfaces, ocean waters and atmospheric
properties are natural-looking.

An identification method based on the high spectral reso-
lution of MERIS (Medium Resolution Imaging Spectrom-
eter) sensor and on different optical properties of dis-
coloured areas was applied to detect the hydrogen sul-
phide events [4]. This method uses a multispectral classifi-
cation algorithm by selection of different threshold values.
All details are given in [4], but for instance, the absence of
chlorophyll-a reflectance minima in the sulphide spectra
was used to eliminate MERIS - pixels of productive water
bodies (Figure 2). The property of a smaller slope in the
red wavelength range of river outflows was taken to elim-
inate the corresponding pixels in MERIS - scenes. The
results of the classification algorithm are images show-
ing the identified pixels of sulphur plumes by masks. The
identification is difficult for areas with low concentrations
of elemental sulphur in the upper water layer because of
the seamless transition of optical properties to surrounded
yet un-influenced water bodies. The error depends on the
size of detected areas and was estimated in the order of
5% at 1000 km? and 20% at 100 km?.

The wind speed and the wind direction of the mi-
crowave scatterometer SeaWinds (QuikSCAT) avail-
able from the Remote Sensing System, Santa Rosa
(http://www.remss.com) in a resolution of 0.25 degrees
were taken for the calculation of the pseudo-windstress.
The root-mean-squared differences of the wind speed and
direction between QuikSCAT dataset and in-situ data are
1.0-1.7 m s~ and 14 - 23 degrees, respectively [8-10]. The

341




Investigation of hydrogen sulphide eruptions along the Namibian coastline using different remote sensing systems

342

0.12
onshore discoloration - 3 March 2004
- — = - - outflow of river Orange - 3 March 2004
—=&—— algae bloom - 2 May 2004
3
c 0.08
2
o
@
B
o 4
c
&
©
s 2
= - g \
g 0.04 &
O
& 50 )
=] .
0 | Q_..Q_.l == |
400 500 600 700 800 900

wavelength (nm)

Figure 2. Examples of mean water-leaving reflectance of MERIS
sensor for events like the nearshore turquoise discol-
oration of sulphur plumes, outflows of the River Orange
and absorbing algae blooms.

mean vector pseudo-windstress (7,,) was calculated by an
approximation to estimate the offshore Ekman transport
and to identify upwelling events at the Namibian coastal
area [11, 12]. The pseudo-windstress which depends on
“w”, the scalar QuikSCAT wind speed and “6”, the anqu-
lar difference between the QuikSCAT wind direction and
the orientation of the Namibian coast is given by

T, = (w cos 6)? if cosO > 0 (offshore Ekman transport,
coastal upwelling)

and

T,p = - (W cos 6)? if cos 6 < 0 (onshore Ekman transport,
coastal downwelling).

The coastline angles were determined in intervals of 0.25
degrees latitude by fitting a line to the trend of the coast.
Only the positive pseudo-windstress leading to offshore
Ekman transport is used in the following investigations.

3. Results and discussion

In Figures 3A and 3B two examples of desert storms are
given, on the basis of quasi-true colour RGB-images of
the MODIS sensor. It is clearly seen that the nearshore
discolorations were registered also in regions where no
dust reached the ocean surface (see Figure 3A). The desert
dust was blowing to the offshore area in Figure 3B but
the discolorations were only observed in the nearshore
regions.

The sea bottom can influence the water colour at the sea
surface depending on the optical properties of the water,

it ,
,\"V;I{viﬁ Bay Walvis Bay

discolor-
ation

Figure 3. RGB-MODIS images of desert storms on 31 March and 5
May 2004.

the bottom material and the water depth [13-16]. Satel-
lite images of ocean colour sensors show definite struc-
tures and specific colours at the sea surface due to fea-
tures in the sea bottom topography, if a water body of
relatively high transparency covers a high reflective sea
bottom. The independence of bottom topography and dis-
colorations at the Namibian coast is demonstrated in Fig-
ures 4A and 4B. The bottom structures are different from
the patterns of discolorations because only a low reflective
diatomaceous mud belt is found at the Namibian shelf [2]
and the transparency of the high biological productive wa-
ter is low [5]. Furthermore, the discolorations developed in
a completely different manner than the patterns of ocean-
bottom topography. Their spatial and temporal changes
were much faster in contrast to the potential weaker sea
bottom changes.

The outflow of the River Orange transports a high amount
of sediment along the south-west African coast. This sus-
pended material could be responsible for a part of the ob-
served discolorations in the area around this river. There
are many algae blooms in the area of investigation be-
cause of the upwelling of nutrient-rich water masses [5-
7]. The algae blooms (diatom, coccolithophorid, red tides
and others) discolour the water depending on the al-
gae species and could also generate the turquoise dis-
colorations. The spectral characteristics of the River Or-
ange and of absorbing algae blooms were studied on the
basis of MERIS (Medium Resolution Imaging Spectrom-
eter) Level-2 data to check these possibilities [4]. Ex-
amples of mean water-leaving reflectance of a sulphur
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Figure 4. RGB-MODIS image of the sulphur plumes of 5 March 2004
and bottom topography are shown. The gray scaled pixels
of Figure 4B are sea bottom structures up to 40 m.

plume, outflow of the River Orange and of an algal bloom
are given in Figure 2. The comparison of the optical
properties of the different events clearly shows the spe-
cial optical behaviour of nearshore discolorations formed
by sulphur plumes. Uncommonly high water-leaving re-
flectances were found for the corresponding curve in the
blue to green wavelength range with maximum always at
559.6 nm.

There are similarities between the water-leaving re-
flectance curves of river outflows and sulphur plumes. Both
types of curves have nearly no chlorophyll-a reflectance
minima at 4424 nm and 664.6 nm and the highest re-
flectance values at 559.6 nm. The reflectance slope of
the Orange River in the red wavelength range is smaller
due to the different kind of suspended matter in this river
outflow.

Only the spectra of absorbing algae blooms have min-
ima at 442.4 nm and 664.6 nm coming from chlorophyll-a
absorption maxima (see Figure 2). The maxima of sul-

Figure 5. Result of classification algorithm of a MERIS scene from
19 March 2004. The white pixels of Figure 5B are the
identified sulphide pixels. Dark-grey areas are land pixels,
light-grey areas are cloud pixels and black areas are water
pixels. The RGB-MODIS image in Figure 5A is given for
comparison.

phur plumes are always at 559.6 nm and much higher in
contrast to the algae blooms. Therefore, river outflows
and absorbing algae blooms are not the reasons for the
nearshore turquoise discolorations because of their dif-
ferent optical properties and their different geographical
locations as well as their different patterns and spatial
extents.

The identification method of [4] was used to monitor the
sulphide events and to study their location and extent as
well as the temporal and spatial development. One ex-
ample of this classification method is given in Figures 5A
and 5B for a MERIS scene from 19 March 2004. The
turquoise discolorations caused by colloidal sulphur are
clearly seen in Figure 5A in the near of the Walvis Bay
(cf. Figure 1). The classification tool delivers the areas
of sulphur discolorations which can be found as a white
mask in Figure 5B.

The detected sulphide events of MERIS scenes from May
2004 are given in Table 1. The spatial and zonal extent of
sulphur patches is shown. Unfortunately, there are data
gaps in the table because the ocean colour sensors can not
determine the water colour below clouds and sometimes
the MERIS swaths do not match the studied area. Wide
activities of sulphur plumes were observed in May 2004
(cf. Table 1). An area of 406 km? was affected in the middle
of May and the zonal extent reached 10 km. The sulphide
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Table 1. Table of identified sulphide events of May 2004.

date day area zonal extension
in kmxkm in km
02.05.2004 123 98 5
03.05.2004 124 227 7
05.05.2004 126 26 3
12.05.2004 133 406 10
16.05.2004 137 50 5
22.05.2004 143 57 7
28.05.2004 149 2 1
31.05.2004 152 25 4

events show no uniform ongoing development from smaller
to larger events or vice versa (Table 1). For instance, the
sulphide area mainly decreased from 3 May to 5 May, and
increased up to 12 May, and decreased after this again
up to the 28 May. All registered sulphide events of the
first half of year 2004 were observed nearshore in a very
small band near the coast [4].

The strongest events occurred in the Meob- and Saint
Francis Bay. Moderate and weak events were found along
the majority of the Namibian coast but mainly in the
biggest bays like Walvis-, Conception-, Meob- and Saint
Francis Bay (see Figures 3-6).

The wind and upwelling situations were studied on the ba-
sis of data from the microwave sensor QuikSCAT to inves-
tigate their relation to oceanographic conditions. The pos-
itive pseudo-windstress leading to offshore Ekman trans-
port is given in Figure 6 for May 2004. The highest
windstress values were observed nearly between 23°S and
28°S on 3, 13, 21 and 28 May. The meridional locations
of the windstress patterns fluctuated but were closedly re-
lated to the Lideritz upwelling cell, e.g. [17]. The tempo-
ral comparison of the identified sulphide events of Table 1
with the observed patterns in Figure 6 shows that both
kinds of events seem to be correlated. The development
of sulphur plumes from the beginning to the end of May
2004 is connected to the offshore Ekman transport. The
area of sulphide events is expanded if the upwelling of
water masses is enhanced due to the stronger windstress.
These upwelled water masses contain hydrogen sulphide
and discolour the water surface if hydrogen sulphide is ox-
idised to colloidal sulphur in the upper oxygenated water
layers [1-4, 18].

In Figure 7 the difference in patterns of two MODIS
scenes from 16 (features in magenta) and 17 April 2004
(features in turquoise) is given. The distance of the dis-
coloured areas of the two dates was measured at two po-
sitions (red lines in Figure 7). The velocity of expan-

4 9 14 19 24 29 May

12500 130.00 135.00 140.00 145.00 150,00
day

Figure 6. Positive pseudo-windstress at the Namibian coast in May
2004 derived from QuikSCAT data. The locations of the
identified sulphur plumes are given by green bars.

Figure 7. The pattern difference (red lines) of two MODIS scenes
from 16 (features in magenta) and 17 April 2004 (features
in turquoise) is given.

sion was derived with the obtained distance and the time
difference of the two used MODIS scenes. The events

propagate in north-westerly direction due to the wind

driven Ekman transport. Velocities between 12 cm s~

1

and 15 cm s™' were found which corresponds to mean

1

speeds of the Benguela current between 11 cm s~ and

23 cm s [17-19).
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4. Conclusions

The discoloured areas due to oxidised hydrogen sulphide
along the Namibian coast can be identified, monitored
and studied by different remote sensing earth observa-
tion systems. It was possible to use ocean colour sensors
for registration because the sulphide events showed spe-
cial optical properties. They were optically differentiable
from river outflows, algae blooms and typical optical water
types along the Namibian coast. It was found that they
are not related to the dust deposition by desert storms
and not to bottom material in shallow water areas. The
main results can be summarised as follows:

e Registration of hydrogen sulphide eruption in a
narrow band at the Namibian coast

e Monitoring of an increased number of hydrogen sul-
phide events in May 2004

e Observation of a maximal spatial area of 406 km?
and a maximal zonal extension of 10 km

e Nearshore sulphur plumes of May 2004 were re-
lated to strong upwelling events

e Propagation in north-westerly direction with veloc-
ities like Benguela current

The relation of hydrogen sulphide eruption to strong up-
welling events is only a first rough result. Their depen-
dence on special oceanographic and meteorological condi-
tions has to be studied in the future in detail on the basis
of different in-situ and remote sensing datasets as well as
an extended database of hydrogen sulphide events.

Acknowledgements

The paper is embedded in the European Space Agency
accepted Announcement of Opportunities 535 as well as
2362. This research was based on MERIS and MODIS
data provided by ESA (European Space Agency) and
NASA (National Aeronautics and Space Administration).
MERIS data are available from MERCI system (merci-
srv.eo.esa.int). MODIS images courtesy of MODIS Rapid
Response Project (rapidfire.sci.gsfc.nasa.gov). The investi-
gations were supported by the Leibniz Institute for Baltic
Sea Research. The study was funded by the German Fed-
eral Ministry of Education and Research in the frame of
the NAMIBGAS project. | also thank anonymous review-
ers for helpful comments.

References

[1] Weeks S. |, Currie B., Bakun A, Peard K.R., Hy-
drogen sulphide eruptions in the Atlantic Ocean off
southern Africa: implications of a new view based
on SeaWiFS satellite imagery, Deep-Sea Res. Pt. |,
2004, 51, 153-172

[2] Emeis K. C., Briichert V., Currie B., Endler R., Fer-
delman F., Kiessling A. et al., Shallow gas in shelf
sediments of the Namibian coastal upwelling ecosys-
tem, Cont. Shelf Res., 2004, 24, 627-642

[3] Weeks S. |, Currie B., Bakun A., Satellite imaging:
massive emissions of toxic gas in the Atlantic, Nature,
2002, 415, 493-494

[4] Ohde T., Siegel H., Reifmann J., Gerth M., Identifi-
cation and investigation of sulphur plumes along the
Namibian coast using the MERIS sensor, Cont. Shelf
Res., 2007, 27, 744-756

[5] Siegel H., Ohde T, Gerth M,, Lavik G., Leipe T., Iden-
tification of coccolithophore blooms in the SE Atlantic
Ocean off Namibia by satellites and in-situ methods,
Cont. Shelf Res., 2007, 27, 258-274

[6] Weeks S. I, Pitcher G. C., Bernard S., Satellite moni-
toring of the evolution of a Coccolithophorid Bloom in
the Southern Benguela Upwelling System, Oceanog-
raphy, 2004, 17, 83-89

[7] Mitchell-Innes B. A., Winter A., Coccolithophores: a
major phytoplankton component in mature upwelled
waters off the Cape Peninsula, South Africa in March,
1983, Mar. Biol., 1987, 95, 25-30

[8] Bourassa M. A, Legler D., O'Brian J. J., Smith S. R,,
SeaWinds validation with research vessels, J. Geo-
phys. Res., 2003, 108 C2, 3019

[9] Ebuchi N., Graber H. C., Caruso M. J., Evaluation of
wind vectors observed by QuikSCAT/SeaWinds using
ocean buoy data, American Meteorological Society,
2002, 19, 2049-2062

[10] Chelton D. B., Freilich M. H., Scatterometer-based
assessment of 10m wind analysis from the operational
ECMWF and NCEP numerical weather prediction
models, Mon. Weather Rev., 2005, 133, 409-429

[11] Large W. G., Pond S., Open ocean momentum flux
measurements in moderate to strong winds, J. Phys.
Oceanogr., 1981, 11, 324-336

[12] Trenberth K. E., Large W. G., Olson J. G., The mean
annual cycle in global ocean wind stress, J. Phuys.
Oceanogr., 1990, 20, 1742-1760

[13] Carder K. L., Reinersman P, Chen R. F., Mueller-
Karger F., Davis C. O, Hamilton M., AVIRIS calibra-
tion and application in coastal oceanic environments,
Remote Sens. Environ., 1993, 44, 205-216

345




Investigation of hydrogen sulphide eruptions along the Namibian coastline using different remote sensing systems

[14] Lee Z., Carder K. L., Hawes S. K., Steward R. G.,
Peacock T. G., Davis C. O., A model for the inter-
pretation of hyperspectral remote-sensing reflectance,
Appl. Optics, 1994, 33, 5721-5732

[15] Ohde T., Siegel H., Correction of bottom influence in
ocean colour satellite images of shallow water areas
of the Baltic Sea, Int. J. Remote Sens., 2001, 22, 297-
313

[16] Bremner J. M., Biogenic sediments on the SW African
(Namibian) continental margin, In: J. Thiede, E. Suess
(Eds.), Coastal Upwelling: Its Sediment Record. Part
B: Sedimentary Records of Ancient Coastal Up-
welling, Plenum Press, New York, 1983, 610

[17] Shannon L. V., The Benguela ecosystem. Part I. Evo-
lution of the Benguela, physical features and pro-
cesses, Oceanogr. Mar. Biol., 1985, 23, 105-182

[18] Bailey G. W., Organic carbon flux and development of
oxygen deficiency on the modern Benguela continen-
tal shelf south of 22°S: spatial and temporal variabil-
ity, In: Tyson, RV, Pearson, T.H. (Eds.), Modern and
Ancient Continental Shelf Anoxia. Geol. Soc. Spec.
Publ., 1991, 58, 171-183

[19] Wedepohl P. M., Lurjeharms J. R. E., Meeuwis J. M.,
Surface drift in the south-east Atlantic Ocean, S. Afr.
J. Marine Sci., 2000, 22, 71-79

346



