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The organic bromine compounds bromoform (CHBr3z) and dibromomethane (CH,Br,) influence
tropospheric chemistry and stratospheric ozone depletion. Their atmospheric abundance is generally
related to a common marine source, which is not well characterized. A cruise between the three
Macaroenesian Archipelagos of Cape Verde, the Canaries and Madeira revealed that anthropogenic
sources increased oceanic CHBrz emissions significantly close to some islands, especially at the

Canaries, while heterotrophic processes in the ocean increased the flux of CH,Br, from the sea to the
Received 21st December 2019

Accepted 21st February 2020 atmosphere in the Cape Verde region. As anthropogenic disinfection processes, which release CHBr3 in

coastal areas increase, and as more CH,Br, may be produced from increased heterotrophy in

20 DOI: 10.1035/c9em00599d a warming, deoxygenated ocean, both sources could supply higher fractions of stratospheric bromine in 5

rsc.li/espi the future, with yet unknown consequences for stratospheric ozone.

Environmental significance

25 Bromoform (CHBr;) and dibromomethane (CH,Br,) are important bromine sources to both the troposphere and the lower stratosphere. Their sources in the 25
Subtropical North Atlantic have mainly been attributed to natural processes. This paper tries to identify the additional impact of anthropogenic sources and
quantifies the air-sea fluxes of both compounds around the Macaronesian Archipelagos of the Cape Verdes, the Canaries and Madeira. The organobromine
gases from locally increased fluxes are transported by the trade winds from their source regions in the extra tropics towards the equator, where deep convection
can transport them to the stratosphere. The data give new insights into important oceanographic and biogeochemical cycles in the Subtropical North Atlantic
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and how they are impacted by anthropogenic activities.

1 Introduction

Human emissions of pollutants and greenhouse gases into the
atmosphere alter air quality and climate."> While the most
commonly discussed change is increased CO, concentration,
there is a wide range of other chemically and radiatively active
trace gases that are subject to change. Many of these gases have
short atmospheric lifetimes and, hence, regional impacts, but
their influence may lead to global consequences. The oceans
contribute significantly to the global emissions of short-lived,
climate-active gases, which include halogenated volatile
organic compounds such as bromoform (CHBr;) and dibro-
momethane (CH,Br,). Both gases play a critical role in

“Chemical Oceanography, GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel,
Germany

*Department of Atmospheric Sciences, RSMAS, University of Miami, Miami, Florida,
USA

“Institute of Space and Atmospheric Studies, University of Saskatchewan, Saskatoon,
Canada

This journal is © The Royal Society of Chemistry 2020

tropospheric ozone chemistry, photooxidant cycling (which
controls the atmosphere's ability to rid itself of pollutants), and
stratospheric ozone loss.>* Ocean surface processes can exert
a critical control on the fluxes of these gases to and from the
atmosphere, thus impacting climate and atmospheric chem-
istry regionally and globally.

Tropical processes are of special importance for the
changing chemistry and composition of the stratosphere.
Stratospheric ozone is mainly created in the tropical lower
stratosphere and transported upwards and towards the winter
pole by large-scale atmospheric circulation. Most long-lived and
short-lived trace gases in tropospheric air enter the stratosphere
in the tropics and follow the same transport pathways.® In
subtropical regions, marine air under the trade wind inversion
can be transported by the trade winds horizontally near the
surface over long distances towards the equator with almost no
vertical exchange until it reaches areas of deep convection,
which rapidly deliver boundary layer air to the upper tropo-
sphere and, eventually, to the stratosphere.® While anthropo-
genic long-lived chlorine and bromine trace gases dominate
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stratospheric ozone loss processes, marine emissions of halo-
genated very short-lived substances (VSLS) such as CHBr; and
CH,Br,, are also of increasing concern.”

A global, so called bottom-up, emission climatology (1° x 1°)
of CHBr; and CH,Br,, derived from observations by Ziska
et al.,” attributed 70% of the global CHBr; emissions to coastal
regions. Observed tropospheric concentrations in remote loca-
tions show a good agreement with this VSLS emission clima-
tology."* Compared to model-derived top-down estimates,
however, the emission climatology is lower and localized sour-
ces were suggested as a cause for the mismatch.' In addition,
coastlines are difficult to resolve in global models and the
coastal data are very sparse.'® Recent progress has been made in
the bottom-up oceanic emission inventories for CHBr; and
CH,Br,, powered by a data-oriented machine-learning
emulator, which includes a representation of ocean biogeo-
chemistry control."” Overall, the observed mean surface atmo-
spheric concentrations, as well as the seasonal and spatial
variations of CHBr; and CH,Br,, are reasonably captured by the
new model framework. Still the wunderlying production
processes and sources of the compounds remain unclear, which
may cause uncertainties in the future predictions of the oceanic
emissions.

CHBr; and CH,Br, are released naturally from macroalgae
and phytoplankton. While phytoplankton and macroalgae are
known to produce many halogenated compounds, CHBr; is
generally the dominant product.® Its production is related to the
haloform reaction, which produces polyhalogenated methanes
from organic compounds and seawater halides, following their
oxidation to hypo-halides by enzymes.'* CHBr; sometimes shows
correlations with fucoxanthin, a marker pigment for diatoms,*>*
while also correlations to haptophytes and cyanobacteria have
been observed.**> Nanomolar concentrations of CHBr; detected
in the vicinity of macroalgal beds are a possible result of defense
mechanisms in the algae, which produce and emit variable
CHBr; levels due to stress, which is also related to light.>

Less is known about the sources of CH,Br,. Its co-occurrence
with CHBr; has been widely reported. Common marine sources,
with a ten times higher production of CHBr; from macroalgae,
have been reported.> On the other hand, bromination of dis-
solved organic matter (DOM), which represents an extracellular
formation process of brominated halocarbons from marine
algae, has, only produced CHBr; in artificial seawater.>® The
study of Lin and Manley*® in natural seawater indicates that at
least a small amount of CH,Br, could result from this process,
which suggests that the composition of bromocarbons
produced from the halogenation of DOM is highly substrate-
dependent. Towards the open ocean, the ratio between CHBr;3
and CH,Br, declines in the surface ocean, either due to a faster
photolysis of CHBr; compared to CH,Br,,* or to a lower CHBr;
to CH,Br, production ratio in the open ocean. An increase of
CH,Br, concentrations with depth has been observed in the
Mauritanian upwelling.”” CHBr; could be converted to CH,Br,
via reductive hydrogenolysis®® under less oxic conditions or via
microbial reduction in the thermocline waters. Microbial
reduction was subject of recent laboratory-based incubation
studies using stable isotopes of CHBr; and CH,Br,. In one of the
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first studies, involving stable isotopes of brominated halocar-
bons in marine waters® a loss of ">CHBr; was followed by the
appearance of '*CH,Br,. Clear evidence for the bacterial
formation of “*CH,Br, from *CHBr; was also found in incu-
bation studies, which involved bacterial strains from temperate
and subarctic marine waters.>**" The studies indicate that the
production of CH,Br, from heterotrophic cycling of CHBr; is
a widespread phenomenon in the marine environment. The
subsequent entrainment of thermocline waters into the mixed
layer could contribute to the ratio shift in the open ocean and
upwelled waters. Furthermore, CHBr; may be lost faster from
surface waters over time as it has a greater sea-air concentration
gradient compared to CH,Br, towards the open ocean.”**”

CHBr; is found in micromolar concentrations in disinfected
seawater, as in cooling waters from coastal power plants** and
desalination plants® as well as in treated ballast water'* and
industrialized urban environments.** Production of brominated
halocarbons in seawater is thought to result from similar
reactions as the natural formation of brominated halocar-
bons.>*?¢ The presence of high concentrations of bromine ions
in seawater leads to increased production of brominated halo-
carbons in comparison to disinfection of fresh water. The
trihalomethanes formed during chlorination of seawater are
96-98% comprised of CHBr;.*> The composition of dissolved
organic matter present in seawater seems to strongly favor the
production of trihalomethanes (THM) such as CHBr;.>> CHBr;
is generally the most abundant halogenated organic compound
resulting from disinfection of seawater in the environment.***¢
Other disinfection by-products (DBP) in the effluents, as halo-
genated phenols, can lead to unfavourable effects on the envi-
ronment and on human health.***” CHBr; shows highly
elevated concentrations in coastal urbanized and industrialized
regions, which may represent an important and increasing
contribution to the global ocean emission budget of bromo-
carbons. Many industrial processes at coastlines use disinfected
seawater for cooling purposes,** which entail an increase in the
marine concentrations and emissions of CHBr; upon their
discharge.”"*

While atmospheric CHBr; mixing ratios over the open
oceans and around the Cape Verde Atmospheric Observatory
(CVAO) are generally around 0.5-1 pptv,***® episodic increases
to >40 pptv there on summer days,* and elevated abundances
of >15 pptv in the Mauritanian upwelling region during several
cruises have also been observed.?*?”*"** The high mixing ratios
of CHBr; and other trace gases over the upwelling were asso-
ciated to their accumulation in shallow marine boundary layers.
The sources for the elevated concentrations at the coastal CVAO
remain speculative and include local seaweed.*’

First studies of reactive volatile halogenated compounds,
including CHBr; and CH,Br,, in the Macaronesian Archipel-
agos were conducted a few decades ago by Class and Ballsch-
miter,”** Frank et al*® and Fischer et al* The early
measurements revealed atmospheric CHBr; of 20-460 pptv over
beaches of the islands Tenerife and the Azores and up to 26 000
pptv were also measured directly over an isolated rock pool on
Gran Canaria,” indicating macroalgae to be the most likely
cause of these high concentrations. These are the highest

This journal is © The Royal Society of Chemistry 2020
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atmospheric mixing ratios ever recorded, and historically
CHBr; has always been seen as a biogenic marine marker in
air.** During a few recent measurements in arbitrarily picked
coastal sampling locations Quack et al.*’ found extraordinarily
high concentrations of >10 nmol L™ " in seawater at beaches in
the south and north-east of Tenerife, with no visible macroflora
around, but with possible anthropogenic input. The identifi-
cation of the relevant sources remains an open research task.
Quantifying their spread into the open ocean and their contri-
bution to the atmospheric boundary layer requires multidisci-
plinary efforts combining oceanic, atmospheric, biological and
modeling studies.

The research cruise POS533 with the RV Poseidon into the
Subtropical North East Atlantic investigated the CHBr; and
CH,Br, distribution in ocean and atmosphere, together with
physical, biogeochemical and biological parameters, around
the islands of Madeira, Tenerife, Gran Canary and the Cape
Verde Archipelago. The cruise transected mainly downwind
(leeward) of the islands to investigate the islands influence on
ocean and atmosphere, while also the windward sides of the
anthropogenic influenced regions was investigated. The
southern islands of the Macaronesian Archipelago provide the
ideal region to study the various sources of CHBr; and CH,Br»,
as the region comprises different marine environments and the
islands have anthropogenic sources, such as power stations,
desalination plants and recreational water outflow. The
dynamic coupling between ocean and atmosphere and the
environmental differences between the islands were taken into

Environmental Science: Processes & Impacts

account for characterizing oceanic sources and air-sea fluxes of
both compounds for the differently populated islands of the
southern Macaronesian region.

2 Data and methods

2.1 Cruise overview

Data for this study were collected on board the RV Poseidon
research vessel during the POS533 cruise. The cruise started on
28th of February 2019 in Mindelo on Sao Vicente (Cape Verde),
and crossed nearby the archipelagos islands Santo Antao, Sao
Nicolau, Fogo, Santiago, Boavista and Sal. Five days of transit
against the northeastern trade winds towards the Canaries was
followed by a transect through the coastal waters of Hierro, La
Gomera, Tenerife, and Gran Canary. After a stopover in Las
Palmas (Gran Canary) the ship sailed northwards, carried out
two transects leeward of Madeira, made a stop in Funchal,
where the sampling ended and the cruise ended in Las Palmas
on the 22" of March 2019 (Fig. 1).

Sampling was divided into underway and depth sampling.
Underway seawater samples were collected from the continuously
flowing by-pass of a ship mounted high volume (~100 L h™)
pump, which was deployed in the hydrographic shaft in the ships
moon pool at around 6 m depth. The high volume throughput
avoids contamination, provides real time supply of the seawater
beneath the moving ship and feeds several automated instru-
ments. Air samples were taken from the compass deck at a height
of 13.7 m with a metal bellows pump and were stored in stainless

POS533
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15°NI
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30' o #
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Fig. 1 POS533 cruise track (black line) with CTD station locations marked by crosses.
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steel canisters. The ships track was chosen, so that the track was
mainly against the predominant northeastern trade wind direc-
tion, to avoid contamination by the ships stack. Conductivity,
temperature, and depth (CTD) measurements were taken from 69
stations, ranging from the surface to 100 m depth for shallow
stations and 4000 m for deep stations. A bottle rosette sampler
was operated with the CTD, containing twelve 10 L Niskin bottles
for seawater sampling and additional sensors for depth, pressure,
salinity, temperature, dissolved oxygen, sound speed and fluo-
rescence. CTD fluorescence is given in an arbitrary unit that is
approximately equal to pg L' chlorophyll (data are not cali-
brated). CTD pressure data were used for depth measurements.
Oxygen was calibrated using the Winkler Titration method.
During the cruise, standard underway oceanic parameters as
salinity, temperature, oxygen, and fluorescence were recorded by
onboard instrumentation (thermosalinograph: SeaCat SBE18 and
SBE21, fluorometer: Wetlabs ECO FLRT). Underway fluorescence
was recorded as chlorophyll data in pug L™", but is also not cali-
brated. Weather data including wind measurements were
collected by an on-board weather station in cooperation with the
DWD (Deutscher Wetterdienst - German weather service).
Continuous underway data are available through the DSHIP
platform (http://dship-poseidon.geomar.de). All sampling data are
available on the GEOMAR (https://portal.geomar.de/group/aimac/
home).

2.2 Halocarbon analysis and air-sea flux calculations

Sampling of the halocarbons CHBr; and CH,Br, in seawater was
done with 250 mL amber glass bottles from the CTD-rosette
bottles and from the underway supply in three-hour intervals,
which were filled bubble free and closed with Teflon lids. The
samples were stored in a ~7 °C refrigerator until they were
measured with a purge and trap system attached to a gas chro-
matograph (Agilent 6890N) with mass spectrometric detection
(Agilent Technologies 5975 inert XL MSD) (GC-MS), within 12
hours after the sampling. Prior to analysis, the samples were
warmed to room temperature (~20 °C) to ensure purge efficiency
and consistency. The bottles were attached to a manifold, which
pressurizes the top of the sample with helium and fills the purge-
chamber with 30 mL of the seawater through a second
submerged outlet, so that a pure sample can by transferred.
CHBr; and CH,Br, concentrations were measured by purging
30 mL of sample water at 70 °C in a long glass chamber for
45 min with a stream of helium at around 50 mL min ', resulting
in a purge efficiency of ~98%.>* A Nafion dryer (Ansyco GmbH,
TT-050) was installed for the desiccation of the purge flow, using
a counter-flow of 100 mL min ! of N,. The volatilized trace gases
were trapped between —150 and —170 °C above liquid nitrogen
in a coil of deactivated stainless steel tubing. After purging, the
compounds were desorbed from the trap and injected into the
GC-MS by heating the trap electronically to 180 °C for 1.5 min.
The sample was then separated on a 60 m by 0.25 mm Rtx-VGC
capillary column (film thickness = 1.4 um) and finally detected
by the MS in single ion mode. The concentrations were quanti-
fied with external standards, which were volumetrically prepared
in methanol. The calibration curves were prepared with 1-4 L of
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standards containing 0.02, 0.3 and 3 pmol of compound per pL.
Calibration curves were run in triplicate for sample quantita-
tion.?* The R*values of the calibration curves are 0.99, while the
seawater measurements generally have a reproducibility of <5%
for CH,Br, and <10% for CHBr;,

Underway air samples of POS533 were analyzed for halo-
carbons at the Rosenstiel School of Marine and Atmospheric
Sciences (RSMAS) in Miami using GC/MS. The samples were
mostly taken simultaneously with underway seawater samples.
Few air measurements, taken with a delay to the corresponding
water samples, were manually assigned to the anticipated
sample location to generate air and water sample pairs for
comparison and flux calculation purposes. If the delay was
more than three hours, an average value between the previous
and following sample was calculated.

Air-sea fluxes of CH,Br, and CHBr; were calculated using the
Nightingale et al.>® air-sea exchange parameterization and the
adjustments proposed in Quack and Wallace® and Hepach
et al.** Compound specific transfer coefficients (kw) were derived
from the transfer coefficient ko, of CO, by Schmidt number
corrections (Sc) as described in Quack and Wallace.”* A positive
air-sea flux describes a supersaturation of the compounds in the
ocean and therewith an emission form the ocean to the atmo-
sphere and is termed sea-air flux in the manuscript.

3 Oceanic and atmospheric
environment of the Macaronesian
region during POS533

3.1 Oceanic currents and water masses

The general circulation pattern in the subtropical North East
Atlantic includes several central water currents (Fig. 2), which

AC MW X ]
BNy - =32,
g
- ‘
30°N NADW ™, Cle
@ P
= o
= % AAIWY
© 25°N4 E
—
NEC
2°NY cvrze®*®
15°N4

15°W 10°W  5°W
Longitude

—p——p
25°W  20°W

Fig. 2 The subtropical North East Atlantic with main circulation
features in central (continuous lines), intermediate (dashed lines) and
deep (dotted lines) waters. AC: Azores Current, CUC: Canary
Upwelling Current, CC: Canary Current, PUC: Poleward Undercurrent,
NEC: North Equatorial Current, GD: Guinea Dome, MW: Mediterra-
nean Water, AAIW: Antarctic Intermediate Water, NADW: North
Atlantic Deep Water, CVFZ: Cape Verde Frontal Zone.®* In red: CV:
Cape Verde, C: Canaries, M: Madeira.
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Fig.3 Temperature—Salinity (TS) diagrams from POS533 Color coding
indicates depth). SW: Surface Waters, MMW: Madeira Mode Water,
ENACW: Eastern North Atlantic Central Water, SACW: South Atlantic
Central Water, MW: Mediterranean Water, AAIW: Antarctic Interme-
diate Water, NADW: North Atlantic Deep Water, AABW: Antarctic
Bottom Water.

carry upper ocean water masses with fairly linear
temperature-salinity relations.®® At intermediate depths
Antarctic Intermediate Waters flows north along the West
African coast, while at the Mediterranean Throughflow,
Mediterranean Water enters the Atlantic basin and transports
salty waters south. Deepwater masses in the region are North

Atlantic Deep Water, containing a salinity maximum and

Environmental Science: Processes & Impacts

Antarctic Bottom water.” All water masses where encountered
during POS533 (Fig. 3).

The Temperature-Salinity (TS) relation of the POS533 CTD
samples separates the Cape Verde Islands, the Canaries and
Madeira (Fig. 3). The central water masses for the Cape Verde
stations were South Atlantic Central Water (SACW) with salinities
of 34.3-35.8 psu. Canary Islands and Madeiran TS curves iden-
tified Eastern North Atlantic Central Water (ENACW) with more
saline waters, above Mediterranean Water (MW) with high
salinities reaching from 35.3-35.7 psu and temperatures of 4.0-
8.0 °C. Surface waters around Madeira included Madeira Mode
Water (MMW) with 16.0-18.0 °C and salinities of 36.5-36.8 psu.**

3.2 Temperature, salinity, oxygen and fluorescence in the
water column

Distinctive differences of the mean seawater properties existed
for three island groups (Fig. 4 and 17-23 in the Appendix).
Surface temperatures were highest at Cape Verde (22-23 °C),
followed by the Canaries (19.0 °C) and Madeira (18.0 °C). In the
ocean interior, the mean temperature profile for Cape Verde
(red) was lowest and the Madeira (blue) mean interior temper-
ature was highest. While Cape Verde mean temperature
homogeneously decreased with depth, Canaries (green) and
Madeira mean temperatures exhibited a change in temperature

Salinity [psu)
34.5 36.5 37
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i ot T =
CTD Profiles
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;:\3"1500 r /
=
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52000 [
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Fig.4 Mean temperature, salinity, fluorescence, and oxygen profiles. Cape Verde CTD stations: red, Canary Islands CTD stations: green, Madeira

CTD stations: blue.
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decrease at around 1000 m depth, where Mediterranean water
(MW) is located.

The Cape Verde mean salinity was lower (SACW) than
salinity around the Canary Islands and Madeira (higher saline
ENACW) in the upper 1000 m. The highest salinities were found
in the Canary surface waters (Fig. 17 in the Appendix).

The subtropical East Atlantic is known for an extended
horizontal Oxygen Minimum Zone (OMZ) with oxygen minima
below 80 down to 40 umol kg~ * east of the Cape Verde Islands
and at a water column depth of around 200 m.”® The oxygen
profiles during POS533 showed a decrease from the surface to
around 400 m depth for Cape Verde, and a decrease to 900 m
depth for the Canaries and Madeira (Fig. 4 and 18 in the
Appendix). Cape Verde oxygen decreased down to under 60
umol kg~ ', while the minima around the Canary Islands and
Madeira reached 140 and 160 pmol kg™ .

Subsurface fluorescence maxima were found in all three
archipelagos (Fig. 4 and 19 in the Appendix). The highest fluo-
rescence was found at Cape Verde at around 50 m depth,
valuing 0.7. Canary Islands fluorescence maximum was at
around 40 m depth and reached 0.4 and Madeira had a fluo-
rescence maximum at around 60 m depth of below 0.4. Below
200-250 m fluorescence was zero for all profiles.

The Mixed Layer Depths (MLDs) during POS533 varied
between the islands (Fig. 20 in the Appendix) and generally re-
flected a deep winter situation, where higher winds lead to
stronger mixing. The shallowest mean MLD was found for the
southernmost Cape Verde islands with 41.6 m (range: 28.2-66.0
m), followed by a mean MLD at the Canary Islands of 70 m
(range: 26.0-166.9 m) and the deepest mean MLD was found at
Madeira of 94.3 m (range: 33.8-182.0 m).

Due to the northeastern trade winds, cold nutrient rich
central waters are upwelled along the western coast of Africa.
The upwelling is a formation region of nutrient rich, cold core,
anticyclonic mode water eddies®® and other cyclonic and anti-
cyclonic eddies. The frequent occurrence of eddies in the region
play, together with upwelling filaments, an important role in the
lateral mixing and transport of physical and biogeochemical
properties and, thereby, they modulate biogeochemistry and
biological productivity.®”** The dynamic region leads to
different properties between the stations and especially
between the underway samples.

3.3 Sea surface temperature (SST), salinity (SSS) and
fluorescence along the cruise track

Sea surface temperatures reached up to 24.0 °C at the most
southern islands. Temperatures decreased towards the north
throughout the entire cruise. Around the northern Cape Verde
islands, surface temperatures were near 22.0 °C (Fig. 5, top
right). Fluorescence, and therefore chlorophyll o, was highest
at Cape Verde with higher values in the east compared to the
west.

Surface salinity values around Cape Verde were the lowest
throughout the cruise, with values reaching from 36.0-36.4
psu (Fig. 5, top left). Salinity was highest at the Canaries,
especially around the coasts of El Hierro and La Gomera.

6 | Environ. Sci.. Processes Impacts, 2020, xx, 1-29

SSS [psu]
35°N 37 35°N
g.
\ 36.8
30°N ; 30°N
< 36.6
25°N / 25°N
V4 36.4
20°N ¢ 36.2 20°N
e . &
15°Nf| e 36 15°N
ONew 2w 15w 35.8 ONW 2w 15w 18
Chlorophyll a [ug/l]
35°N
= 300
30°N )
oy A
250
25°N
200
20°N
15°N ? 150
. = L
ONw 21w 15w 100

Fig. 5 Underway surface parameters along the POS533 cruise track.
Top left: sea surface salinity (SSS), top right: sea surface temperature
(SST), bottom: chlorophyll a.

Maxima reached here close to 37.0 psu. Generally, a weak
zonal gradient was observed with lower salinities in the east
compared to the west. A similar temperature gradient reached
from nearly 20.0 °C at El Hierro to 18.2 °C along the coast of
Gran Canary (Fig. 5, top right). For chlorophyll «, the zonal
gradient of the overall low values was opposite to that of
temperature and salinity. Fluorescence and chlorophyll
o were locally much more variable than temperature and
salinity. Madeira showed minimum temperatures down to
18.0 °C, medium salinities of around 36.7 psu and low chlo-
rophyll a as well.

The islands act as a physical barrier, blocking both wind and
ocean current. This leads to a windward side and a sheltered
leeward side for each island with accelerated winds in between.
The trade winds interaction with the islands develops strong
turbulent effects in the lower layers of the atmosphere, which
feeds back to the ocean surface.®>** Conversely, ocean features
generated by islands, such as mesoscale eddies, filaments and
warm wakes, generally generate distinct SST signatures,* which
in return feed back to the overlaying atmosphere.®

The difference between surface air and sea surface temper-
atures during POS533 (Fig. 6) reveals some of the interaction
between atmosphere, ocean and the islands. Negative values
(blue) illustrate higher air temperatures than ocean tempera-
tures and therefore suggest a stable stratification. If the ocean
surface temperature is larger than above air temperatures,
a positive value (red) indicates unstable stratification and a heat
flux from the sea to the lower atmosphere.

This journal is © The Royal Society of Chemistry 2020
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3.4 Atmospheric environment in the Macaronesian region
during POS533

The region of the Macaronesian islands is dominated by the
northeastern trade winds under the stable trade inversion,
which limits turbulent mixing and is generally stronger during
daytime and in summer. Due to the quite zonal distribution of
the Cap Verdes and the Canaries, northeastern coasts are
windward and southwestern coasts are leeward of the trade
winds. Madeira's coasts can similarly be divided into the
northern coast facing the prevailing wind and the southern
leeward coasts (Fig. 7).

The average wind speed during POS533 was high with
9.8 m s~ . In general, wind speeds at Cape Verde were close to
average, and only peaked around the southern tip of Santo
Antao (20.0 m s ') and at the southern coast of Santiago
(25.5 m s '). Around the Canaries, stronger winds were
observed on the eastern and weaker wind speeds on the western
coasts. Wind speed varied between 1.0 and 21.6 m s~ . Around
Madeira average wind speed was highest with 15.0 m s, with
maximum wind speeds reaching 22.3 m s~ at the southeastern
side of the island (Fig. 7).

Around the islands, cooler water masses and warm marine
mesoscale anomalies have been observed to create thermal
inversions in concert with the synoptic conditions (Fig. 6).
These interactions entail boundary layers between 300 to 1500
m height over the timescale of days interacting with the trade
inversion.®>**°¢ This has a significant influence on the boundary

This journal is © The Royal Society of Chemistry 2020

layer concentrations of trace gases emitted in the coastal ocean
and on their air-sea exchange.

While the trade winds generally facilitate the dispersion of
primary pollutants at the islands coastal environments, the local
winds, characterized by typical daily sea-land breezes, create
positive feedbacks that emphasize air pollution episodes.®* The
Cape Verde Atmospheric Observatory (CVAO, 16° 51’ 49 N, 24°
52’ 02 W), downwind of the Mauritanian upwelling region with
high marine biological productivity, offers the rare opportunity
for ground-based studies of clean marine air. Although CVAO is
generally considered as representative for the remote marine
boundary layer, it is also possible to observe the influence of
anthropogenic emissions from long-range transport from
North-America and Europe,*® while the populated islands
upwind are not considered as source regions.

4 Results and discussion

For our analysis of the influences of islands on the CH,Br, and
CHBr; distribution, ocean surface measurements are evaluated first
followed by an assessment of the ocean interior data. Highest and
lowest concentrations are identified and compared to the previ-
ously discussed oceanographic and biogeochemical parameters.

4.1 Halocarbon ocean surface distributions

High CHBr; was measured around the Canaries, where several
samples exceeded 100.0 pmol L' (Fig. 8 and 9 top right).
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Fig.7 Normalized wind direction and speed (red arrows) along cruise track (black line) of POS533. The lengths of the legend arrow (DSHIP wind)

is 10 m s~* for reference.

Similar high concentrations were found in the harbours of
Mindelo with 241.5 pmol L™' and Funchal 314.1 pmol L,
while the highest concentration during the cruise of 1480.0
pmol L™ " was measured in Las Palmas harbour. CHBr; reached
63.4 pmol L ™" at the south of Santiago and was elevated around
30 pmol L ™" between 22-24°N during the first transit, between
Cape Verde and the Canaries. Low CHBr; surface concentra-
tions of <10 pmol L™ were found in all areas, except for the
Canaries, while Madeira showed the lowest concentrations <5
pmol L%,

Highest CH,Br, concentrations at Cape Verde often excee-
ded 10.0 pmol L, specifically around the western and
southern islands (Fig. 8, top left). It was also high in the
harbours with 36.5 pmol L™ in Mindelo, 21.1 pmol L ™" in
Funchal and 31 pmol L™ in the Las Palmas harbour sample.
Similar to CHBr;, CH,Br, was elevated with around 8.0 pmol
L~ between 22-24°N during the transit, and low concentrations
of <5 pmol L ™" were found in all regions, while the lowest
concentrations were again detected in Madeira waters.

The ratio of CHBr; to CH,Br, sea-surface concentrations was
highest at the eastern Canary Islands, with frequent ratios
above seven, exceeding 15 (Fig. 9, bottom), while the highest
ratio of 48 is found in Las Palmas harbour. Few high ratios >10
were also found at Santiago, the largest islands of the Cape

8 | Environ. Sci.. Processes Impacts, 2020, xx, 1-29

Verdes and around 31°N between the Canaries and Madeira
during the second transit, as well as in the harbour of Funchal.
Ratios between 2 and 4 are typical for open ocean areas, while
ratios smaller than 2 were encountered in Madeira waters and
ratios around 1 and below were frequent for the Cape Verde
surface waters.

The average CHBr; concentration around Cape Verde was
13.6 pmol L' excluding harbour samples. The average CHBr;
sea surface concentration around the Canaries was 38.9 pmol
L' and around Madeira, the average for CHBr; concentrations
was 7.9 pmol L™ (Fig. 8 and 9, Table 1).

Cape Verde CH,Br, sea surface concentrations were on
average 6.5 pmol L™" (Fig. 9, top left). The mean around the
Canaries was 4.8 pmol L', while around Madeira the low
CH,Br, measurements contribute to a mean of 3.1 pmol L%

The mean CHBr; to CH,Br, ratio around the islands of
Cape Verde was 2.4, including the high ratio of 12.9 at the
south of Santiago (Fig. 10, top left and right). Around the
Canaries, the halocarbon ratio was high with 6.6, as it includes
several ratios above 10. Near El Hierro the ratio of CHBr; to
CH,Br, was near 8 and around La Gomera the ratio ranged
from 4 to 12. At Tenerife some samples displayed a CHBr; to
CH,Br, ratio of 14, and at Gran Canary all but one sample had
a ratio above 15.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Top left: CH,Br,, top right: CHBrz underway sea surface data
along the POS533 cruise track. Bottom: Underway CHBrz to CH,Br,
ratio along cruise track.

The ratio of CHBr; to CH,Br, for Madeira was lower than 2 in
most locations and showed an average of 2.4, the same as for
the Cape Verdes, but with much lower water concentrations of
both compounds.

4.2 Halocarbons in the atmosphere

High CHBr; mixing ratios (>4.0 pptv) were found at all three
island groups and during the first transit at approx. 27°N and
between 22-24°N (Fig. 11, right). Lowest CHBr; mixing ratios (<1.5
pptv) were found in open ocean areas at farther distances from
coasts. CHBr; air mixing ratios were more variable than those of
CH,Br, (Fig. 11). The highest mixing ratios of CHBr; in the Cape
Verde islands were found south of Sal, southwest of Santiago and
north of Sao Nicolau, all in the range of 4.6-5.8 pptv (Fig. 11, top
right). At the most western tip of Tenerife, CHBr; was 7.3 pptv, the
highest sample taken throughout the study area. Another high
CHBr; air measurement was found to the west of La Gomera (4.7
pptv). CHBr; air mixing ratios were also elevated around Gran
Canary at approximately 2.7 pptv. Air mixing ratios for CHBr;
around Madeira were lowest with values around 1 pptv and even
below. The only exception was at Funchal harbour where atmo-
spheric CHBr; was high (4.1 pptv, Fig. 11, bottom right).

CH,Br, air data were highest around Cape Verde and at
approx. 27°N, generally ranging between 1.5 and 1.7 pptv
(Fig. 11, left). Cape Verde atmospheric CH,Br, mixing ratios
were highest north of Fogo (1.8 pptv). Other elevated CH,Br,

This journal is © The Royal Society of Chemistry 2020
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mixing ratios were found between the islands of Maio and Sal
and north of Sao Nicolau. All locations around Cape Verde that
had elevated atmospheric CHBr; mixing ratios also showed
elevated atmospheric CH,Br,. At Santiago, where CHBI;
reached 4.7 pptv the equivalent CH,Br, mixing ratio was 1.7
pptv. Slightly elevated CH,Br, air mixing ratios of around 1.5
pptv were also found between 22 and 24°N. Atmospheric CH,Br,
mixing ratios around the Canary Islands were in general lower
between 1.1 and 1.4 pptv and were around 0.3 pptv higher in the
west than in the east. The highest value was 1.7 pptv in the west
of La Gomera. Mixing ratios of CH,Br, around Madeira were
consistently below 1.2 pptv.

The atmospheric CHBr; to CH,Br, ratios (Table 1) were
generally between 1 and 2, while the decreased below one in the
Madeira region.

4.3 Halocarbon air-sea fluxes

The halocarbon mixing ratios in air were used to calculate the
air-sea flux of CHBr; and CH,Br, during POS533. A positive flux
indicates halocarbon transport from the ocean to the atmo-
sphere and is hereafter called sea-air flux.

The strongest CHBr; fluxes were found at the Canaries,
specifically at Tenerife and Gran Canary (Fig. 12, bottom). This
caused a weak positive South-North gradient in the CHBr; fluxes
from the southern Cape Verdes towards the northern Archi-
pelagos, with an overall increase of 96.15 pmol m~> h™" along
the cruise track. Towards the end of the sampling in Madeira,
the CHBr; flux values increased, similar to the CH,Br, flux
(Fig. 12, top) approaching Funchal. On average, the CHBr; flux
values were about 10 times higher than the CH,Br, flux values.
Both compounds were emitted from the ocean throughout the
cruise, with few values around zero, indicating an equilibrium
between ocean and atmosphere. The CH,Br, flux was highest
(>5000 pmol m~> h™") at the beginning of the cruise around the
Cape Verde islands. There was a negative South-North Gradient
between the southern Cape Verdes and the northern islands
with a mean overall decrease along the cruise track (15-32°N) of
80.8 pmol m~ 2> h™ . The sea-air fluxes of CH,Br, and CHBr; also
increased around 22-24°N. CHBr; fluxes around Cape Verde
were generally around 1000 pmol m~> h™", occasionally above
5000 pmol m~2> h™" and some peaks of >10 000 pmol m~> h™"
around the islands (Fig. 13, top right). The higher fluxes were
found in the south of Sao Vicente, the southeast of Fogo, the
south of Santiago and Boa Vista, and northwest of Sal.

High winds during the transit with intermediate water concen-
trations caused fluxes between 1000 and 8000 pmol m~2 h™".
Around the Canaries, the sea-air flux of CHBr; often ranged
between 100 and 1000 pmol m~> h™?, exceeded 10 000 pmol m >
h™" at several places and reached 50 000 pmol m~> h™" between
Tenerife and Gran Canary (Fig. 13, middle right). Fluxes for the
Madeira stations were on average lower than from locations around
Cape Verde and the Canaries (Fig. 13, bottom right). The fluxes in
the harbours of Mindelo, Funchal and Las Palmas could range
between 10 000 and exceed 100 000 pmol m~> h™*, depending on
the wind speed. With a medium wind speed of 7 to 9 m s~ the
fluxes would range between 20 000 to 50 000 pmol m > h™",
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Fig. 9 CH5Br, and CHBr3; underway measurements along POS533 cruise track (black line). Top figures: Cape Verde samples, middle figures:

Canary Islands samples, bottom figures: Madeira samples.

CH,Br, sea-air fluxes from Cape Verde were highest in the
south of Santo Antao, where the flux was above 4000 pmol m >
h™" (Fig. 13, top left), followed by fluxes from 3000-4000 pmol
m ™2 h™? off the southern coast of Sao Nicolau, southeast of
Fogo, and in the south of Santiago. Frequently fluxes >2000
pmol m 2 h™ " occurred between the islands. During the transit
500 to 2000 pmol m~> h™* were caused by the high wind speeds
and varying water concentrations.

At the Canary Islands, CH,Br, sea-air fluxes were generally
between 100 and 1000 pmol m > h ™" (Fig. 13, middle left) due to
low CH, Br, concentrations and varied due to the varying wind.
Flux values around Madeira for CH,Br, were even lower
between 100 and 200 pmol m~> h™'. The CH,Br, fluxes at the
harbours could range between 1000 and 12 000 pmol m > h™"
(Fig. 13, bottom left) and would range between 2000 and 6000
pmol m> h™" at intermediate wind speeds between 7 and
9ms .
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4.4 Halocarbon water column distribution

The halocarbon distribution in the upper ocean was analyzed to
identify whether highest concentrations were found in the
chlorophyll maximum or if other factors were affecting the
halocarbon concentrations. Fig. 14 displays both CH,Br, and
CHBr; concentrations in the upper 250 m of the water column.
Samples taken below 250 m showed only very low concentra-
tions and were excluded from this analysis.

At Cape Verde, upper ocean CHBr; concentrations were
overall lower in the west than in the east (Fig. 14a). CHBr;
concentrations were highest between 40-80 m depth, where
concentrations were above 20 pmol L™' in many sample
locations. This corresponds well with the fluorescence and
accordingly the chlorophyll maximum at 50-60 m depth
(Fig. 19 in Appendix). Three CHBr; profiles were showing
extremely high concentrations (40-220 pmol L™ ') at Sal and in

This journal is © The Royal Society of Chemistry 2020
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Table 1 Halocarbon water concentrations, atmospheric mixing ratios, and air—sea fluxes during POS533. The harbour samples: Mindelo

(28.2.19), 36.5, 241.5, Las Palmas (14.3.19): 31.0, 1480.0 and Funchal (19.3.19): 21.1, 314.1 pmol L™* for CH,Br, and CHBr5 respectively are not !
included in the table values
CH,Br, water/ CHBr; water/ Ratio-  CH,Br,_air/ CHBr;_air/ Ratio- CHZBrZ_ﬂux/pmol CHBr_flux/pmol
pmol L ™" pmol L™! water  pptv pptv air m>h! mZh! 5
Cape Maximum 14.7 63.4 12.9 1.8 5.8 3.4 5118.4 15 044.8
Verde  Minimum 2.0 3.6 0.6 1.3 1.7 1.2 1.1 -7.7
Mean 6.5 13.6 2.4 1.5 2.7 1.8 1350.7 2440.6
Transit Maximum 8.9 34.3 5.4 1.8 4.2 2.3 2373.1 8434.6
Minimum 2.8 6.0 1.7 1.2 1.3 1.0 313.9 574.3 10
Mean 4.7 13.7 2.8 1.4 2.0 1.4 833.3 2432.5
Canaries Maximum 9.9 285.7 29.0 1.7 7.3 4.6 1623.6 50927.4
Minimum 3.0 7.0 2.3 1.1 1.2 1.1 2.6 17.6
Mean 4.8 38.9 6.6 1.3 2.4 1.7 601.2 6322.2
Madeira Maximum 4.3 16.5 4.5 1.2 1.6 1.4 886.4 3678.5
Minimum 2.3 3.8 1.5 1.1 0.9 0.8 26.3 37.1 15
Mean 3.1 7.9 2.4 1.2 1.3 1.1 301.3 1091.9
POS533 Maximum 14.7 285.7 29.0 1.8 7.3 4.6 5118.4 50927.4
Minimum 2.0 3.6 0.6 1.1 0.9 0.8 1.1 -7.7
Mean 5.1 18.5 3.5 1.4 2.2 1.6 874.7 3081.4
20
the north of Boa Vista (yellow and orange circles). Fluores- Cape Verde CH,Br, water column measurements displayed
cence data (Fig. 19 in Appendix) confirms that the highest an increase in CH,Br, concentrations below the MLD (mean:
level of biological productivity occurred at this depth and 40.9 m) beyond the chlorophyll maximum between 50 and 60 m
location. (Fig. 14). Highest CH,Br, concentrations between 10 and 16 25
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pmol L™" ranged from a depth of 80 to 140 m. One extreme Water column CHBr; concentrations at the Canaries ranged
CH,Br, concentration of 26 pmol L™ was found northeast of from 5 pmol L™ to over 110 pmol L™ (Fig. 14b). A weak
Sao Vicente (red color-coding). increase of CHBr; water concentrations towards the east was
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Fig. 12 Ocean-Atmosphere flux against time during POS533 cruise. Colored stars indicating time period of Cape Verde (red), Canary Island
(green) and Madeira sampling (blue).
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Fig. 13 CHj,Br, and CHBr flux measurements along POS533 cruise track (black line). Top figures: Cape Verde samples, middle figures: Canary

Island samples, bottom figures: Madeira samples.

identified and the eastern stations at El Hierro and La Gomera
(blue circles) showed lowest concentrations, followed by most of
the Tenerife profiles (green to yellow circles) and highest
concentrations were located around Gran Canary (orange and
red circles). Elevated CHBr; concentrations at around 50 m and
increased fluorescence data at this depth are coherent.
However, upper ocean fluorescence at the Canaries was much
weaker than it was at Cape Verde. Elevated CHBr; concentra-
tions (>80 pmol L") at around 50 m were found to the south of
Tenerife (light green circles). Only two stations displayed higher
concentrations, both located at Gran Canary (80-120 pmol L™ 1).
Whereas surface fluorescence at the Canaries was low, the high
CHBr; concentrations at 30-70 m depth were consistent with
elevated fluorescence data at this location (Fig. 19). It appears at

This journal is © The Royal Society of Chemistry 2020

the Cape Verde and the Canary islands, that many stations show
maximum concentrations between 15 and 20 pmol L™" in all
depth ranges, whereas some stations stand out with higher
concentrations.

Upper ocean halocarbon distribution around the Canaries
displayed a smaller range of CH,Br, concentrations from 2 to 10
pmol L' and no increasing CH,Br, concentrations beneath the
chlorophyll max, as found around Cape Verde. Only one station
in the south of Tenerife showed this trend, where the maximum
concentration (~9 pmol L™ ') was at around 50 m depth, similar
to the corresponding CHBr; profile. A comparison with the
fluorescence data at this location showed a local increase in
biological productivity.
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map.

CHBr; concentrations at Madeira displayed two concentra-
tion maxima (Fig. 14c). One was located at around 40-80 m
depth (20-40 pmol L") which was still in the mixed layer (MLD
Madeira: 94.3 m), and a second at around 130-150 m depth (20—
35 pmol L™ Y). The highest CHBr; concentrations were found in
the upper 30 m at the most eastern tip of the island reaching up
to around 60 pmol L.

CH,Br, measurements around Madeira were generally below
5 pmol L' and had the lowest average in comparison to the
other island groups. A slight increase in the concentrations was
found at the most eastern tip of the island at depth ranging
from 10-70 m and concentrations between 5 and 1 2 pmol L.

14 | Environ. Sci.: Processes Impacts, 2020, xx, 1-29

The maximum CH,Br, concentration was also located at the
most eastern tip of the cruise track (turquoise circles), reaching
nearly 12 pmol L™,

4.5 Discussion on halocarbon emissions and sources in the
Macaronesian region

Ratios between the atmospheric mixing ratios of two or more
halocarbons have been used in the literature to estimate
regional and global oceanic halocarbon fluxes.***”*® The studies
report linear relationships and correlations between the mixing
ratios of CHBr; and CH,Br, of 0.74 and 0.76.*®%” This indicates

This journal is © The Royal Society of Chemistry 2020
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that these substances share the same sources, and a correlation
of 0.91 can be reached in the open ocean atmosphere.®® All three
studies arrived at “global” emission ratios from seawater for
CHBr; to CH,Br, of 9, and deduce common oceanic sources for
the compounds. CHBr; concentration-dependent changes in
the atmospheric concentration ratios have been discussed
mostly in terms of differences in the chemical reactivities of
CH,Br, and CHBr; in the atmosphere. Changes in the concen-
tration of CHBr;, which has a relatively short atmospheric
lifetime of around two weeks, are expected to be more
pronounced than changes in the concentrations of the longer-

Environmental Science: Processes & Impacts

lived CH,Br,, with an atmospheric lifetime of around three
months. A decrease in the ratio is thus consistent with more
aged air masses, in which CHBr; has been preferentially
removed.* Alternatively, the change in ratio is also consistent
with dilution of the original air mass into a background with
higher CH,Br, (a likely situation since CH,Br, is longer lived).
These studies only consider ratios in the atmosphere and infer
emissions from the oceans, but make no assumptions or
conclusions about the initial sources. Brinckmann et al.®®
concede that during the initial emission from the algae species
into the ocean water deviating abundance ratios are expected,
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Fig. 15 X/Y-Plots of bromoform (CHBr3) versus dibromomethane (CH,Br,) for oceanic surface concentrations during POS533, air—sea fluxes

B g atmospheric mixing ratios. Locations of samples are color-coded.
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Table 2 Pearson rank coefficients (R%) of fluorescence (arbitrary units), CH,Br, and CHBr5 for individual data pairs in the different regions, the

entire cruise and for the means of each region

Fluorescence Fluorescence/

(mean) CH,Br, Fluorescence/CHBr; CHBr3,CH,Br,
Cape Verde 254.7 0.0278 0.0019 0.0117
Transit 1 160.8 0.1332 0.2278 0.8643
Canaries 145.6 0.0001 0.0157 0.7319
Transit 2 147.1 0.7537 0.0903 0.0496
Madeira 154.6 0.5425 0.5751 0.8184
POS533 (all data) 188.7 0.1505 0.0108 0.0893
Regional means 175.3 0.6552 0.0563 0.0673

due to different rates of degradation in the surface water prior to
the emission through the sea surface. The authors state,
considering that it is not possible to collect any emission gas
before it has become mixed and diluted, the emission ratio
might even be higher.

Knowledge about the oceanic sources however is crucial to
infer their future development. In the following we discuss the
halocarbon distribution, the emission ratios and their sources
and the implications. During the cruise of POS533 the mean
ratio of CHBr; to CH,Br, in the atmosphere was 1.6, with
a range from 0.8 to 4.6. The ratio between the seawater
concentrations showed a mean of 3.5, and a much larger range
of 0.6 to 29. The ratio between the CHBr; to CH,Br, sea-air
fluxes, with a similar mean of 3.9 span a range of 0.1 to 43,
while ratios above 6 are rare (Fig. 15).

For interpretation of halocarbon sources during POS533,
the ratio between CHBr; and CH,Br, seawater concentrations

will be used (Fig. 10) in combination with the concentration
distributions. To make assumptions about the sources,
a comparison of halocarbon concentrations and ratios to
chlorophyll o and fluorescence was used to identify natural
production regions. Data from the POS533 cruise suggest
that some areas appear as natural production regions of
CH,Br, and CHBr;. This is evident as the data show a good
conformity between elevated halocarbon concentrations
(individual data and regional means, Table 2) and fluores-
cence (proxy for chlorophyll o and phytoplankton abun-
dance) in these regions. Hepach et al.®* calculated the
correlation coefficient R* at the 95% confidence level between
CH,Br, and CHBr; with chlorophyll a to be 0.49 and 0.38 at
Cape Verde and the Canaries. During POS533 the R* of fluo-
rescence and CH,Br, was high during the second transit and
in Madeira waters and it was also high between the regional
mean values for CH,Br, and fluorescence (Table 2). The

Table 3 Prior data from publications on CHBr3; and CH,Br, in atmosphere and ocean of the study region

CHBr; CH,Br, CHBr; CH,Br,
Study Region Time (pmol L™ (pmol L) (pptv) (pptv)
Class et al.* 24°N 18°W March 1985 >24 >5 0.8-2.6 1.0-2.4
Class et al.** Tenerife Beach October 1985 4 2 43 988 2.6-3.6
Class et al.** Azores beach June 1982 460 50
Class and 30-40°N March 1985 2 2
Ballschmiter*®
Fischer et al.”’ West of Canary islands June 1998 <1
Ekdahl et al.*® Isolated rockpool (10 m?) at August 1993 500-5000 100-700 2000-26 000 37-340
Tenerife, Taliarte with macroalgae
Quack et al.”"*’ Mauritanian upwelling (16-19°W, March 2005 5.2-23.8 3.1-7.0 3.1-11.8 1.7-3.4
17-21°N)
Carpenter et al.' Mauritanian upwelling (17-21°W, October/November 4-13
8-25°N) 2002
Carpenter et al.*® Canaries (between Tenrife and May-June 2007 14.4 3 0.7 0.2
Gran Canary)
O'Brien et al.* Cape Vere Atmospheric May-June 2007 2.0-43 1.7-3.2
Observatory (coastal)
Lee et al.*® Cape Vere Atmospheric 26. May 2007 0.1-4 0.3-0.6
Observatory (coastal)
Fuhlbriigge Mauritanian upwelling (16-24°W, June 2010 1-8.9 0.7-3.1
et al.*? 17-20°N)
Liu et al.”* Canary region (16-20°W, 27-31°N) October/November 1-30 1.5-6 0.5-3.5 0.7-1.5
2010
Hepach et al.* Mauritanian upwelling (16-24°W, June 2010 1-42.4 1-9.4 1-8.9 0.7-3.1

17-20°N)

16 | Environ. Sci.. Processes Impacts, 2020, Xx, 1-29
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Fig. 16 Locations of desalination, power and wastewater treatment plants at the Canary Islands (Google Earth 2019).

correlation coefficients for CHBr3 with fluorescence where
much weaker, except for Madeira waters. The correlations
between the compounds concentrations varied strongly
between the regions (Table 2).

At Cape Verde and during the first transit, the CHBr; to
CH,Br, concentration ratio in seawater was generally smaller
than 3 and concentrations of the compounds were moderate,
between 4 and 14 pmol L~* for CH,Br, and 7 and 27 pmol L™*
for CHBr;. Concentrations of CHBr; in all regions and most
samples where below 30 pmol L', Where the concentrations
were elevated, they were larger than 60 pmol L™*. When the
concentrations increased, the ratio between CHBr; and CH,Br,
also increases from values below 7 to values above 9. In the
harbours the concentration ratios ranged from 8 to 48. As
harbours most likely contain anthropogenic sources of halo-
carbons,'** we estimate a ratio of larger than 8 as an indicator
for anthropogenic influence with predominant CHBr; sources.

For macroalgae, the average emission ratios between CHBr;
and CH,Br, of 13.5 (£7.9) for CHBr; to CH,Br, was calculated
from emission rates summarized by Carpenter and Liss.*® As
a ratio in coastal seawater, influenced by seaweed, the authors
report a ratio of CHBr; to CH,Br, of 7.8. This is consistent with
our observed ratios, and macroalgae have been named as
sources for the compounds in the region,***>*® thus we discuss
the likelihood of macroalgae as sources for the high concen-
trations and ratios in the region.

The Macaronesian region, in general, is a Biodiversity Hot-
spot included in the Mediterranean Basin.®® The biodiversity of
macroalgae around the Archipelagos comprises about 950
species.” The highest macroalgae diversity is reported for the
Canary islands with 689 species,” followed by the biogeo-
graphically close related Selvagens and Madeira archipelagos
(295 and 396 spp., respectively). Despite of similar species
numbers, the Azores and Cape Verde islands are biogeo-
graphically quite distinct, representing the northernmost and
southernmost boundaries with cold-temperate and tropical
affinities, respectively, in terms of community composition.” In
terms of overall productivity, the region is falling within the
eastern limit of the Northeast Atlantic subtropical gyre with
mesotrophic (Azores, Cape Verde) to oligotrophic conditions
(Madeira, Canary Islands) with rather low primary production.
and low biomass of macroalgae. The abundance of crustose

This journal is © The Royal Society of Chemistry 2020

coralline algae (generally low in biomass) which is the most
abundant functional type of macroalgae, is decreasing from
Cape Verde towards Madeira, mainly due to various degrees of
herbivory.”” The perennial macroalgae of all Macaronesian
Archipelagos are on decline, as they are threatened by tourist
activities and islands water discharges.”® Macroalgae environ-
ments generally emit only nanomolar concentrations to the
surrounding waters, even when the standing stock of biomass is
larger than in the subtropical Macaronesian region.**** While
we cannot completely rule out the contribution of macroalgae
as a source for the compounds, we assume their contribution
marginal compared to the anthropogenic contribution in the
waters between 50 and 100 m depth around the islands. The
contribution of macroalgae to the levels of CHBr; and CH,Br,
needs to be investigated in a follow up study. The elevation of
CHBr; concentrations above 60 pmol L™ " is more likely caused
by industrial disinfection activities. They all produce CHBr; as
the main product in micro molar concentrations, as in hundred
thousands of m® cooling waters from coastal power plants,*
desalination plants,* entering the marine coastal waters and in
treated ballast water'* and industrialized urban environments.>*

4.5.1 Natural causes for elevated halocarbon concentra-
tions. Chlorophyll o was highest around Cape Verde, showed
increased values around 22-24°N and slightly increased at
Madeira (Fig. 19 Appendix). Both chlorophyll o and fluores-
cence are potential proxies for oceanic productivity, which is
linked to the production of halocarbons.” 7> The highest surface
concentrations of CH,Br, and the lowest CHBr; to CH,Br,
ratios, often between 0 and 2, were found near Cape Verde
(Table 1). The concentrations from March 2019 of POS533
(17.0°N) were similar to those measured in June 2010 northeast
of Sao Vicente (17.6°N) (Table 3).>* The Cape Verde region
showed also the lowest CHBr; to CH,Br, ratios in the water
column and the highest flux of CH,Br, into the atmosphere. In
the following we discuss possible causes for this.

During biological processes in the ocean, CHBr; is prefer-
entially produced over CH,Br,>***" Also the bromination of
extracellular dissolved organic matter, has been shown to
produce generally CHBr;.>>*® Towards the open ocean, away
from source regions, the ratio between CHBr; and CH,Br,
declines in the surface ocean, due to a faster photolysis of
CHBr; compared to CH,Br, in ocean and atmosphere.** As
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CHBr; has an increasing sea-air concentration gradient,
compared to CH,Br, towards the open ocean, this may lead
additionally to a faster loss from the surface waters.>®* The
POS533 measurements around Cape Verde also showed
increasing concentrations of CH,Br, with water column depth,
down to 150 m in the thermocline (Fig. 18, top left). The fluo-
rescence maximum for Cape Verde sample stations was at
around 50-60 m depth, and therefore covered only part of these
elevated concentrations, while the CH,Br, production zone was
deeper. In earlier cruises an increase of CH,Br, concentrations
and a decline of CHBr; with depth was observed in the Maur-
itanian upwelling region as well,** CHBr; was hypothesized to
be converted to CH,Br, via reductive hydrogenolysis*® under the
less oxic conditions or via microbial reduction in the thermo-
cline waters.

Laboratory studies since that time, indicated that the
production of CH,Br, from heterotrophic cycling of CHBr; can
be a wide-spread phenomenon in the marine environment.>**
The subsequent entrainment of the enriched thermocline
waters into the mixed layer can contribute to the ratio shift
between CHBr; and CH,Br, in the open ocean and upwelled
waters. In addition the above processes, a lower CHBr; to
CH,Br, production ratio in the open ocean can be another
explanation for the decreasing CHBr; to CH,Br, ratios. A major
difference between the Cape Verdes and the other archipelagos,
where the increase of CH,Br, with depth was not observed, were
the low oxygen concentrations in the thermocline waters
(Fig. 8). We therefore hypothesize again, that the high CH,Br,
concentrations and fluxes in the Cape Verde region during
POS533 are a consequence of microbial reduction of CHBr; in
the low oxygen thermocline waters and that reductive hydro-
genolysis is involved. Although this process generally occurs in
anoxic conditions, it may also occur in the oxygenated water
column, as anoxic processes in oxygen rich waters have been
described earlier e.g. for methane production in the sea.”

The higher CH,Br, atmospheric mixing ratios in the Cape
Verde region underline the significance of the marine processes
in the water column for the troposphere (Fig. 15).

An increase in chlorophyll o along the first transit from the
Cape Verdes to the Canaries affected both CH,Br, and CHBr;
water concentrations and as such increased their sea-air fluxes
to the atmosphere. During the first transit at 22-24°N, the
CHBr; to CH,Br, ratio was slightly higher than in the Cape
Verde region, reaching up to 6. Here, colder surface tempera-
tures indicate nutrient input, leading to elevated chlorophyll «,
which has been observed to coincide with higher CHBr; and
CH,Br, concentrations and an elevated ratio of around 4 in this
and other biologically active regions.***”%%7%7>7%78 In compar-
ison to the region around the Cape Verde Archipelago, the
fresher upwelling and more oxic conditions possibly lead to this
higher CHBr; to CH,Br, ratio.

Around Madeira, both halocarbons showed low average
concentration and calculated ratios were also low in most
sample locations. Chlorophyll o was slightly elevated. Halo-
carbon water concentrations at Funchal harbour were high,
thus a strong flux of especially CHBr; into the atmosphere
occurred, which was visible in a high atmospheric mixing ratio

18 | Environ. Sci.. Processes Impacts, 2020, xx, 1-29
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of 4 pptv of CHBr;. The low winds in the islands wake support
this accumulation.

Around the Canaries no overlaps between elevated halo-
carbon concentrations and fluorescence or chlorophyll o were
observed. The ratios between CHBr; and CH,Br, were often
extraordinary high in these islands, why this island group is
therefore further discussed as an area of anthropogenic halo-
carbon sources.

4.5.2 Anthropogenic influences on halocarbon surface
concentrations. The halocarbon surface concentrations at the
Canaries were frequently elevated (>60 pmol L' for CHBr; and
>7 pmol L™ for CH,Br, in 7 locations) relative to other studies
from the area.>**° The mean CH,Br, concentration of
Carpenter et al.** in May-June 2007 around the Canaries was 3.0
pmol L™ *, which is similar to the POS533 mean of 4.8 pmol L™,
Their CHBr; average of 14.4 pmol L' in open ocean waters
between Tenerife and Gran Canary is similar to the POS533 data
of 14-18 pmol L' in the same region. But during POS533
higher values (>100.0 pmol L™") were measured in close prox-
imity to the coasts of Tenerife and Gran Canary, which were not
sampled during prior cruises. CHBr; concentrations at Las
Palmas harbour exceeded 1400 pmol L. This pattern of higher
concentrations around the coasts and lower concentrations in
more open ocean regions was also reflected in the ratio of
CHBr; to CH,Br, (Fig. 9). The ratio was above 9 in many loca-
tions around the islands. Despite the strong winds halocarbon
mixing ratios in air near the Canaries were also higher than
during previous ship based studies. Carpenter et al.** measured
atmospheric CHBr; of 0.7 pptv and CH,Br, of 0.2 pptv around
the Canaries. Average air mixing ratios measured during the
POS533 cruise were 2.4 pptv (CHBr3) and 1.3 pptv (CH,Br,) in
the region and more similar to the values of Liu et al.” from
October 2010. Sea-air fluxes as high as the ones detected during
the POS533 cruise around the Canaries from >20 000 and up to
50 000 pmol m~> h™" (Fig. 13 and 15) have not previously been
reported for the area and could contribute to the elevated
mixing ratios. The largest sea-air flux of Carpenter et al.*®* was
around 3000 pmol m~> h™" for the Canary region, while their
average was around 1700 pmol m~> h™'. Hepach et al.** calcu-
lated 2000 pmol m~> h™" in the coastal upwelling area near
Mauritania, The global maximum flux of CHBr; in Ziska et al.™
is below 200 000 pmol m > h™", while their global average is
below 250 pmol m > h™" for CHBr;. Fluxes of >1500 pmol m >
h™ ! were very high in their climatology, but less than quarter of
the mean flux around the Canaries of 6300 pmol m > h™" (Table
1) during POS533.

At the Canaries, island wake effects caused frequent changes
of wind patterns and strengths (Fig. 6 and 7) which was reflected
in the fluxes of both CHBr; and CH,Br,. On the windward sites
of the Canary islands these fluxes were up to ten times higher
compared to the leeward sites, due to the high halocarbon
surface concentrations and the elevated wind speeds around
the harbours and big cities of the islands. Much higher CHBr;
water concentrations relative to CH,Br, indicate anthropogenic
input of halocarbons, as especially anthropogenic sources from
disinfection processes contribute preferentially to the load of
CHBrs.

This journal is © The Royal Society of Chemistry 2020
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Liu et al.”* also measured elevated halocarbon concentra-
tions around the Canaries and suggested that the unique
ecosystems of island environments might affect halocarbon
production. Chlorophyll o measurements were lowest in this
area. Macroalgae, which are also stronger producers of CHBr;
than of CH,Br, (ref. 23) have been suggested as CHBr; sources
in the region of the Canary islands.******* Possible anthropo-
genic input in urbanized coastal oceans may obscure natural
variations, as identified around the Gulf of Mexico.” Given that
halocarbon concentrations were always highest in harbour
samples, it cannot be denied that there is anthropogenic input
around the islands. As seaweeds produce nanomolar concen-
trations of CHBr; in their environment, they cannot be
completely ruled out as a contributor of increased CHBr;
concentrations. However as their standing biomass is low (see
chapter 4.5) they are unlikely to cause such high concentrations
as were found in the surface water around the islands in
a distance of around 1 km with 50 to 100 m water depths.
Anthropogenic discharges, which are several hundred thou-
sands of m® per day and where CHBr; is found in micromolar
concentrations, as in cooling waters from coastal power plants**
and desalination plants® are much more likely as cause.

The anthropogenic influences at the Canaries might be
linked to a rise in the tourism-based industry. There has been
a continuous rise in tourism over the last decades, with 0.7
million tourists visiting Cape Verde in 2018,* 13.1 million
tourists in the Canaries in 2016,*" and 1.3 million tourists in
Madeira in 2017.*> With tourism comes a rise in industry,
including an increased number of power plants, wastewater
treatment plants, and desalination plants,*** which all release
CHBI‘3.32_34‘37

Fig. 16 gives an overview of industrial development in the
Canaries. Many of these locations correlated with high CHBr; to
CH,Br, ratios and extreme CHBr; surface concentrations
during POS533. For example, the highest ratio and CHBr;
concentration of 62.8 pmol L ™" at La Gomera correspond to the
location of a power plant. The locations of several desalination
plants at Tenerife corresponded with high CHBr; to CH,Br,
ratios and similarly high CHBr; concentrations were found in
the northeast and west of Tenerife (Fig. 12).

At Gran Canary high CHBr; to CH,Br, ratios were found
close to power plants in the north and southeast of the island.
These locations also had CHBr; concentrations in the range of
100 to 1480 pmol L7, the latter at Las Palmas harbour. The
mean sea-air flux for CHBr; at the Canaries of 6700 pmol m™>
h™" was around three times higher as the CHBr; flux averages
measured at Cape Verde and Madeira (2440 pmol m > h™" and
2530 pmol m > h™" respectively). These findings in combina-
tion with the close proximity to industrial plants support the
hypothesis that anthropogenic influences explain the highest
halocarbon concentrations at the Canaries.

5 Conclusions

This analysis of island influences on biogeochemical cycles of
halocarbons has generated new findings in halocarbon
research. The oceanic halocarbon concentrations measured in
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coastal regions of Cape Verde, the Canaries and Madeira were
much higher than found during previous studies in the
region.”** These high concentrations were linked to both
natural and anthropogenic causes. Cape Verde was found to be
an area of rich biological productivity that produces halocar-
bons in the surface and upper ocean. Upwelling favored bio-
logical production conditions, low oxic conditions and
microorganisms in deeper waters of the thermocline likely
convert CHBr; to CH,Br,. This conversion results in elevated
CH,Br, surface water concentrations and small ratios of CHBr;
to CH,Br, around Cape Verde. This region was therefore
a significant source of CH,Br, to the atmosphere, which was
reflected in the high atmospheric CH,Br, mixing ratios. Around
the Canaries an anthropogenic influence on CHBr; was visible
in unique high ratios of CHBr; to CH,Br,, which was likely
caused from coastal anthropogenic disinfection processes used
in power plants and desalination technologies. CHBr; concen-
trations of more than 1400 pmol L' (Las Palmas harbour),
several samples more than 100 pmol L' (Gran Canary coasts),
and a CHBr; sea-air flux of on average 6700 pmol m™> h™"
indicated that industrial discharges likely influence coastal
waters and the atmosphere. Elevated halocarbon surface
concentrations at Mindelo and Funchal harbours also displayed
a visible anthropogenic signal leading to increased flux of the
compound from the ocean to the atmosphere.

CHBr; seawater concentrations of more than 30 000 pmol
L', much higher than those measured during POS533, and
sampled directly near beaches of Tenerife and Gran Canary in
May 2019 (unpublished work), confirm the hypothesis that local
anthropogenic sources (e.g. disinfection processes) elevate near
shore concentrations. As CHBr; is generally the major
compound in disinfected seawater, CHBr; could be used as
a tracer for other toxic disinfection byproducts.®® Macroalgae as
sources for the halocarbons in the near-shore waters are less
likely, due to their smaller production rates and low abundance
in the region.

Wwind speed enhances mixing processes and therefore
decrease halocarbon surface concentrations in distance to the
coast. Furthermore, wind speed positively influences the halo-
carbon sea-air flux to the atmosphere, which led to on average
4.5-6.6 fold higher halocarbon fluxes on the windward sites of
the islands, where wind speeds were on average twice to three
times higher as they were leeward of the island. In the windward
sites of islands around the Canaries, the sea-air flux was largest,
because strongly elevated surface concentrations, containing an
anthropogenic signal, contribute to the flux in addition to the
strong wind on these sites.

CH,Br, and CHBr; are important bromine sources to both
the troposphere and the lower stratosphere, where they influ-
ence tropospheric chemistry and stratospheric ozone depletion.
The significance of locally increased fluxes of CH,Br, as detec-
ted between the Cape Verdes and of CHBr; around the Canaries
have not been previously described. The atmospheric abun-
dance of the organic bromine compounds CHBr; and CH,Br; is
generally related to common marine sources, which are still
insufficiently identified. The cruise revealed that the major
sources of both compounds for the atmosphere were spatially
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separated between the Macaronesian Archipelagos. CHBr; sea-
air fluxes were dominated by anthropogenic sources, while
heterotrophic processes in the ocean increased the CH,Br, sea-
air flux. As anthropogenic disinfection processes in coastal
areas increase, which release CHBr; and ocean warming and
deoxygenation lead to more heterotrophy,*” which may produce
more CH,Br,, both individual sources could supply higher

50 -

-

o

o
T

-

feu

o
T

Pressure [hPa]

200 -

250 '
35 352 354 356 358

Paper

fractions of stratospheric bromine in the future, with yet
unknown consequences for stratospheric ozone.

Increased atmospheric halocarbon concentrations can be
transported from source regions in the extra tropics towards the
equator by the trade winds.**> Through deep convection around
the equator these halocarbons are uplifted and could entrain
into the stratosphere, where the bromine contributes to the
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Fig. 17 Salinity profiles, color coding corresponding to CTD sampling locations.
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depletion of ozone. Current modelling efforts to understand the
anthropogenic signal and the sources of marine halocarbon
emissions and their impact on tropospheric oxidation and
stratospheric ozone and to model their future development, can
benefit significantly from the findings of POS533. The region
around the Macaronesian Archipelagos offers a great potential
as exemplary regime to infer information for the anthropogenic
interaction with marine biogeochemical cycles in order to
improve the global assessments.

Appendix
The upper ocean (0-250 m)

Salinity. Northern Cape Verde Islands (red lines) displayed
higher salinities (~35.6 to 36.5 psu) than the southern and
southeastern stations (green lines, ~35.4 to 35.9 psu), resulting
in an increasing salinity gradient with latitude. The upwelling of
cold and saline water at the West African coast influenced both
surface salinity and temperature at Cape Verde (Fig. 17, top).
The northern islands are closer to the upwelling location and
therefore displayed a stronger impact of such cold and saline
water.

At the Canaries (Fig. 17, middle), where the islands were
distributed mostly zonally, a salinity decrease from west (dark

Environmental Science: Processes & Impacts

blue lines, ~36.2 to 36.9 psu) to east (red lines, ~36.1 to 36.7
psu) was identified. Together with the interplay of upwelling
and evaporation around the western Canary Islands the intru-
sion of Mediterranean water leads to more saline surface waters
in the west than in the east.

Salinities measured at the far eastern tip of the cruise track
had the highest salinities, reaching up to 36.8 psu.

Canary Islands and Madeira upper ocean salinities were
higher than Cape Verde salinities due to the impact of salty
Mediterranean water around the Canaries and Madeira, but
also due to high evaporation and lower rainfall than at Cape
Verde.

Oxygen. The tropical NEA is known for its hyperoxic OMZ,
found around the Cape Verde islands (Fig. 19, top figures).
Oxygen minima of around 40 umol kg~ were discovered at
Santo Antao and Sao Vicente (dark blue line). Minima reaching
down to 50 pmol kg~ were seen both in the north (red lines)
and the south (green and turquoise lines) of the Cape Verde
Islands. These minima were located between 300 m and 400 m
depth. Maximum dissolved oxygen was found at the surface,
where the atmosphere acts as a continuous oxygen supplier. At
the bottom, oxygen was also at its maximum as AABW and other
deep water masses supply oxygen upon their movement
through the ocean depths.
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Fig.18 Dissolved oxygen profiles, colour coding corresponding to CTD sampling location. Right graphics are full depth profiles, left graphics are
surface to 1000 m depth profiles. X-axes are not consistent for all island groups as they vary too much for a consistent axis scale.
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At the Canaries, oxygen minima were between 115 pmol kg™ *
and 145 pumol kg™' (Fig. 19, middle), and therefore is not be
identified as OMZ. CTD stations taken in the south of the
Canaries (dark blue lines) contained slightly less dissolved
oxygen, than those in the eastern part of the islands (red lines).
Karstensen et al.>® also found a latitudinal dissolved oxygen

22 | Environ. Sci.; Processes Impacts, 2020, xx, 1-29

gradient with decreasing oxygen values towards the equator.
Causes for this gradient include ocean ventilation/transport
and biogeochemical cycles. Only three profiles were taken
deep enough to exhibit a water column oxygen minimum. These
profiles were located between El Hierro and La Gomera (blue
line), east of Tenerife (yellow line) and far north of Tenerife
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(dark red line) with dissolved oxygen minima at around 700-900
m depth where MW was present. The annual dissolved oxygen
minimum is located at around 800 m depth, with 135-180 pmol

Cape Verde Temperature

25
50

E100 20

<

§1s0 5

200

250
200 400 600 800

distance along cruise track [nm]

Cape Verde Fluorescence

50 1
E100
"
2150 0.5
©
200
250 0

200 400 600 800
distance along cruise track [nm]

10 Cape Verde 250

Environmental Science: Processes & Impacts

kg ' in the area around the Canaries.*® Surface maxima were
higher than at Cape Verde, reaching up to 240 umol kg~ " due to
the lower water temperatures, which dissolve more oxygen. At
the bottom, oxygen maxima were 220-230 umol kg ' at the
Canaries.

Dissolved oxygen profiles taken near Madeira did not exhibit
any OMZ as the lowest values reached from 160 to 170 pmol
kg~ " (Fig. 19, bottom). The minima were located even farther
down in the water column between 800 m and 1000 m depth at
the location of MW.

Fluorescence. At Cape Verde, fluorescence reached zero at
around 100-150 m depth (Fig. 18, top). For stations located in
the northeast (red-orange lines) fluorescence was already gone
at depths of 100-120 m, whereas samples from the western
Cape Verde Islands (blue lines) held fluorescence until a depth
of 150 m. Enhanced local upwelling may be a cause of elevated
fluorescence in the west. The effect of Mauritanian upwelling
was visible, as Cape Verde fluorescence was on average higher
than at the Canary Islands and Madeira data. Fluorescence
maxima at Cape Verde were spread between 0.6 and 1.4. The
profiles differ significantly from each other. Measurements
around Sal displayed a thick fluorescence maximum (orange
line), whereas the profile taken at Maio showed a distinct thin
maximum. Fluorescence maxima at Boa Vista were shallow with
only 30 m depth (yellow lines). Surface fluorescence was locally
different, with values reaching from 0.1 in the south of Santiago
(light blue line), to 0.7 at Sao Nicolau (blue line). Around the
Canaries, fluorescence extended further down in the water
column (Fig. 18, middle). Some profiles even reached values of
0.1 at 200 m depth (light green lines). These profiles were taken
around the southern and southeastern coast of Tenerife, where
strong mixing due to island wind interactions induced down-
welling. Deepest maxima were found at 80 m depth reaching 0.8
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Fig. 21 Cape Verde section plots along the cruise track for different parameters. Temperature, salinity, and fluorescence were interpolated over
the upper ocean (0—250 m), dissolved oxygen is shown for the ocean interior (0—2500 m). Colored circles at the top of each graphic indicate the

corresponding CTD station as shown in inset map.
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Fig. 22 Canary Islands section plots along the cruise track for different parameters. Temperature, salinity, and fluorescence were interpolated
over the upper ocean (0—-250 m), dissolved oxygen is shown for the ocean interior (0-2500 m). Colored circles at the top of each graphic
indicate the corresponding CTD station as shown in inset map.

at the southwest of Tenerife. Profiles from Gran Canary only Mixed layer depths. Mixed layer depths (MLDs) at Cape
measured fluorescence up to a depth of around 100 m with Verde showed an overall narrow spread compared to the other
weak maxima of approximately 0.4 at 50 m depth (red lines). islands. At Cape Verde, the deepest MLDs were found at Sal.
However, one station off the west coast of Gran Canary dis- Otherwise, most of the MLDs calculations were close to each
played a fluorescence maximum of 1.1 at 50 m depth (orange other and could not be further assigned to a specific island. At
line). the Canaries, maximum MLDs were essentially found around

Similarly to the measurements taken at the Canaries, the southern to southeastern coast of Tenerife (green to yellow
Madeira stations exhibited fluorescence even up to a depth of lines). At this location, mixing resulted from downwelling due
200 m (Fig. 18, bottom). Most fluorescence maxima around  to the island wake effect. Maximum MLDs (170-180 m) around
Madeira were located at 50-60 m depth with an average of 0.5. Madeira were located at the southeastern most tip of the cruise
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Fig. 23 Madeira section plots along the cruise track for different parameters. Temperature, salinity, and fluorescence were interpolated over the
upper ocean (0—-250 m), dissolved oxygen is shown for the ocean interior (0—2500 m). Colored circles at the top of each graphic indicate the
corresponding CTD station as shown in inset map.
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track (light blue lines). Northwest of these, medium MLDs (120-
130 m) were found (dark blue lines), whereas CTDs operated
closest to the island had medium to shallow MLDs (30-120 m).
Especially at the eastern tip of Madeira, minimum MLDs of
around 50 m (yellow lines) resulted from the swell at this
location. Mean MLDs were consistent with those found in the
literature.*"**

The upper ocean (0-250 m): an overview of the water
constituents for each island group

For an overview of the most important features of the upper
ocean composition, section plots give the distribution of
previously discussed parameters for a better perspective
(Fig. 20-22). For this the data were interpolated between
stations. Dissolved oxygen figures show the upper ocean
including the interior (0-2500 m), due to the OMZ at Cape Verde
and other parameters are displayed only for the upper ocean (0-
250 m depth).

What separated the Cape Verde ocean composition from the
Canaries and Madeira, was the well pronounced OMZ at 250-
500 m (Fig. 20, bottom right). Surface temperatures were high-
est at Cape Verde (22-25 °C), as is common for this latitude.

The upper ocean at Cape Verde was less saline than at the
Canaries and Madeira, because of the less saline South Atlantic
Central Water around Cape Verde than the Eastern North
Atlantic Central water at higher latitudes (Fig. 20). Around the
Canaries and Madeira the influence of Mediterranean water was
additionally contributing to a higher salinity than at Cape
Verde. Moreover, lower rainfall combined with strong evapo-
ration are factors that are known to increase salinity at the
latitudes of the Canaries and Madeira. The fluorescence
maximum at Cape Verde was located at around 50 m and was
strongest around the islands of Boa Vista and Sal. At Sal high
fluorescence started at the surface and reached about 50 m
depth.

At the Canaries, dissolved oxygen levels were a little lower at
600-1000 m depth around El Hierro, La Gomera, and Tenerife,
slightly increasing from the west to the east (Fig. 21). Interior
ocean dissolved oxygen at Gran Canary was not measured, as
measurements were taken in shallow waters only. Surface
temperatures at 0-100 m depth were on average 1.0 °C warmer
at the western Islands (El Hierro, La Gomera, and western
Tenerife), than at the East coast of Tenerife and Gran Canary.
This pattern was similar to previously described dissolved
oxygen distribution and the same profile could also be seen in
the salinity, as most saline water was found in the west. Fluo-
rescence around the Canaries was on average weaker than at
Cape Verde, but stronger than at Madeira. Highest abundances
were found at around 50 m, with a local maximum at the
southeast of Gran Canary.

Madeira's upper ocean salinity was high (36.8 psu) to a depth
of 50-100 m. At the Desertas Islands (light blue to greenish
crosses) and the eastern most tip of Madeira, the surface waters
were a little less saline with on average 36.6 psu. The surface
temperature (50-100 m) was 18.0 °C. At the Desertas Islands
and the eastern tip of Madeira, this 18.0 °C water only extended

This journal is © The Royal Society of Chemistry 2020
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down to about 50 m depth, after which it decreased with depth.
18.0 °C water is often defined as Madeira Mode Water, in this
case it was MMW (Fig. 23). Fluorescence was weaker and deeper
in the waters around Madeira compared to the other island
groups.
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