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Abstract. Seawater concentrations of the four bromi-
nated trace gases, dibromomethane (CH2Br2), bro-
modichloromethane (CHBrCl2), dibromochloromethane
(CHBr2Cl) and bromoform (CHBr3) were measured at
different depths of the water column in the Iberian upwelling
off Portugal during summer 2007. Statistical analysis of the
data set revealed three distinct clusters, caused by different
sea surface temperature. Bromocarbon concentrations
were elevated in recently upwelled and aged upwelled
waters (mean values of 30 pmol l−1 for CHBr3), while
concentrations in the open ocean were significantly lower
(7.4 pmol l−1 for CHBr3). Comparison with other productive
marine areas revealed that the Iberian upwelling had higher
halocarbon concentrations than the Mauritanian upwelling.
However, the concentrations off the Iberian Peninsula were
still much lower than those of coastal macroalgal-influenced
waters or those of Polar regions dominated by cold water
adapted diatoms. Correlations with biological variables
and marker pigments indicated that phytoplankton was a
source of bromocarbon in the open ocean. By contrast,
in upwelled water masses along the coast, halocarbons
showed weaker correlations to marker pigments but were
significantly influenced by the tidal frequency. Our results
indicate a strong intertidal coastal source of bromocarbon
and transport by surface currents of these enriched waters
towards the upwelling region.

Correspondence to:S. Raimund
(raimund@sb-roscoff.fr)

1 Introduction

Oceans are a source of short-lived bromocarbons such
as dibromomethane (CH2Br2), bromodichloromethane
(CHBrCl2), dibromochloromethane (CHBr2Cl) and bro-
moform (CHBr3) via exchange processes from the ocean
surface layer to the atmosphere. Photo-oxidative breakdown
of bromocarbons elevates atmospheric bromine concen-
trations and affects both tropospheric and stratospheric
chemistry and has implications for climate (Law and
Sturges, 2006). In the troposphere, bromine influences the
NO/NO2 cycle, stimulates catalytic ozone depletion cycles
and influences the life times of other trace gases (Read et
al., 2008; von Glasow et al., 2004). Rapid deep convection
can transport bromocarbons to the lower stratosphere where
they may represent 20–60 % of stratospheric bromine and
consequently contribute to ozone depletion (Salawitch et
al., 2005). Macroalgae and phytoplankton are the main
sources for oceanic bromocarbons (Manley et al., 1992;
Moore et al., 1996; Carpenter and Liss, 2000; Butler et
al., 2007) and algal species composition and productivity
influence spatial and temporal distribution of halocarbons
on a global scale (Carpenter et al., 2005). Catalysis by
haloperoxidases (Leblanc et al., 2006), enzymes found
in both macroalgae and phytoplankton, is an important
biological production pathway of polyhalogenated alka-
nes, but the biological function of these reactions still
remains unclear. Besides natural sources, anthropogenic
discharge represents a significant additional halocarbon
source in some coastal areas (Quack and Wallace, 2003).
Haloperoxidase-containing phytoplankton species have been
held responsible for elevated halocarbon concentrations
in both laboratory experiments (Moore et al., 1996) and
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Fig. 1. (A) Cruise track of the Mouton campaign 2007 in the Iberian peninsula upwelling system. Samples were taken at different CTD
stations (marked as dots) and along three different tracks (marked as lines). The solid line represents the north to south track within the
upwelling. The dotted black line marks the west to east track which followed 40◦ N from the open ocean toward the upwelling. Dashed red
and blue lines show a track following a filament. Fixed stations (FS, marked as squares) were sampled over 30 h periods. Colours represent
station clustering by sea surface temperature (SST). Date specifications are given for selected stations.(B) Sea surface salinity. River mouths
of the most important rivers in the sampling area (blue triangles), with average discharge.

field campaigns (Hughes et al., 2009). Although aqueous
bromocarbons have been investigated in a wide range of
marine regions, few studies have focused on the highly
productive, phytoplankton-dominated upwelling regions,
which have nevertheless been assumed to be important
sources for global bromocarbon production. In this study
we present seawater concentrations of CH2Br2, CHBrCl2,
CHBr2Cl and CHBr3 measured during late summer 2007
along the coast off Portugal and discuss different possible
sources for these trace gases.

2 Methods

2.1 Sampling and study area

During summer 2007 (11 August to 14 September), we in-
vestigated halocarbon distributions in the Iberian peninsula
upwelling system along the coast off Portugal onboard the
French research vesselPourquoi pasduring the MOUTON
(Modélisation oćeanique d’un th́eâtre d’oṕerations navales)
campaign. Samples were taken at 69 CTD stations along
three different transects. Additional samples were taken dur-
ing daily cycles at fixed stations (Fig. 1) with a 12-bottle
CTD rosette (10-L-Niskin bottles). At each station, up to five
samples were collected in the water column: surface layer,
upper thermocline layer, chlorophyll maximum layer, lower
thermocline layer and bottom depth. Samples were taken

to determine bromocarbon concentrations, pigment composi-
tion and nutrient concentrations. Meteorological conditions
and bio-physical data from this cruise are discussed in detail
by Rossi et al. (2011).

The study area extended from 39.1◦ N to 42.8◦ N and
8.9◦ W to 11.1◦ W within the Iberian peninsula upwelling
system, which is the northern extent of the wind-driven
Canaries eastern boundary upwelling system. The Iberian
peninsula upwelling system ranges from about 36◦ N
to about 46◦ N and from the Iberian coast to approx-
imately 24◦ W (Perez et al., 2001). During summer
north/northwesterly trade winds create a southward flow,
which generates an offshore Ekman transport that is respon-
sible for the upwelling of cold and nutrient enriched wa-
ters from 100–300 m depth to the surface along the coastline
(Smyth et al., 2001). Upwelling events are usually strongest
in the north of the Iberian peninsula upwelling system (off
Cap Finisterre) and are often related to westward flowing
advection. These so-called filaments are bands of cold and
fresher waters, which can reach as far as 100 km westward
(Coelho et al., 2002).

2.2 Environmental variables

Environmental variables were recorded in the water col-
umn by a CTD rosette and simultaneously in the air by
the meteorological sensors of the vessel. Oxygen values
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were calibrated by independent sampling from discrete sam-
ples analyzed by Winkler titration with an accuracy of
±1 µM. Pigments were analysed with the HPLC technique
described by Wright et al. (1991), using a HPLC system
(THERMO spectrasystem) equipped with a C18 (CLI) in-
verse column. One liter of sample was filtered at 0.02 MPa
onto a 25 mm GF/F filter. Filters were stored at−196◦C
in liquid nitrogen. Extraction of pigments was conducted
with cold methanol (−20◦C) for 12 h. Pigment identifica-
tion and quantification involved comparison with retention
times, peak areas and adsorption spectra obtained using cer-
tified standard solutions from DHI Group, Denmark.

Samples for nutrient analysis were taken in 125 ml
polyethylene bottles, pre-washed with hydrochloric acid and
deionised water and rinsed with in situ seawater immediately
before sampling. Samples were stored at−20◦C in dark-
ness until the analysis was carried out. A semi-automated
system (Bran & Luebbe, Autoanalyser II) was used to de-
termine silicic acid (Si(OH)4), nitrate (NO−

3 ) and phosphate
(PO3−

4 ) concentrations, with accuracies of 0.05 µM, 0.05 µM
and 0.01 µM, respectively.

2.3 Analysis of volatiles

Bromocarbons were analysed using a purge-and-trap tech-
nique and GC-ECD (Chrompack CP 9000) modified after
Pruvost et al. (1999). The purge-and-trap loop was altered
and Valco valves were replaced by highly salt water resis-
tant Swagelok models. Sampling devices were modified ac-
cording to Bulsiewicz et al. (1998). These new sampling de-
vices (30 ml) were highly gas tight and enable a straightfor-
ward connection to the Niskin bottle and to the purge-and-
trap loop respectively via Swagelok miniature quick connec-
tors. The connector between the Niskin bottle and sampling
device comprises a filter element with 15 µm pore size, in
order to remove larger particles. Samples were stored in
the dark at 4◦C and analyzed within four hours of sam-
pling. Volatiles were extracted by purging with ultra-pure
nitrogen for 20 min at a flow of 90 ml min−1. Purging took
place at ambient temperature in a purge chamber, which con-
tained a glass frit (Pyrex 4). Reanalysis of already purged
and analysed samples showed that purge efficiency was high
and all volatiles were purged during the normal purging
time of 20 min. The gas flow was dried downstream us-
ing a condenser (held at 2◦C) and a magnesium perchlorate
trap. Volatiles were concentrated in a stainless steel capil-
lary tube (150 cm) at−78◦C and subsequently injected into
a gas chromatographic column by thermodesorption (100◦C,
backflush). Separation of the compounds was performed us-
ing a capillary column (fused silica megabore DB-624, 75 m,
0.53 mm id, 3 mm film thickness, J & W Scientific, flow:
6 ml min−1 ultra pure nitrogen) and a temperature program
(10 min at 70◦C, rising for 8 min to 150◦C and stable for
7 min at 150◦C). Quantification of volatiles was performed
by external liquid standards (AccuStandard and Carlo Erba).

Liquid standards were diluted in seawater and treated like a
normal sample.

2.4 Statistics

Cluster analysis (k-means algorithm) of the data set revealed
that Sea Surface Temperature (SST) forms three distinct clus-
ters, which were used to separate the water masses. We de-
fined the recently upwelled water mass with sampling sta-
tions with a SST between 13.5◦C and 15.2◦C. These stations
were close to the coast of the Iberian Peninsula. The aged
upwelled water mass corresponds to stations with a SST be-
tween 15.5◦C and 17.7◦C. These stations were located either
close to the coast line or in the filament. The open ocean wa-
ter mass had SST ranging between 18.1◦C and 20.8◦C and
all of these stations were located far off the Iberian coast. The
three SST clusters were used for all subsequent data treat-
ments (e.g. Pearsonr correlations). We tested the effect of
tide and time of the day on bromocarbon concentration using
a one-way ANOVA with subsequent post-hoc tests (Tukey’s
honestly significant difference). The softwareStatistica(Re-
lease 8.0) was used for all statistical tests and techniques.

3 Results

3.1 Upwelling during the campaign

The distribution of halocarbons in the Iberian peninsula up-
welling system was one of the research topics of the MOU-
TON campaign in 2007. Water samples were taken in the
upper 200 m of the water column along a north-to-south tran-
sect within the upwelling and along gradients from the coast
to the open ocean. The sampling strategy was designed
in due consideration of multidisciplinary interests, studying
spatial and temporal variability of biological, physical and
geochemical processes in the area. On board, satellite im-
ages were obtained for SST and Chl-a concentration from the
Moderate Resolution Imaging Spectroradiometer(MODIS
aboard the NASAAquasatellite). These images were used
for adjustment of the sampling strategy. Both Chl-a concen-
tration and SST images indicated upwelling and the occur-
rence of a phytoplankton bloom with high daily variability
along the coast off Portugal throughout the campaign. SST
and Chl-a distribution from a representative satellite image
taken on 19 August is presented in Fig. 2. The SST image
shows clear upwelling in the studied area (Fig. 2a). Distinc-
tive upwelling took place along the Iberian Peninsula from
Cap Finisterre to 37◦ N with highest intensity between 40◦ N
and 42◦ N. A clear temperature gradient was visible from
the open ocean (>18◦C) towards the coast (<15◦C). Pro-
nounced cold water filaments occurred at 38◦ N, 40◦ N and
42◦ N. These mesoscale structures (typical life time of one
week) are created by advection processes and transport nu-
trient enriched cold water masses at the surface from the
Iberian coast towards the open ocean. The Chl-a satellite
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Fig. 2. Satellite images of sea surface temperature (SST) and Chl-a

concentration on 19 August 2007. Source: Data from the Moderate
Resolution Imaging Spectroradiometer (MODIS) aboard the Aqua
satellite (EOS-PM1, NASA). White is cloud cover. Left: SST [◦C].
Right: Chl-a concentration [mg m−3].

images indicated elevated phytoplankton biomass along the
Iberian Peninsula (Fig. 2b). Concentrations were highest
near the coastline (above 2 mg m−3) and two orders of mag-
nitude lower in the open ocean. Phytoplankton formed a
meandering structure along the coast. During the last week
of the campaign (4 to 9 September), upwelling conditions
were still evident although wind velocity decreased (less than
10 m s−1) and SST increased by several degrees along the
coast.

The campaign started with a north-to-south track (Fig. 1),
which followed the 100 m bottom depth isoline and was lo-
cated within a zone of intense upwelling (14 to 17 August).
This track was chosen to investigate halocarbon dynamics
within the maximum of phytoplankton density. A second
transect (west-to-east track, Fig. 1) was performed along the
40◦ N latitude from the open ocean towards the upwelling
(24 to 25 August). This track was chosen to investigate
differences between coastal influenced upwelled waters and
nutrient depleted open ocean waters. A distinct and newly
developed offshore filament at 40.3◦ N with low SST val-
ues and high phytoplankton content was sampled from 6 to
9 September. Additionally, surface and depth samples were
taken continuously at fixed stations over 30 h periods. The
station at (41◦ N; 9◦ W) was located in recently upwelled wa-
ter masses (20 to 21 August). The aged upwelled water mass
was investigated at 40.3◦ N, 9.2◦ W (4 to 5 September). In
the open ocean (41◦ N, 10.5◦ W), samples were taken from
22 to 23 August.

3.2 Spatial distribution

A very patchy distribution of dibromomethane (CH2Br2),
bromodichloromethane (CHBrCl2), dibromochloromethane
(CHBr2Cl) and bromoform (CHBr3) was recorded in the
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Fig. 3. Sea surface concentrations of bromocarbons in pmol l−1.
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dibromochloromethane (CHBr2Cl) and bromoform (CHBr3).
Colour scales indicate different concentration ranges. Stations with
values out of scale are labelled. Black dots are CTD stations.

studied area (Fig. 3). Distribution patterns of the four mea-
sured brominated compounds were similar. Generally, con-
centrations were higher along the coast and lower in the open
ocean as well as in the phytoplankton enriched cold water
filaments. The highest coastal values were found between
41◦ N and 42◦ N and around 39.5◦ N. In these areas, surface
concentrations were higher than 60 pmol l−1 for CHBr3 and
25 pmol l−1 for CH2Br2. In contrast, mean open ocean con-
centrations were 7.4 pmol l−1 for CHBr3 and 4.8 pmol l−1 for
CH2Br2.

Cluster analysis of the data set revealed that SST formed
three distinct clusters, which were used to classify differ-
ent water masses (see methods). In order to evaluate pro-
cesses in the biologically active upper water layers, the clus-
tered data set was additionally divided into two groups (up-
per layer: surface layer to chlorophyll maximum layer; lower
layers: below chlorophyll maximum layer). Integrated val-
ues are presented in Table 1 for bromocarbons and comple-
mentary variables. Salinity showed slightly lower values
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Table 1. The range (10th and 90th percentiles) and mean of bromocarbon concentrations and selected physical, chemical and biological
variables in the Iberian upwelling. Data grouped by sampling depth (upper layers: surface to chlorophyll maximum; lower layer: below
chlorophyll maximum) and water mass with indicated temperature anomalies (difference between SST of a water mass and all samples).

Upper layers

Recently upwelled Aged upwelled Open ocean

10th 90th mean N 10th 90th mean N 10th 90th mean N

CH2Br2 [pmol l−1] 5.4 15.2 9.8 51 4.6 22.8 11.8 58 2.7 6.9 4.8 33
CHBrCl2 [pmol l−1] 1.3 3.8 3.1 50 0.9 3.9 2.3 57 0.5 1.0 0.8 33
CHBr2Cl [pmol l−1] 0.6 5.1 3.2 51 0.0 8.2 3.3 58 0.5 2.2 1.3 33
CHBr3 [pmol l−1] 11.3 39.5 21.7 51 10.3 74.4 31.1 58 3.8 15.1 7.4 33

Chl-a [mg m−3] 0.57 2.57 1.40 52 0.37 3.48 1.75 73 0.13 0.90 0.50 33
Chl-b [mg m−3] <LOD 0.19 0.10 28 <LOD 0.22 0.12 63 <LOD 0.31 0.11 18
Chl-c2 [mg m−3] <LOD 0.68 0.23 28 <LOD 0.54 0.18 63 <LOD 0.20 0.05 18
Chl-c3 [mg m−3] <LOD 0.31 0.09 28 <LOD 0.28 0.11 63 <LOD 0.30 0.07 18
Fuco [mg m−3] 0.25 2.49 0.91 28 <LOD 2.04 0.80 63 0.02 0.21 0.09 18
But [mg m−3] <LOD 0.05 0.02 28 <LOD 0.08 0.04 63 0.01 0.12 0.06 18
Perid [mg m−3] 0.03 0.15 0.09 28 0.02 0.22 0.10 63 <LOD 0.11 0.03 18
Hex [mg m−3] 0.01 0.16 0.06 28 0.02 0.26 0.12 63 0.01 0.52 0.18 18
Diadino [mg m−3] 0.03 0.25 0.10 28 0.03 0.21 0.11 63 0.01 0.05 0.03 18
Allo [mg m−3] <LOD 0.06 0.02 28 <LOD 0.05 0.02 63 <LOD 0.02 0.01 18
Lut [mg m−3] <LOD 0.04 0.01 28 <LOD 0.04 0.01 63 <LOD 0.00 0.00 18
Zea [mg m−3] <LOD 0.06 0.03 28 <LOD 0.09 0.04 63 0.05 0.11 0.08 18
B-car [mg m−3] <LOD 0.13 0.05 28 <LOD 0.11 0.04 63 <LOD 0.06 0.02 18

Salinity [PSU] 35.64 35.72 35.68 52 35.61 35.76 35.69 73 35.80 36.04 35.92 33
Density [σ ] 26.49 26.85 26.68 52 26.08 26.68 26.34 73 25.45 26.63 26.08 33
Oxygen [µmol l−1] 191.28 278.50 224.43 52 241.93 306.92 267.62 73 225.54 252.38 239.82 33
AOU [µmol l−1] −21.87 63.64 32.91 52 −55.60 8.60 −14.25 73 −4.86 5.78 1.18 33
Nitrate [µmol l−1] 0.68 11.10 7.35 44 <LOD 5.09 1.55 71 <LOD 0.95 0.37 30
Silicate [µmol l−1] 0.70 5.83 3.13 45 0.54 1.97 1.05 72 0.91 1.94 1.27 31
Phosphate [µmol l−1] 0.11 0.97 0.62 44 0.05 0.38 0.18 70 0.02 0.17 0.08 33
N* [µmol l−1] −2.11 1.87 0.19 43 0.33 2.24 1.36 69 1.46 2.80 2.07 30

of about 35.7 in the upwelling (both recent and aged up-
welling) and elevated values in the open ocean (35.9). In
addition, nutrients showed a clear decreasing concentration
gradient from the recently upwelled water masses to aged up-
welled water masses to open ocean water masses. Pigment
concentrations were higher in both upwelled water masses.
For example, values for the diatom marker pigment fucox-
anthin were one order of magnitude higher in recently and
aged upwelled waters compared to values in open ocean wa-
ters. The spatial distribution of halocarbons in the biologi-
cally active upper layers was characterized by a clear con-
centration gradient between upwelled and open ocean water
masses. Mean values were about 2 to 4.6 times lower in the
open ocean compared to upwelled waters. The high vari-
ability of halocarbon concentrations during the campaign is
illustrated in Fig. 4, showing mean values of bromocarbons
and Chl-a concentration for upper water layers, SST, bot-
tom depth (reflecting roughly the distance to the coast), and

tidal amplitude. Bromocarbon concentrations were highest
during the first week of the cruise, with elevated concentra-
tions on 15 and 17 August. Both sampling sites were lo-
cated in aged upwelled waters. Higher bromocarbon con-
centrations were generally measured in recently and aged
upwelled water masses, which are characterized by shallow
bottom depths, elevated Chl-a concentrations and low SST.
However, the high variability of bromocarbon concentrations
cannot be explained strictly by the variance in SST or Chl-
a concentrations. At the stations where measurements were
conducted over a daily cycle, slight concentration variations
were visible without a clear diurnal pattern. The effect of the
sampling period on bromocarbon variability is discussed in
more detail in Sect. 4.3.

www.biogeosciences.net/8/1551/2011/ Biogeosciences, 8, 1551–1564, 2011
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Table 1. Continued.

Lower layers

Recently upwelled Aged upwelled Open ocean

10th 90th mean N 10th 90th mean N 10th 90th mean N

CH2Br2 [pmol l−1] 4.8 10.8 7.8 30 2.6 10.6 6.6 34 2.8 6.4 4.2 16
CHBrCl2 [pmol l−1] 1.8 4.1 3.0 31 0.9 3.6 2.3 34 0.5 1.0 0.8 16
CHBr2Cl [pmol l−1] 0.5 4.0 2.8 31 0.0 3.3 1.8 34 0.4 1.6 1.1 16
CHBr3 [pmol l−1] 6.0 15.1 11.9 31 3.3 17.3 9.5 34 2.1 5.1 3.5 16

Chl-a [mg m−3] 0.13 0.48 0.28 32 0.08 0.83 0.39 45 0.05 0.20 0.08 16
Chl-b [mg m−3] <LOD 0.12 0.03 8 <LOD 0.09 0.04 24 0
Chl-c2 [mg m−3] 0.03 0.17 0.07 8 <LOD 0.10 0.03 24 0
Chl-c3 [mg m−3] 0.02 0.08 0.04 8 <LOD 0.12 0.04 24 0
Fuco [mg m−3] 0.13 0.72 0.33 8 0.05 0.55 0.23 24 0
But [mg m−3] <LOD 0.02 0.01 8 <LOD 0.03 0.01 24 0
Perid [mg m−3] <LOD 0.09 0.03 8 <LOD 0.07 0.03 24 0
Hex [mg m−3] <LOD 0.02 0.01 8 <LOD 0.06 0.03 24 0
Diadino [mg m−3] 0.01 0.07 0.03 8 <LOD 0.04 0.03 24 0
Allo [mg m−3] <LOD 0.06 0.01 8 <LOD 0.01 0.00 24 0
Lut [mg m−3] <LOD 0.02 <LOD 8 <LOD 0.03 0.01 24 0
Zea [mg m−3] <LOD 0.04 0.01 8 <LOD 0.03 0.01 24 0
B-car [mg m−3] <LOD 0.05 0.01 8 <LOD 0.04 0.01 24 0

Salinity [PSU] 35.67 35.82 35.76 32 35.70 35.82 35.77 45 35.72 35.80 35.76 16
Density [σ ] 26.92 27.05 26.99 32 26.80 27.05 26.94 45 26.90 27.05 27.01 16
Oxygen [µmol l−1] 154.62 217.53 183.58 32 163.91 228.17 199.83 45 221.03 236.60 230.23 16
AOU [µmol l−1] 52.26 107.21 80.14 32 1.31 98.91 54.90 45 24.65 43.11 33.73 16
Nitrate [µmol l−1] 8.49 14.96 12.50 27 6.47 13.52 9.74 44 4.80 10.20 8.08 16
Silicate [µmol L−1] 3.24 8.07 5.82 27 1.93 7.32 4.29 43 1.97 5.02 3.25 16
Phosphate [µmol l−1] 0.60 1.03 0.86 27 0.45 0.92 0.68 43 0.31 0.71 0.53 16
N* [µmol l−1] −0.13 2.95 1.57 27 0.69 2.79 1.67 43 1.95 2.96 2.52 16

Chl-a (chlorophyll-a), Chl-b (chlorophyll-b), Chl-c2 (chlorophyll-c2), Chl-c3 (chlorophyll-c3), Fuco (fucoxanthin), But (19’-butanoyl-fucoxanthin), Perid (peridin), Hex (19’-
hexanoyl-fucoxanthin), Diadino (diadinoxanthin), Allo (alloxanthin), Lut (lutein), Zea (zeaxanthin), B-car (beta-carotene)

3.3 Vertical distribution of brominated halocarbons
and environmental parameters

Concentrations of bromocarbons were generally elevated in
the upper water layers (Table 1). This is illustrated in depth
profiles from three representative fixed stations, obtained
during daily cycles, which provide more detailed vertical res-
olution (Fig. 5). The variables Chl-a, N* and AOU are pre-
sented to evaluate whether phytoplankton could be a source
of bromocarbons: Chl-a, as a general marker for the oc-
currence of phytoplankton, the apparent oxygen utilisation
(AOU), which is influenced by biological oxygen production
(photosynthesis) or consumption (respiration), and the quasi-
conservative tracer N* (introduced by Gruber and Sarmiento,
1997), which is a linear combination of nitrate and phos-
phate. Since stratification influences chemical and biologi-
cal properties of the water column, density (σ) is the critical
parameter for evaluation of the vertical distribution of these
parameters.

At the fixed station in the recently upwelled water mass,
the density plot revealed intense mixing in the first 15 m
without a clear pycnocline (Fig. 5b). Chl-a values were
higher in the upper 25 m (1.4 mg m−3; Fig. 5a), followed by
a moderate concentration gradient towards lowest Chl-a val-
ues below 43 m. AOU values were negatively correlated to
Chl-a, with lowest values in the upper 25 m and high values
in deep samples. N* displayed the same pattern as the AOU
with a minimum in the upper 25 m (nitrate loss) followed by a
clear gradient towards maximum values (nitrate production)
below 43 m. The high Chl-a values, low AOU and low N*
values observed in the upper 25 m were indicative of oxygen
production and nitrate uptake, likely due to photoautotrophic
processes. Below 43 m, the low Chl-a, high AOU, and high
N* reflected considerable respiration by heterotrophic pro-
cesses. In the biologically active upper water layers, bro-
mocarbon concentrations were elevated and decreased con-
stantly to low levels with depth. CH2Br2 and CHBr3 showed
clear maxima at the depth of the Chl-a maximum. Daily
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Table 2. Comparison of bromocarbon concentrations in different marine regions. Mean values in pmol l−1.

African
coastal
upwelling

Mauritanian
upwelling

African
coastal
upwelling

North east
Atlantic

Iberian
upwelling

English
Channel

Irish Sea Antarctic
waters

25◦ N 17–20.5◦ N 16–35◦ N 53–59◦ N 39–43◦ N 50◦ N 53◦ N 70–72◦ S
16◦ W 16–19◦ W 14–24◦ W 7–13◦ W 9–11◦ W 4◦ W 4◦ W 9–11◦ W
(3/1985) (4–5/2005) (5–6/2007) (6–7/2006) (8–9/2007) (2006) (2004–2005) (12/2003)
Class and
Ballschmiter
(1988)

Quack et al.
(2007)

Carpenter et al. (2009) this work Jones et al.
(2009)

Bravo-
Linares
and Mudge
(2009)

Carpenter et
al. (2007)

CH2Br2 5.77a 4.9a 3.4c 1.1e 11.8h 11.8k 5.45g

5.8b 3d 1.9f 7.4i 22l

1.4e 15.6g

CHBrCl2 6.1a 3.0h 5.06g

2.9i

CHBr2Cl 9.6a 3.7h 17.3g

2.6i

CHBr3 23.74a 10.7a 11.5c 3.4e 30.0h 217.4k 214.23g 56.7g

9b 14.4d 6.7f 11.6i 343.2l

3.5e 68.3g

a depth 0–12 m;b depth 14–50 m;c upwelling; d Canary;e open ocean;f shelf and far coast;g coastal;h upwelling, upper layers;i upwelling, lower layers;k shore at high tide;
l shore at low tide

variances of CHBr2Cl in the surface layer were high com-
pared to the low concentration gradient in the water column.

At the fixed station in the aged upwelled water mass, the
water column was stratified with a marked gradient from the
surface to 33 m depth (Fig. 5f). The highest Chl-a values
for the Iberian upwelling were found in aged upwelled wa-
ter masses (Fig. 4). At the representative fixed station, the
highest Chl-a values were recorded at 20 m, together with
low N* values (nitrate loss) and negative AOU values (pho-
tosynthetic oxygen production, Fig. 5e, f). Although we
recorded highest bromocarbon concentrations in the aged up-
welled water masses, these values were restricted to a few
sampling sites only (Fig. 3). Bromocarbon values at the
fixed station in the aged upwelled water mass were lower
than average concentrations for this water mass (Table 1), but
showed a typical gradient with low values in the deeper lev-
els. For instance, the highest CHBr3 concentrations at 20 m
(12.4 pmol l−1, Fig. 5h) were about three times higher than
at 90 m, but only half of the mean concentrations in the up-
welling (integrated over upper layers, Table 1).

At the fixed station in the open ocean, the water column
was clearly stratified and showed a deep Chl-a maximum
at 74 m (Fig. 5i–j). The pycnocline coincided with high-
est phytoplankton density and activity (Chl-a maximum, N*
minimum, low AOU; Fig. 5i–j). Bromocarbon concentra-
tions were low compared to typical upwelling concentrations
(Table 1). CHBr3 concentrations were highest at the Chl-
a maximum (5.7 pmol l−1) at 74 m. The highest concentra-
tions of CH2Br2 (5.3 pmol l−1) and CHBrCl2 (0.9 pmol l−1)

were measured between the Chl-a maximum and the end of

the thermocline (from 74 to 110 m). CHBr2Cl showed high
daily variance and the highest values above the Chl-a maxi-
mum (1.7 pmol l−1 at 51 m).

4 Discussion

4.1 Bromocarbon sources

Bromocarbon concentrations in the Iberian upwelling sys-
tem were low compared to other productive marine areas
(Table 2). To the best of our knowledge, only three pre-
vious studies have focused on upwelling regions. Class
and Ballschmiter (1988) measured bromocarbons in air and
water samples near the Western African coast (6–30◦ N,
16◦ W). In the same area (17–20.5◦ N, 16–19◦ W), Quack
et al. (2007) studied the oceanic distribution of CH2Br2 and
CHBr3. While CH2Br2 values were similar in these two stud-
ies, reported CHBr3 values were significantly lower in the
latter study. Again in the Mauritanian upwelling, Carpen-
ter et al. (2009) presented sea surface concentrations for the
same compounds, which were comparable with those from
Quack et al. (2007). Both of these studies concluded that bro-
mocarbon concentrations were elevated in the upwelling as
compared to open ocean concentrations, but lower than con-
centrations known from macroalgae-influenced coastal re-
gions. Our results from the Iberian upwelling system also ex-
hibit a marked gradient of bromocarbon concentrations from
the upwelling towards the open ocean. However, bromoform
concentrations (mean 30 pmol l−1 for the entire upwelling)
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were one order of magnitude lower than in other produc-
tive coastal areas (e.g. Jones et al., 2009; Bravo-Linares and
Mudge, 2009), contradicting the assumption that upwelling

regions are pronounced “hot spots” for halocarbon formation
(Quack et al., 2004).

The relatively low bromocarbon concentrations measured
in different upwelling areas question the importance of phy-
toplankton as a significant halocarbon source, in marked con-
trast with studies showing correlations between high concen-
trations of various halocarbons and the growth of microalgae
(Krysell, 1991; Hughes et al., 2009; Klick and Abrahamsson,
1992; Moore and Tokarczyk, 1993). For example, CHBr3
values reported by Carpenter et al. (2007) for phytoplankton-
rich Antarctic surface waters were about twice as high as in
the Iberian upwelling. The discrepancy between expected
and observed concentrations in upwelling areas investigated
so far is likely due to the fact that halocarbon production
is highly species specific (e.g. Moore et al., 1996). Sev-
eral studies have shown that phytoplankton species from dis-
tant phyla are effective halocarbon sources, but that halocar-
bon production can vary considerably between members of
the same genus (Sturges et al., 1992; Tokarczyk and Moore,
1994; Moore et al., 1996). Hill and Manley (2009) demon-
strated that phytoplankton species with different temperature
preferences show different halocarbon production capacities:
polar diatom species showed generally high bromoperoxi-
dase activity, while most temperate and tropical species in-
vestigated exhibited little or no bromoperoxidase activity.

Phytoplankton composition in the investigated upwelling
regions was therefore presumably unfavourable for high bro-
mocarbon production. Differences in published halocarbon
concentrations in several areas may also be partly due to tem-
poral variability of the strength of the source. Several studies
have demonstrated that seasonality of halocarbon production
can be explained by enhanced tissue decay during summer
(Goodwin et al., 1997a; Klick, 1992), stimulated halocarbon
formation by macroalgae under high light conditions (e.g.
Carpenter et al., 2005; Nightingale et al., 1995; Pedersen
et al., 1996) or periodic phytoplankton blooms (e.g. Hughes
et al., 2009). Thus, seasonality complicates direct compar-
ison of different studies and the evaluation of local source
strengths only gives a pattern for a given ecosystem.

4.2 Evidence for halocarbon production by
phytoplankton

Although the measured bromocarbon concentrations were
lower than expected in the phytoplankton-rich upwelling, we
found evidence for a phytoplanktonic source in the studied
area. Spatial (Figs. 2 and 3) and vertical (Fig. 5) distribu-
tions of halocarbons and Chl-a showed similarities. Correla-
tion analyses for brominated compounds with environmental
variables suggest a phytoplanktonic source offshore in the
Iberian peninsula (Fig. 6). For the correlation analysis, the
data set was clustered according to water masses. Significant
Pearsonr correlations (p < 0.05) with environmental vari-
ables were plotted for each bromocarbon. In addition to the
biological markers N* and AOU, we used light transmission
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as a rough approximation for plankton density, since elevated
plankton densities induce a decrease in light transmission.
Finally, correlations to marker pigments were used to iden-
tify phytoplankton groups for the production of halocarbons.

The most obvious observation is that correlations from
bromocarbons with environmental variables were strongest
in the open ocean. Correlations were less pronounced in the
recently upwelled water mass (strongest for bromoform) and
weak in the aged upwelled water mass. A different species
composition, which is influenced by changing abiotic param-
eters during the ageing of upwelled waters, might explain
changing correlation patterns in the different water masses
for the different bromocarbons.

Negative correlations of CHBr3 to the biological mark-
ers N* and AOU in the open ocean revealed that ele-
vated bromocarbon concentrations were related to nitrate
uptake and biological oxygen production, both typical for
the occurrence of phytoplankton. Negative correlations to
light transmission were also found for all bromocarbons
in the open ocean. Assuming high phytoplankton densi-
ties caused a decreased light transmission, negative corre-
lations to light transmission support the idea of a phyto-
plankton source. The diversity of correlated pigments em-
phasizes the involvement of different phytoplankton groups
in the formation of bromocarbons. Correlations were high-
est to fucoxanthin (marker for diatoms), Chl-b (marker for
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Fig. 7. Bromocarbon concentrations against time of the day in the upper water layers (surface to chlorophyll maximum). Data are clustered
into three water masses: recently upwelled waters (gray shaded), aged upwelled waters (white) and open ocean waters (gray). Mean values
at four different times (night, day, and the intermediate morning and evening). Night and day were defined as two hours before sunrise and
sunset, respectively. Confidence levels: * significant at 90 %. ** significant at 95 %.

green algae and for prochlorophytes), as well as Chl-c3 and
19’-hexanoyloxyfucoxanthin (marker for prymnesiophytes).
Hence these plankton groups might have played key roles in
the biological production.

Correlations of CHBr2Cl and CHBrCl2 to environmen-
tal variables were less pronounced than those of CHBr3 and
CH2Br2. Since the latter compounds are the dominant bro-
mocarbons in oceanic waters, the metabolic pathway within
phytoplankton seems to preferentially involve CHBr3 and
CH2Br2. Nucleophilic substitution of CHBr3 by chlorine

ions could partly explain CHBr2Cl and CHBrCl2 production
(Class and Ballschmiter, 1988). However, halogen exchange
reactions are extremely slow with an estimated CHBr3 half-
life time of 1.3 to 18.5 years (see references in Carpenter
and Liss, 2000). Hence a significant time delay would be
expected between elevated CHBr3 concentrations and chem-
ical CHBr2Cl and CHBrCl2 production. The decay of or-
ganic matter, including the involvement of heterotrophic bac-
teria, could represent an additional source for these bromo-
carbons. However, since AOU was not positively correlated
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Fig. 8. Bromocarbon concentrations against tide in the upper water layers. Data are clustered into three water masses: recently upwelled
waters (gray shaded), aged upwelled waters (white) and open ocean waters (gray). Mean values of four tidal steps (low tide, incoming mid
tide, high tide, outgoing mid tide). Confidence levels: * significant at 90 %. ** significant at 95 %.

to bromocarbons in any water mass in our study, the decay of
organic matter was presumably not an important bromocar-
bon source at this time of the year.

4.3 Evidence for a near shore source

According to the results of the correlation analysis, phy-
toplankton dominated the production of brominated com-
pounds in the open ocean. In the recently and aged up-
welled waters, however, correlations to marker pigments
were less pronounced. Beside different species composi-
tions, an additionaly non-phytoplanktonic source could ex-
plain the lack of correlations in the upwelled waters. Such
non-phytoplanktonic sources could be free floating macroal-
gae (Moore and Tokarczyk, 1993), decay of organic matter
(Klick, 1992), or the transport of halocarbon enriched coastal
waters to the open ocean (Carpenter and Liss, 2000; Chuck
et al., 2005). Regarding the coastal waters, the sources are
related to macroalgae (e.g. Nightingale et al., 1995) and, to
a lesser extent, to anthropogenic sources such as discharge
from power plants (Quack and Wallace, 2003). During our
cruise, the fresh water discharge by rivers was relatively low
(Fig. 1b), especially during summer with low average pre-
cipitation. As shown in Fig. 1b, sea surface salinity val-
ues along the coast differed by only 0.5 PSU from oceanic
samples. River plume boundaries are characterized by salin-
ity values more than 1 PSU lower than surrounding water
masses (Abril and Borges, 2004). Consequently, the in-
fluence of river plumes (Minho, Douro) (i.e. anthropogenic
sources) seemed negligible during our summer cruise, which
suggested a different near shore mechanism.

The temporal dynamics of bromocarbon concentrations
(Fig. 4) can be significantly influenced by coastal sources.
We analysed the influence of daytime and tide, which are
known to have effects on coastal halocarbon concentra-
tions (e.g. Carpenter et al., 1999). Analyses of variances
(ANOVA) were computed for all samples taken from the bi-
ologically active upper layers. For the ANOVA, the data set
was arranged according to the three water masses and ad-
ditionally by time and tide, respectively. The factors time
and tide were necessarily analysed separately, since the tidal
cycles are synchronized to lunar month (27.3 day) intervals
and hence daily tidal cycles shift forward in time. The tidal
day is characterized by two high and two low water periods
(semi-diurnal tide) along the Iberian coast. The temporal se-
quence of low and high tides are synchronized with the tidal
amplitude: during the cruise, two spring tides with a maxi-
mum tidal amplitude occurred on 14 and 31 August (Fig. 4).
At these times, tide was low in the morning and afternoon.
The low tide then shifted constantly until the next neap tides
(lowest tidal amplitude on 22 August and 5 September, re-
spectively). At neap tide, the low tide occurred around noon
and midnight. Thus possible tidal and temporal effects on
halocarbon concentration could complement or oppose one
another on different dates.

The temporal division of the dataset followed the natu-
ral daily cycle and was clustered into four groups: night,
morning, day and evening. Night and day were defined as
two hours before sunrise and sunset, respectively. Morn-
ing and evening were defined as intermediates between day
and night. During the campaign the day period lasted about
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6.5 h, the night period about 9.5 h and morning and evening
exactly 4 h in each case. The ANOVA revealed that day
time had significant effects on CH2Br2, CHBr2Cl and CHBr3
concentration in recently upwelled water masses (Fig. 7).
Bromocarbons were significantly higher in the evening, as
compared to the rest of the day (factor 1.5 to 1.8 at p-values
below 0.055). In aged upwelled waters, variances of bromo-
carbon concentrations were statistically not significant. In
open ocean waters, diurnal variations of CH2Br2, CHBr2Cl
and CHBrCl2 were also low and only CHBr3 showed re-
markably higher concentrations during night time (factor 2 at
p = 0.05). Diurnal production of halocarbon concentrations
are controlled by elevated photon flux densities at midday,
which stimulate the rate of photosynthesis and consequently
enzymatic halocarbon production (Goodwin et al., 1997b).
Such effects have been shown for macroalgae (Ekdahl et al.,
1998; Nightingale et al., 1995; Laturnus et al., 1998) and
microalgae (Abrahamsson et al., 2004). The higher midday
concentrations in these studies are in contrast to our findings,
where CH2Br2, CHBr2Cl and CHBr3 concentrations were el-
evated in the evening.

In order to investigate the factor tide and its potential im-
pact on halocarbon concentration, the data set was clustered
into four groups: low tide, incoming tide, high tide and out-
going tide. The tidal clustering was achieved by coordinating
sampling time with a tide table, provided by SHOM (Service
Hydrographique et Oćeanographique de la Marine, Brest,
France) for different locations along the Iberian coast. Hence
the sampling time at sea reflected the tidal period at the coast.
The influence of tide was evident for CH2Br2, CHBr2Cl and
CHBr3 in recently upwelled waters, visible in aged upwelled
waters, and not significant in the open ocean (Fig. 8). In re-
cently upwelled waters, concentrations of CH2Br2, CHBr2Cl
and CHBr3 were significantly elevated at the outgoing tide
near shore (factor 1.6–1.9 atp < 0.01). In aged upwelled wa-
ters, tidal correlations of these three compounds were higher
with maxima at outgoing tide (2.2 to 2.3-fold elevated) but
with a weaker significance level (0.05> p > 0.1). Variances
of CHBrCl2 were statistically not significant in all water
masses.

Our finding of elevated bromocarbon concentrations at
outgoing tide along the coast are consistent with other stud-
ies (Jones et al., 2009; Peters et al., 2005; Nightingale et
al., 1995; Carpenter et al., 2000). In these studies, coastal
air and water concentrations increased with lower water lev-
els and showed minima at higher water levels. The tidal
and temporal offsets between our observations and the previ-
ous studies reflect a possible coastal source associated with
lateral transport of halocarbon enriched waters towards the
upwelling region. Tidal currents might elevate halocarbon
concentrations at outgoing tide. However, these tidal resid-
ual currents are expected to be very low and variable sev-
eral kilometres from the coast (Marta-Almeida and Dubert,
2006) where our sampling sites were located and therefore
cannot explain the entire transport of water mass. Hence, we

propose a mechanism, which shows that intertidal macroal-
gae beds can be related to the elevated bromocarbons in the
Iberian upwelling. The incoming tide mixes and homoge-
nizes near-shore waters, increasing the overall concentrations
of freshly produced halocarbons. Then, the low tide associ-
ated with the westward surface upwelling currents (Rossi et
al., 2010) leads to offshore transport of these bromocarbon
enriched coastal waters. This would induce elevated bromo-
carbon concentrations far from the coastline several hours
after the low tide. The surface offshore velocities ranged
roughly from 0.1 to 0.2 m s−1 for the first leg (strong winds
favourable for upwelling), giving a transport of 10 to 20 km
(from the coast to the sampling sites) within 24 h. Hence
high measured concentrations in the coastal upwelling might
be related to intertidal production during the previous tidal
cycle, followed by offshore transport.

Despite the general advection processes, bromocarbon dis-
tributions were very patchy along the Iberian coast (Fig. 3).
This could be related to the variability of either the source
strength or the water transport towards the upwelling. Dif-
ferent species composition and macroalgae cover could be
responsible for differences in coastal sources. However, data
on macroalgae cover along the coast are scarce.

It can be assumed that the source strength fluctuates along
the Iberian coast, which may explain particularly elevated
bromocarbon concentrations between 41◦ N and 42◦ N and
around 39.5◦ N. Further, the complex shelf topography of
the Iberian upwelling system creates small scale instabilities
which may interfere with transport caused by tidal mixing
and upwelling currents. Along the north-south transect, cy-
clonic eddies alternate with anticyclonic eddies (Rossi et al.,
2011). The small scale instabilities created highly variable
patterns of cross-shore and along shore currents with effects
on biological, physical and geochemical variables. In addi-
tion, areas of highest bromocarbon concentrations coincided
with areas of highest SST anomalies, computed by Relvas
et al. (2007) for the period between 2001–2005. High SST
anomalies determine elevated upwelling and consequently
nutrient supply. We postulate that this elevated nutrient sup-
ply might have positive implications on coastal macroalgae
growth rates and consequently halocarbon production.

5 Conclusions

Our investigation of the Iberian peninsula upwelling revealed
that CH2Br2, CHBrCl2, CHBr2Cl and CHBr3 concentra-
tions were elevated in the upwelling compared to the open
ocean. Complex interactions of along-shore and cross-shore
currents and differences in source strength likely caused the
strong patchiness of bromocarbon distribution in the studied
area. Contrary to the assumption of a strong phytoplankton-
related source within the upwelling, measured bromocarbon
concentrations were low compared to macroalgae influenced
coastal areas or diatom dominated arctic waters. Although
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the Iberian upwelling is thus not a pronounced “hot spot” for
halocarbon formation, a phytoplankton source in the stud-
ied area was evident. In the upwelling along the coast, an
additional coastal source further increased the bromocarbon
concentration. This coastal source was correlated to the diur-
nal and tidal cycles, a typical feature for halocarbon produc-
tion in intertidal macroalgae beds.

We suggest that further studies should be conducted on
the inner shelf between the shore line and the upwelling in
order to localize important sources and assess the westward
transport of halocarbon-enriched coastal waters. This type
of study would complement our investigation of the middle
and outer shelf of the Iberian upwelling and would provide
a comprehensive understanding of halocarbon sources in this
highly heterogeneous system.
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pigment measurements, Danièle Thouron (LEGOS) for nutrient
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