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Abstract. To study the effects of the physical environment porting. Monthly studies should be undertaken to completely
on carbon and nutrient cycle dynamics on the north-eastermnderstand this dynamic system.

shelf of the Gulf of Gdiz, changes in currents, tides, salin-
ity, temperature, carbon system parameters (fugacity of CO
(fCOy), dissolved organic carbon, dissolved inorganic car-
bon (DIC) and pH) and other related parameters(dissolved Introduction

oxygen, total dissolved nitrogen (TDN), nutrients and sus- ) _

pended particulate matter) were measured in transects acro§€astal and marginal seas play a key role in the global car-
the Guadalquivir estuary and Bay ofadiz mouths. The bon cycle by linking terrestrial, oceanic, and atmospheric
main objective of this study is to investigate the influence reservoirs (Walsh, 1991). Where, when, and how organic car-
of these inner ecosystems on the carbon and nutrient dis2on is decomposed into carbon dioxide and lost to the at-
tributions on the adjacent continental shelf. Three cruisegnosphere through the coastal continuum of rivers, estuaries,
were undertaken in June 2006, November 2006 and Februnarshes, and continental shelves before reaching the slope
ary 2007. During the whole study period, Guadalquivir esty-and the open ocean is still controversial (Cai, 2011). Further-
ary exported components at a rate of 3 Gmol of SGmol more, the importance of quantifying the transport of nutri-
of DIN, 3Gmol of TDN, 31 Gmol of DOC and 604 Gmol tive substances to the coastal zone has been highlighted by
of DIC per year. On the other hand, Bay ohdiz imported the International Geosphere-Biosphere Programme—Land-
3Gmol of SiQ, 1 Gmol of DIN, 2 Gmol of TDN, 33 Gmol Ocean Interactions in the Coastal Zone (IGBP-LOICZ)
of DOC and 562 Gmol of DIC per year. Diurnal variability (Gordon etal., 1996).

of £CO, could have a potentially important implication on Previous studies have pointed out the importance of the
the estimate of air—sea GQluxes. Tides influence veloc- inner ecosystems into the north-eastern shelf of the Gulf
ity and transport of carbon and nutrients: we found statisti-of Cadiz (Ribas-Ribas et al., 2011a, b, c; de la Paz et al.,
cally significant differencesy( < 0.0001,n = 220) between 2007; Navarro and Ruiz, 2006). Ribas-Ribas et al. (2011a)
the flood tide (the mean velocity was 4.85 cmisand the found out that the Guadalquivir River is a significant source
ebb tide (the mean velocity was5.67 cm s1). Biological of inorganic carbon to the adjacent zone of the Atlantic
activity and diurnal changes have also an important role orPcean. Ribas-Ribas et al. (2011b) found a strong nega-
the carbon and nutrient dynamics. Seasonal carbon and nilve correlation between salinity anfiCO,. Ribas-Ribas et
trient variations were found. During June, both systems werel- (2011c) found also a strong inverse linear correlation be-
exporting components to the adjacent continental shelf of théween salinity and total dissolved nitrogen (TDN) and sug-

Gulf of Cadiz, whereas in February both systems were im-9ested that the Guadalquivir River was a major source of dis-
solved organic matter for offshore sites in the surface waters
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Table 1. Transects in the Bay of&liz (BC) and the Guadalquivir
estuary (GL), date when transects were done and hours of the tid¢
cycle covered. In some cases (*), due to bad weather conditions, th
24 h cycle could not be completed.

Transect Date Hours 36.8°N
1BC 21-22/06/06 24
1GL 28-29/06/06 24
2BC 23-24/11/06 16*
2GL 29-30/11/06 24
3BC 04-05/02/07 24 Q 36.7°N
3GL 07/02/07 10* 2
g

of the north-eastern shelf of the Gulf ofa@iz. A nhumber

of studies have focused on estuary and bay transport bt
mainly along the river course and anchor station (Borges ™|
and Frankignoulle, 2002; Dale and Prego, 2003fiGx al.,
2009). Carbon/nitrogen cycle parameters show a big season |
variability on the north-eastern shelf of the Gulf oadiz

GULF OF CADIZ

(Navarro and Ruiz, 2006; Ribas-Ribas et al., 2011a, b, ¢ | [\J s

Ribas-Ribas et al., 2013). e :
Thus, these studies emphasized the importance to bett ~ ~ =~ T T 3w oW

know the transport from/to the Guadalquivir estuary and the )

Bay of Cadiz. To this end, we present high-frequency fu- Longitude

gacity of CQ (fCOy), dissolved oxygen, dissolved organic tth h helf of th oz Show
carbon, total dissolved nitrogen, dissolved inorganic carbo thlg.liél\aliﬁf:]%fts:n:olz d-ztiz:s;g ?ssli do éirisc);“unegrzes rg‘s"’e'p]?tran_
(DIC), pH, nutrients, suspended particulate material and an- b P : P

cillary data recorded for three cruises off the GuadalquivirseCtS where currents and physicochemical variables were measured.
estuary and the Bay of&liz. We firstly discuss the diurnal
and tidal carbon and nutrient dynamics in both systems. We
then discuss seasonal fate and fluxes of carbon and nutrie#adiz is also characterized by the presence of waters warmer
from the Guadalquivir estuary and the Bay didiz on the  and colder than those detected in the rest of the basin dur-
continental shelf of the Gulf of &liz. This study providesin- ing early summer and winter, respectively (Vargas et al.,
sight into the fluxes along a perpendicular axis of the mouth2003; Navarro and Ruiz, 2006), and by a strong meteoro-
of the inner ecosystems. logical forcing caused by quasi-permanent episodes of winds
(Ribas-Ribas et al., 2011b).
The data reported in this work were collected during 3

2 Material and methods cruises that took place 21/22 and 28/29 June 2006, 23/24 and
29/30 November 2006 and 4/5 and 7 February 2007 on board
2.1 Study area and field sampling of the R/V Mytilus. Unfortunately, due to logistical reasons,

no cruise has been undertaken during spring. Surveys con-
The study was carried out over the north-eastern shelf okisted of repeated transects in along-shore direction, cover-
the Gulf of CGadiz, which is located on the south-western ing the mouth of Guadalquivir estuary and the Bay afiz
coast of the Iberian Peninsula (Fig. 1). The basin receivegFig. 1; Table 1). The chosen transect off Guadalquivir estu-
significant fluvial inputs associated with the discharge ofary was 9 km, and water depth varied from 5 to 12m. The
large rivers such as the Guadiana, Guadalquivir, Guadaletehosen transect off Bay ofddiz was 6 km, and water depth
and Tinto—Odiel. The Guadalquivir River is the main flu- varied from 14 to 18 m. Each transect took about 2 h round
vial source draining into the Gulf of &liz margin. Coastal trip. Surveys were carried out continuously for 24 h (as long
waters near the mouth of the Guadalquivir River and in theas weather conditions permitted). We continuously registered
Bay of Cadiz present the highest primary production within currents with acoustic Doppler current profiler (ADCP), tem-
the Gulf of Gadiz (Navarro and Ruiz, 2006). The primary perature, salinity and fugacity of G fCOy). In addition,
production in this area has been reported to vary betweein every forward transect we stopped in three stations to col-
459 C nr2d~1 in spring and 2.0g C mPd~! in sum-  lect discrete samples. At each station, near-surfacgm
mer (Huertas et al., 2006). The coastal fringe of the Gulf ofbelow the sea surface) water samples were collected with
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Niskin bottles. Additional water samples were collected at2.3 Chemical parameters

near-bottom+{ 5 m above the seafloor) at the deepest station

(south of the Bay of @diz and the middle of the Guadalquivir At each station samples were collected to analyse total
estuary) (Fig. 1). Salinity, temperature afi@O, were sam-  alkalinity (TA) and pH. Analyses of the filtered samples
pled with a frequency of 30 s from the surface seawater supWwere carried out on board. The pH was measured with a
ply of the ship (pump inlet at a depth of 3m). To match the glass combined electrode (Metrohm) calibrated using the
dataset of continuous and discrete samples, continuous dafdffer Tris/Tris-HCI (ionic strength 0.7 M) on the total pH

were averaged during the time the ship stopped for stations.scale with an accuracy ot0.003. TA was measured in
100 mL samples using an automatic potentiometric titrator

2.2 Physical parameters “Metrohm 794 analyzer”, with a combination glass elec-
trode, calibrated following the protocol described by Del-
Salinity and temperature were measured using a SeaBirgalls and Dickson (1998). TA computation was made apply-
thermosalinograph (Micro-SeaBird 45), before water entrying the Gran function to the titration curve. The TA mea-
into the gas equilibrator. Salinity and temperature are estisurements were validated with reference standards obtained
mated to be accurate t£0.005 andt0.004°C, respectively,  from A. Dickson (Scripps Institute of Oceanography, San
according to the SeaBird calibration data. Velocity measurejego, USA) to an accuracy af2 pmol kgL, Dissolved
ments between 4 m and bottom were obtained along the routgorganic carbon was calculated from pH and TA using
by the R/VMytilus's RD broadband instrument at 300kHz. thermodynamic equations in seawater and the constants de-
Raw data were post-processed by CASCADE 6.1 softwarescribed by Mehrbach et al. (1973) refitted by Dickson and
(Lebot et al., 2011), which includes ship velocity removal, Millero (1987) for carbonate and by Dickson (1990) for sul-
quality flag assignment and data filtering. Orthogonal veloc-fate. The calculated error for DIC was2.6 pmol kgt us-
ities to the sections were estimated and punctual data EXi-ng error propagation of variances in the carbonate system
tracted at those locations where chemical samples were agbickson and Riley, 1978). The surface water Cfolar
quired. fraction (xCO») was measured with a non-dispersive infrared
The instantaneous flux across the section of one congas analyser (LicSt, LI-6262). At the beginning and the end
stituent is computed with velocity and concentrations takenof each day, the equipment was calibrated with two stan-

every 2h and is defined as dards: CQ free-air and a high C®standard gas with a con-
centration of 530 ppm (with pre-deployment laboratory cal-
Fe=c-u, (1) ibration against Air Liquide France standard). The temper-

ature inside the equilibrator was measured continuously by
the punctual current velocity. A similar approach has alsomeans of a platinum resistance thermometer (PT 100 probe).
P y bp The temperature difference between the ship’s sea inlet and

been used by Go et al. (2009). o .
The sections have been calculated for every sampling takEhe equilibration system was less than @8during all the

ing into account the bathymetry and the tide height. It coulg “TU!ses: The accuracy (precision) of seawaf€rO, mea
: ; surement wast3 (+0.5) patm. The water-saturatetiCO,
be integrated for the day to have the diurnal flux. Then, we; . : <
: in the equilibrator was calculated from th€0O, in dry air;

extrapolated first to the seasonal flux and then to the an- . .
S . .~ . the atmospheric pressure data was provided by the Span-

nual flux, taking into account the associated uncertainties,

Estimating the transport uncertainties is important, since itISh national government (Organismaisico Puertos del Es-

conditions the influence of the velocity data on the final re-.tado); and equilibrium water vapour was calculated accord-

sults. The uncertainties have two sources: one is due to thi 2 to the protocol described in Dickson et al. (2007). The

instrumental error, and the other is due to the physical envi_Formulatlon proposed by Takahashi et al. (1993) was em-

. ; roloyed for the partial pressure corrections to in situ wa-
ronment (e.g. fine-scale currents, for instance, whose scat-er temperature. The atmosphefi€0; data were obtained
ing is assumed to be smaller than a few kilometres). Th b ' P

: T L Srom the monthly data at Terceira Island station (Azores, Por-
between-station route is divided ind independent-metre . . :
. o . tugal), taken from National Oceanic and Atmospheric Ad-
segments. The velocity standard deviations (std’s) are cal- "~ . : .
- ministration (NOAA/CMDL/CCGG air sampling network)
culated between 2 depths for all the segments, representin . . .
o . .. data available online ahttp://www.esrl.noaa.gov/gmd/dv/
the contributions of the two uncertainty sources. The velocity o . : o
o : : data/?site=azrlt should be pointed out that this station is
uncertainty is then deduced from the vertical and horizontal” " ; . o
L S quite far away from our study site and that its location is
averages of the std values divided by Uncertainties are considered an open ocean site. However, the study sites are
found between 0.01 and 0.06 m'sfor the whole section. b ' y

. : . ._cpastal and likely influenced by anthropogenic sources of
The concentration variables have also an associated vertic : N . .
. . O, (dependent upon the wind direction). This assumption
and horizontal uncertainty.

could affect the estimates GOlux by overestimating the
flux we reported.

wherec represents the constituent concentration, @il
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Fig. 2. Tidal cycles of surface velocity (grey dashed line) and one tide amplitude (black solid line) from the transect off the Baig ¢A)C
and Guadalquivir estuaryB) at the three different stations (Fig. 1). Autumn cycle in the Bay &fli€ and winter cycle in the Guadalquivir
estuary were not closed due to bad weather conditions.

Samples for DOC and TDN were collected in 10mL —20°C. Once at the laboratory, they were dried out in an
pre-combusted ampoules and were filtered through preeven and weighted to calculate total SPM. Filters were com-
combusted Whatman GF/F filters of 47 mm diameter (0.7 pmpletely rinsed of residual salt prior to drying. Subsequently,
nominal pore size). Samples were taken in duplicate, acidithey were ashed at 45C in a muffle furnace for 4h and
fied by addition of 85% HPO, (pH < 2), sealed and stored once again weighted to calculate the inorganic particulates
in the dark at 4C in the laboratory. The Shimadzu in- (Loring and Rantala, 1992).
strument used in this study was the commercially available Samples for nutrients (nitrate, silicate and nitrite) were fil-
Model TOC-5000 analyser with quartz combustion columntered on board through 0.45um Millipore filters, immedi-
in the vertical position filled with 1.2 % Pt silica pillow. In ately frozen at-20°C, and analysed in the laboratory. Nutri-
addition, system performance was verified daily using stan-ents were determined by segmented flow analysis with Alp-
dards produced by the Hansell Certified Reference Matekem autoanalysers, following Grasshoff et al. (1983).
rial (CRM) programme. Three seawater CRM and three low Seasonal and spatial differences (between the
carbon water (LCW) analyses were performed each analytGuadalquivir estuary and the Bay ofadiz) in hydro-
ical day. The nominal values provided by the Hansell Lab-logical and biogeochemical characteristics were analysed
oratory were 41-44 uM and 33 uM for DOC and total dis- using a non-parametric analysis of variance (Kruskal-Wallis
solved nitrogen (TDN), respectively. The measured valuegdest) as the data did not follow a normal distribution.
were 42.5£ 0.9uM and 32.8& 0.3 uM. LCW values mea-
sured were 1.91.3 yM (nominal 1-2 pM) and 083 0.1 pM
(nominal 0 uM) for DOC and TDN, respectively. 3 Results and discussion

Dissolved oxygen samples were fixed in oceanographic
Winkler bottles and stored in darkness for 24 h, as described.1 Small-scale influence on carbon and nutrient
by Grasshoff et al. (1983), for later analysis by potentiomet- dynamics: tidal and diurnal influences
ric titration (Metrohm 670 Titroprocessor). _ ) S

For the assessment of the suspended particulate mattd’€ general trend of surface velocity varied with tidal in-
(SPM) and the particulate organic carbon (POC), 500 mLfluence (Fig. 2). Positive velocity values indicate onshore,

samples were filtered on board onto precombusted Whatmathile negative values represent offshore flux. We group the
GFIF filters of 47 mm diameter (0.7 um nominal pore size) Stations between ebb and flood tide as follows: ebb tide data

and Whatman GF/F filter of 25 mm diameter (0.7 pm nomi- were measured 2 h before and after the low tide and the rest

nal pore size), respectively, and were immediately frozen a0f the data for the flood tide. We found statistically signifi-
cant differencesyg < 0.0001,n = 220): during the flood tide

Biogeosciences, 10, 4484491, 2013 www.biogeosciences.net/10/4481/2013/
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Fig. 3. Daily variations in surface seawater salinity (black solid line), temperature (grey dashed line with ¢itef®),(grey dashed line)
and percentage of oxygen saturation (%) (black solid line with triangles) from the transect off the Bay @fdiz (A) and Guadalquivir
estuary(B) at the three different stations (Fig. 1). Straight dark grey line is atmospfi€@.

the mean velocity was 4.85 cm’s while during ebb tide the  for fCO, and percentage of oxygen saturation (% @ >
velocity was—5.67 cm s1. However, we observed the north 0.05, » = 191). The processes controlling thf€0O, and %
station of Guadalquivir had less tidal influence and moreO, dynamics are linked to various factors such as biological
coastal current influence, with small onshore velocity duringproduction/respiration, thermodynamic effects, mixing with
the three seasons. North of the Guadalquivir estuary, the preadjacent waters, air—sea interchanges and day/night varia-
dominant waves are from the west and the coast alienation ifons. Bozec et al. (2012) found the air-sea Gl0xes were
NW-SE, so the alongshore drift has no interruption until it influenced by these processes in the outer Loire estuary. Jiang
arrives at the estuary (Contreras and Polo, 2010). Once theret al. (2008) found significant difference in between hide tide
the current stops and the sediment falls, forming the flechand low tide sampling period in the Altamaha Sound, a river-
de Ddiana (Contreras and Polo, 2010). Thadz stations dominated estuary. Litt et al. (2010) also found during some
had mostly tidal influence without any remarkable currentcruises that variability ofpCO» has tidal influence. They
feature. showed this relationship via a significant negative correlation
Diurnal evolution of salinity and temperature varied with with salinity and high temperature dependence.
tidal influence (Fig. 3). There were statistically significant  Diurnal variability of fCO, could have a potentially im-
differences between ebb and flood tide in salinity and tem-portant implication on the estimate of air—sea £iixes.
perature p < 0.05, n = 216). However, there were no sta- The Bay of Gdiz, during the whole tidal cycle sampling,
tistically significant differences between ebb and flood tidebehaved as a source (June and November) or as a sink

www.biogeosciences.net/10/4481/2013/ Biogeosciences, 10, 44812013
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Table 2. Fluxes of phosphateFpoy), silicate (Fsjo2), dissolved inorganic nitrogenFpy ), total dissolved nitrogenHrpy), dissolved

organic carbonKpoc) and dissolved inorganic carboffc) during the three sampling periods in the two different transects (BapdizC

(BC) and Guadalquivir estuary (GL)). Extrapolate annual fluxes for every component. * means that the tidal cycle was not closed and the
transport could be over-/underestimated.

Fpoa Fsio2 FpIN FrpN Fpoc Fpic
(Mmold—1) BC GL BC GL BC GL BC GL BC GL BC GL
Jun 2006 -0.0 -0.1 -0.6 -0.2 -0.2 -0.6 -55 -3.3 -834 —61.6 —955.7 —-1463.6
Nov 2006 0.8 -0.8 8.6* —16.0 9.9* —-19.3 159* -—-33.4 280.1* —226.5 3747.6* —4055.2
Feb 2007 0.0 n 18.4 n 2.6 n 9.7 10.4* 72.0 29.9* 1827.7 555.2*

Annual Flux (Gmolyr 1) 01 -0.2 32 =30 15 -36 24 =32 327 =314 562.0 —603.9

n = not available.

(February) (Fig. 3a). In contrast, source/sink behaviour fluc-evident with other constituent fluxes (plots and statistical test
tuated in the same tidal cycle in the Guadalquivir estuarynot shown).

during June and November (Fig. 3b). This fact highlighted

the dynamics of this coastal area and emphasized the impoB.2 Seasonal influences on carbon and nutrient

tance of increasing the sampling frequency and/or the pres- dynamics

ence of mooring buoys with physicochemical sensors. On an

annual scale, the global behaviour was a net source in agre®oth the Guadalquivir estuary and the Gulf oadiz acted
ment with Ribas-Ribas et al. (2011b), who reported flux inas a source of COto the atmosphere in early summer
the more extended area of the same shelf. This result alsand autumn fCO, above atmospheric valugfcogtm sum-
agrees with Chen and Borges (2009), who distinguished bemer= 372 patm andf CO3™ autumn= 373 patm) in Fig. 3)
tween inner ecosystems as a source and continental shelf aghile as a sink of C@in winter (fCO» below atmospheric
a sink. value( fCO8™ winter= 380 patm) in Fig. 3). When one con-

Tidal influence is not as evident for dissolved organic car-siders carbon dynamics over coastal zones, it is promising
bon (DOC), total dissolved nitrogen (TDN), dissolved in- to link the carbon behaviour of such a heterogeneous sys-
organic carbon (DIC), pH, nutrients (phosphate fR@is- tem (metabolic status with net ecosystem production (NEP))
solved inorganic nitrogen (DIN) and silicate (Si® and  with the lateral carbon transport with adjacent systems.
suspended particulate matter as for hydrographic parameteiGai (2011) examined the net role of terrestrial loadings on
(Figs. 4 and 5). This fact could mainly be due to biologi- ocean metabolism. He considers total organic carbon load-
cal activity and daily (light/dark) variability. Ribas-Ribas et ing to the ocean as heterotrophic and dissolved inorganic ni-
al. (2011b) reported that biological control ove€0O, was  trogen flux to the ocean as autotrophic loading. On a global
an important factor in this area. Guo et al. (2009) evaluate thescale, the impact of terrestrial loading on the ocean drives it
tidal effect on carbon flux in the estuary of the Yangtze River.to a more heterotrophic state (Cai, 2011). In the Guadalquivir
They similarly conclude that tides have substantial effects orestuary between June 2006 and February 2007, DOC load-
carbon sequestration, although solar and temperature factoisg exceeded DIN loading, driving the system to heterotro-
exert major controls on the carbon balance at temporal scalgshy. This is in agreement with the annual NEP calculated in
smaller than days. Ribas-Ribas et al. (2011a).

The instantaneous fluxes of dissolved inorganic carbon DOC and TDN have the highest concentration during
(Fpbic), at the four sampling positions in each transect for November in the Guadalquivir estuary (Fig. 4). Plotting
the three different sampling periods, reveal several importhe absolute magnitude of instantaneous fluxes of a non-
tant features in the diurnal flux data (Fig. 6). As was the conservative variable (in this case [FTDN]) vs. those of salt
case for current speed, positive values indicate onshore (a predominantly conservative tracer) is a way to illustrate
while negative values represent offshore flux. First, there washe landward vs. seaward dominance in the fluxes (Fig. 7).
a marked tidal signal in the fluxes of all constituents at all The response is not linear in either plot for all three seasons.
stations except north of the Guadalquivir estuary, which nor-The Bay of Gdiz plot showed a bell-shaped response with
mally have an offshore behaviour. Second, the fluxes werea minimum of F(TDN) at Fsak: 0. These deviations could
normally higher at the south station in the Guadalquivir es-be greater during positive salt flux, which means that excess
tuary and at the north station in the Bay ohdiz. Finally, = TDN is introduced into the system from local sources. In
in both transects, there was no significant difference betweegontrast, greater deviations during negative salt fluxes indi-
the surface and the depth sample (the middle station off theate that the system exports TDN to the adjacent coastal wa-
Guadalquivir estuary{ = 0.95,n = 52) and in the south off  ter. Bay of Gdiz has significant greater deviation from con-
the Bay of Gdiz (p = 0.91, n =58)). A similar trend was servative behaviour during positive salt fluxes in November

Biogeosciences, 10, 4484491, 2013 www.biogeosciences.net/10/4481/2013/



M. Ribas-Ribas et al.: Tidal and seasonal carbon and nutrient dynamics 4487

Bay of Cadiz

180 14 Guadalquivir Estuary
Middle 160 "
A . [nomn s ] | soutn B North Middle South
160 N L [ L b2 A
. [-\ 140 i 4 L2
S 1401 11 B |, s = I s -
2 I 03 2 1201 | H 1 -
o 1204 1 i 1 > 2 \ E
o) | t t te & Q I \ 4
A 100 | Il 1 Al -' i \ 2 Q 100+ e ] e B
é [
80 {9 4 A\ [ \ of® o 1 Y A R 1
RETWAR TN LAY £ ® N s YANA e
60 hd 4 E wJ 5
2125 = 60 8.14 5
t 8.055 2120 \ 8
o~ 2120 . HA ro 812
o 7 /
X< 2115 F 8.050 o 2100 L , 8.10
S T 5 \ / N \ /
/ /
5 2110 lgoss © £ 2080 8 AN t NN teos T
= VRN
\ &
g 2105 | 800 g 2060 LN L LJ\A/\ 8.06
2100 L v‘,wﬂ | | sos
L L L 2040 4
2005 8035 a0z
08:00 13:00 18:00 23:00 04:00 08:00 13:00 18:00 23:00 04:00 08:00 13:00 18:00 23:00 0400 02:00 07:00 12:00 17:00 22:00 02:00 07:00 12:00 17:00 22:00 02:00 07:00 12:00 17:00 22:00
160 1 400 4 ]
10
< 1404 ] = < L lso
t » Ls 300 { 4 s
El 120 1 11 21 2 ] 2
o z
L 6 s t 20
Q 100 - 1w g Q 200 Y 8
801 M 100 ] /
z k10
60 — ~ — 2 g - z
a S )
/y\ L 5.06 ® Lsi2 S
= 2130 7\ - o a0 aas®X 810 <
= ~7 r 8.05 = t 8.08
o <]
g 2120/ a | [‘//\‘ T 2 t 806 L
5 \ 804 5 I\
o N7 N S awo I3 \\ | aos
\
3 2110 [ B 8.03 o R AVERS R Y
Soo ! N L
F 8.02 N 8.00
2100 20 2050 7.98
] 220 ] . d
i Ho F t 40
16 200 1 4
s u s S 180 1 s
2 12 \23 2 Y r ,’ F30 3
3 10 Z O 160 [ \ 1 . : A 2
g - / /\ B
e 8 140 ~b H -/\ . 20
6
120 7 —
4 (]
2 P 2200 N 8.22 -
& A\
2160 ‘s T r r8i12 S 2180 o1 t t 8.20 S
;I \‘ o " 8.18 S
“ o 2160 r \ F— re.
2 8.10 2 N | \
= 2140 S 2140 \ r F8.16
S <) p \_
E 5 £ ! A f t e &
3 808 = 3 2120 I WA 8
= 2120 o [ e b F 812
o 2 2100 I g
a 8.06 o w0l L | 8 F 8.10
2100 I L | 608
8.04 2060
10:00 15:00 20:00 01:00 06:00 10:00 15:00 20:00 01:00 06:00 10:00 15:00 20:00 01:00 06:00 10:00 15:00 20:00 01:00 06:00 10:00 15:00 20:00 01:00 06:00 10:00 15:00 20:00 01:00 06:00
Hours Hours Hours Hours Hours Hours

Fig. 4. Daily variations in surface seawater dissolved organic carbon (DOC) (black solid line), total dissolved nitrogen (TDN) (grey dashed
line with circle), dissolved inorganic carbon (DIC) (grey dashed line) and pH (black solid line with triangles) from the transect off the Bay
of Cadiz(A) and Guadalquivir estuaiB) at the three different stations (Fig. 1).

(p =0.01,n = 21). Seasonal differences also exist: for ex- et al. (1996) reported that 83 % of the total carbon export
ample, for the Bay of @diz, June TDN flux was signifi- in the Swartkops estuary was in inorganic form. The Bay of
cantly different than November TDN fluxp(=0.03, n = Cadiz exhibited a different behaviour, acting as an import in
87). For the Guadalquivir estuary, June TDN flux was sig-the early summer and as an export during autumn and winter
nificantly different from November and February TDN flux (—1.0, 3.7 and 1.8 Gmold, respectively). The same be-
(p =0.0001,n = 78). Thus, during June both systems have haviour was observed for the other constituents (Table 2).
seaward fluxes while in February both systems have landThe Guadalquivir estuary has been identified as a net source
ward fluxes (Fig. 7, Table 2). Landward fluxes have been ob-of DIC, DOC, TDN andfCO; (Ribas-Ribas et al., 20114, b,
served in the Winyah Bay by @ioet al. (2009). C).

The Guadalquivir estuary exported DIC in the early The Bay of Gdiz imported DIC from the continental
summer and autumn at a rate efl.5Gmold! and shelf, with an annual value of 6740 Gg Cyr De la Paz et
—4.1Gmol d%, respectively (Fig. 6, Table 2). In winter, the al. (2008) calculated the DIC tidal export from Rio San Pe-
estuary imported DIC at a rate of 0.5Gmol'd This value  dro (a tidal creek located within the Bay o&@iz) to the bay.
was unexpected and possible due to the unfinished tidal cyThey identified the tidal pumping as the key mechanism of an
cle. Total carbon exportHpic, Fpoc, Froc) from the estu-  annual average transport of 10 Gg CYrForjaetal. (2003)
ary to the ocean during the study period amounted to 7 Tgealculated a C export from the Sancti Petri Channel (an arm
C, of which 95% was in the inorganic form (DIC). Winter
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Fig. 5. Daily variations in surface seawater phosphate P@®lack solid line), dissolved inorganic nitrogen (DIN) (grey dashed line with
circle), silicate (SiQ) (grey dashed line) and suspended particulate matter (black solid line with triangles) from the transect off the Bay of
Cadiz(A) and Guadalquivir estuai8) at the three different stations (Fig. 1).

of sea that connects the bay with the Atlantic) to the bay of Despite the geographic relevance of the Gulf af for
0.18 Gg C d! during summer. oceanographic research, only a few studies of ocean colour
This transport was mainly driven by tidal influence and, in time series have been undertaken there with a goal of under-
the case of the Guadalquivir estuary during autumn and winstanding better the phytoplankton blooms using remote sens-
ter, by river discharge. It should be pointed out that, due to in-ing data (Navarro et al., 2012a; Sousa and Bricaud, 1992;
complete tidal cycles, no different tidal phases (spring/neap#$eliz and Fiza, 1999; Navarro and Ruiz, 2006). Optical sen-
tides), and only three seasons measured, the annual fluxe®rs, such as Moderate Resolution Imaging Spectroradiome-
should be taken with caution. ter (MODIS), have improved freshwater monitoring capabil-
ities and, in turn, the capacity to assist aquatic ecosystem
3.3 Advantages and limits of current Earth observation =~ managers (Navarro et al., 2012b).
technology for coastal biogeochemical studies However, the spatial and temporal resolutions of the com-
posite images nowadays are not enough to assess the resolu-
From the measurements this study focuses on, the onegon of this study. Thus, the spatial and temporal resolutions
that have satellite algorithms are chlorophyll, primary pro- of GlobColour composites are 4.6km and 8 days respec-
duction, SPM, photosynthetically active radiation and eu-tively (Navarro et al., 2012a). The sea surface temperature
photic depth from ocean colour, salinity, currents from sur-data from the Advanced Very High Resolution Radiometer
face height and temperature.
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(AVHRR) consist of 8-day composite at a spatial resolution4 Conclusions
of 4km (Navarro et al., 2012a). o

Sea surface salinity can be obtained from Aquarius and! N€ Bay of Gdiz imported 0.1 Gmol of P£) 3.2 Gmol of
Soil Moisture and Ocean Salinity (SMOS) satellite. Aquarius ©/C2; 1.5Gmol of DIN, 2.4Gmol of TDN, 32.7 Gmol of
provides better “pixel” accuracy than SMOS, whereas SMOSPOC and 562.0 Gmol of DIC, on an annual scale, while the

provides higher revisit times and spatial resolution. AquariusGy@dalquivir estuary exported 0.2, 3.2, 1.5, 3.2, 31.4, and
has a 7-day revisit with a spatial resolution of 150 km, which 603.9 Gmol of P@, SiC;, DIN, TDN, DOC and DIC respec-

allows us to study seasonal and annual variations. SMOS otfiVely to the adjacent coastal area. During June, both systems

serves ocean salinity for a 30-day average over an area §xported components to the adjacent continental shelf of the
200 km. Gulf of Cadiz. Daily variability between C®source/sink

Measurements of currents are fundamental to the oceand2€haviour has been observed in the Guadalquivir estuary in
graphic research and remain less well measured compared t§'n€ and November. These highlight coastal zones as highly
other physical parameters (Ash et al., 2002). In the shelf seadynamic areas, and further studies are needed to better un-
the stringent requirements for spatial and temporal resolutiorférstand these systems. o
mean that satellite systems are less suitable for monitoring A high-resolution geo-stationary mission at 1km resolu-
the currents. Along-track interferometry both using syntheticton and hourly coverage is needed to address this important
aperture radar and using the radiometer, designed to measufg€ ©f study with satellite data.
sea surface temperature as a passive sensor for ocean current,

can be used (Ash et al., 2002).
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