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Abbreviati c

Li st of Abbreviati ons

General abbreviations:

AEMET nAgenci a Estat al id8paMeskor
Met eor ol ogi cal Administrati ol

AOU Apparent Oxygen Utilization

AMOC Atlantic Meridional Overturning Circulation

ASH Aragonite Saturation Horizon

Ar, TA or Alk Total Alkalinity

BATS Bermuda Atlantic Time Series

BOUSSOLE BOU®e pour | 6acqui Sition de
terme

CanOA ifOcean Acidification in the
(subproject) inside the regional research programme
CanBIO.

CanBIO Regional research programme for studying the impacts of
climate change in the Canary Islands

Cant Anthropogenic Carbon

Crat Natural Carbon

CLIVAR Climate and Ocean: Variability, Predictability and Change

CRM Certified Reference Material

CcwC Cold-water coral

qdfCO; Differencein CO, fugacity between surface ocean and
atmosphere.

DO Dissolved Oxygen

DOE Department of Energy

DWBC Deep Western Boundary Current

DYFAMED Dynamics of Atmospheric Fluxes in the MEDiterranean
sea

EBUSs Eastern Boundary Upwelling Systems

ESTOC European Station for Tim8eries in the Ocean of the
Canary Islands

EU European Union

13



FCO

fCO,

fCOzatm| fCO2sw
fCOz,1x

GCB
GLODAPv2
GML

GOBMs
GO-SHIP

GS
HOT
ICOS
IOCAG
IPCC
IS-TS
IRM-TS
Ko

Kes0

MCS
MLD
NAT
NCy
NOAA
OA
OoMZ
porP
pCO;
pHr
pHrx

Abbrevi

Air-sea CQflux

CO; fugacity

CO; fugacityin atmosphere | seawater
TemperaturamormalizedfCO;sw (at X °C)

Global Carbon Budget

Global Ocean Data Analysis Project version 2

Global Monitoring Laboratorfrom theNational Oceanic
and Atmospheric AdministratiofNOAA)

Global Ocean Biogeochemical Models

Global Ocean ShiBased Hydrographic Investigations
Program

Gulf Stream

Hawaii Ocean Time Series

Integrated Carbon Observation System
Institute of Oceanography and Global Change
Intergovernmental Panel on Climate Change
Iceland Sea Time Series

Irminger Sea Time Series

CQO; solubility in seawater

Gas transfer velocity

Stoichiometry solubility product

Marine Carbonate System

Mixed Layer Depth

Salinity-normalizedA+

Salinity-normalizedCr

National Oceanic and Atmospheric Administration
Ocean Acidification

Oxygen Minimum Zone

Pressure

Partial pressure of CO2

pH in total scaldatin situtemperature)

Temperaturanormalized pH (at XC)

14
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Abbrevi ati c

QUIMA Marine Chemistryesearchgroup

RV Research Vessel

S| SSS Salinity | Sea Surface Salinity

Sc Schmidt number

d Potential temperature

SOCAT Surface Ocean CAtlas

SOOP Surface Ocean Observation Platform

T|SST Temperature | Sea Surface Temperature

THC Thermohaline circulation

TrOCA Tracer combining Oxygen, inorganic Carbon, and total
Alkalinity

TSG Thermosalinograph

TTD Transient Time Distribution

ULPGC University of Las Palmas de Gran Canaria

VOS Volunteer Observing Ship

w Wind speed

WMO World Meteorological Organization

xCO, CO; molar fraction

XC Oz atm| XCO2,sw Atmospherid SeawatelCO, molar fraction

q Arag Saturation state of Aragonite

dca Saturation state of Calcite

Speci hi €Ehapter 2:

Al S GEOMAROGs At mospheric Intake
CA Canary archipelago

CA-E Eastern zone of the Canary archipelago

CA-W Western zone of the Canary archipelago

CC Canary Current

CRDS Cavity ringdown spectrometer

CTD Conductivityi Temperaturé Depth sensor

Ccv Cape Verde archipelago

CV-N Northern zone of the Cape Verde archipelago

15



CV-SE
CVFZ
CvOO

FC Oz thermal

CrthhermaI

ENACW
ITCZ
MA
MMW
MW
NEC
SACW

Speci fics
ASCAT

CERSAT

Cl

GC

LNZ

SG

TNF

Specifics
AMI

CS

ES

TN

Speci fics
AJ
EAG

Abbrevi

Southeastern zone of the Cape Verde archipelago
Cape Verde Frontal Zone
Cape Verde Ocean Observatory

Difference between observed aetperaturanormalized
fCOzsw

Difference between observed arthperaturanormalized
pHr

Eastern North Atlantic Central Water
Intertropical Convergence Zone
Madeira archipelago

Madeira Mode Water

Mediterranean Water

North Equatorial Current

South Atlantic Central Water

in Chapter 3:
Advanced Scatterometer
Satellite Research and Exploitation Center
Canary Islands
Gran Canaria island
Lanzarote island
Strait of Gibraltar

Tenerife island

in Chapter 4:
Atlantic-Mediterranean interface layer
Camarinal Sill
Espartel Sill
Tarifa Narrow

in Chapter 5:
Atl antic Jet

Eastern Anticyclonic Gyre
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Abbrevi ati c

MAW Modi fied Atl antic Water

MW Medi terranean Water

OSR Copernicus Ocean State Repor:
WA G Western Anticyclonic Gyre

Specifics in Chapter 6:

CANYON-B CArbonate system and Nutrients concentration from
hYdrological properties and Oxygen using a Neural
network

CGFz Charlié Gibbs Fracture Zone

DSOW Denmark Strait Overflow Water

DWBC Deep Western Boundary Current

ENACW Eastern North Atlantic Central Water

ESPER_NN Empirical Seawater Property Estimation Routine Neural
network

GB George Bligh Bank

GIR Greenlandliceland Ridge

GSR Greenlani@iScotland Ridge

GBB George Bligh Bank

HB Hatton Bank

IC Irminger Current

IS92a Interim Scenarios 1992 (a refers to the reference
scenario)

ISOW Iceland Scotland Overflow Water

LSW Labrador Sea Water

NAC North Atlantic Current

NACW North Atlantic Central Water

NASPG North Atlantic Subpolar Gyre

RCPs IPCC's Representative Concentration Pathways

RR Reykjanes Ridge

SEANOE Sea Scientific Open Data Publication

SPMW Subpolar Mode Water

uLsw upper Labrador Sea Water

17



Abbreviati ons

WCRP World Climate Research Programme
WNACW Western North Atlantic Central Water
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Chapter 1:
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1. The chemistry o¢CDcardbeoeawdt exi de

The ocean is a major carbon re€eflobGr
=1069g) which represent about 43 times t|
(Friedl i nxyQ0pgTehien leatr geels.t, fraction of cai

as dissol ved i norNaarniCace bcosyatosvnCv@Ei)it ihs n t
system glraywseglumgid eexchange of) camdmog |
the biosphere, l'ithospheTlke @& o sbpeheenr
widely de&€dmiomeld ahid. é5i eskes, 1970 ; Mi
Dickson etand$. al 2007 méeiClResdy saem+ or C(
carbonat e nypstvem. tlhte 2idri ssseod wa tieorn aonfd CiO
hydration to yiC&) d t arsbeornifensghemdcaH eq
i n se@Bvatli &bhs 1

60 Qz 60 &n (1.1)

60 & 00 & z 0606 o (1. 2)

060 wnz 0O ®n 060 GOR (1. 3)

060 dRz O dnn 60 N (1. 4)

Therot a{g@lamdagefer to the state of t he
agueous solutTbe, spe@hes @B ya)r.e di ffi
tdi stiantguegthi | i brium due tOQ(talge!| adowveor
CO(ad,get hiemsegi t iilnl et hkea baec i edq  Bluit beir ut
1998)Hence, both specinkiameddr ¢ et et hedt it\
hypot heticals#/agyhereobhsi epeezese in seawate
(060) and calrboiname. (The redefined equi |
T1. 7:

86 Qz 60 &N (1.5)
86 GR 00 a z'O Gf 080 &R (1.6)
060 GRzO ©n 60 On (1.7)

The stoiedidiolmebdmiicm const apamnd fdirs & cheei a
of carbonic acid depends on the physi
measured in various studies as a funct
at mospher(ei .pree.ssiuhircekson and Mill ero, 1
Hansson, 197 3; Lueker et al ., 2000; M
Additionally, since the ¢ ompcloenxcietnyt roaft e
but react(iié | epec,edistali.s, r2e0Q0wBi)red t o ¢

base systems and know the concentratio
character iThe tvlae i MQS. efgrued uibrredum o othed
ac-bdse chemissetarwpat er, toget her with t he
their cwéceael bt soed i n previous studies
2007) .
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1. 1Anla.l yti cal p avtaa m@ateebr osByast tee tmh e
Direct measurement of the +idbmadievispeal ecsof Eq

1.750.i7% typically not feasible for providi
gi ven seawlaot earc hsiaenvpel ea. comprehensi ve char a
concentrations ar e generally derived from
parameters performed on the spé&€bhosec sampl
measurable ¢gasaimebedws are

-Tot al i norganill Ccaorblo®C a0t :al di ssol ved i
car bon i s def i nealn ilme Edjet er.m8 nadd by pot
coul ometry, and spectrometry Foee aMill er «

given seawattér tglphagmd fiHe ©resent in the
of HCO% asg, COnd | esstthan 1% as CO

o) 60 060 060 (1.8)
-Tot al a(Ral oAi tAT&?Y) al al kal init-y represe
conservation expression of hydr ogen i on
pr ovauneddkeafcitni ti on, characterizing total
concentration of all|l bases capabl e of acc

with hydrochloric acid (.Ha@aw)deéor ahgecaf bc
natur al sampl es itrodlaul dicamgklate apaptyeorxi mat ed
foll ows (Eq. 1.9):

6 060 co0 660 GO 000 g0

"Y'Q0O O 00 OV O "0Y0 ‘00 0Ouvl0 E

(1.9)
wh e rfieé 0 repaaedie hat shead e scpoercti reisboutt Ang
including organic compounds, which typic:
remain anal yt i Whai ll ¢ somesoV ¥teidv e proces
evapoipaticompi tati on and water mas s mi xin
contr Ay tl hremigv eirn meeh d ptrhoed Urca miomer al i zati on
organi mawmaekerrdglai qiolnli @ bholgeecbemi cal |y
coastal evirienmenkaeer.r, e2t00a3 ., )2021; Song
-Hydr ogen i on C o nfchehnytdrraotgieonn i(opnH) concent r e
seawater is collectiveggneeplorypedl asc pHe,

although different pH scaxloenssi davéenbpeeme
di f f erpeanitr iingrs hiyadr ogeémbygembB@dat kson, 1993,
1988Bhe total hydrogenseiawadc@emiceeadr rian i Bao.
w h

erdrppresent free hydrogen ion concentr
no 11@ (1.10)
(O] (O] "0"Y0 (1.11)

The pH of a seawater sample camdd be me
spectrophecbomeggegs Mi 2108170 Di ckson et al
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foll owing the early pH detBeatneisn.a(tl 97mMm3
Measur ement s ar e nor mal |y perfor med
cal culoahedé mper ature using other MCS
thermodynami csl nvereleabsnbbhtsiwspn pH a
t emperarncenrl & uwMitlelderboy (U9LiI9Dg di9f7ff9gr ent
(Di ckson and Mill er o, 1987; Goyet a
Mehr bach et al ., t109 7e3s;t | Roayt stgpkela.d,t ul !
(in a range ocfamples in which other N
meas@sesdiming a constantasabi oTalgl &0 ; :
7 in Millero, 2007) .

-Pati al prep@OTdeofpaCOiodl ,C@x ensesandruer e
the degr ee asfe aswaatuerratsi sommplesdefgwiveh CO E
as he product of t € Qmonl et hfer agcatsi eopnh aosf @
equilibrium with the seawaweét hsamepl & c
prespure (

nNoo wooin (1.12)

Consi demx@aQigs tfhraetquent |l y meas i sr @ad sion pat
calcul ate t he(fCQuigloxoirtryecafed Q@Eabat e
accounts -ifdbdebhbawfowmmses . i MMb@whwaher
reflects the effective pageassume eqgrui'l e
with its diseel Wdid kploas &&n @d e a n 2gr0arp
extensively used t odeprcavwipdd 8@ amdCOe  a
exchange, especially unde(fTalkahadHie e
20009; We iTshd€ Qi1ln9 74 awat er and | ow at mo
referrfe@ awnd@ B stmrespectively.

The characterization (dPfar khe e M&ESD) e s o niy

experimentally measuring of at | east

together with temperature and salinit)
constants on thddsie sp Ipyissic @ablinrewwaarlilayb | aecsc. ¢
the relative consistency of t he c¢hemi
cal cultahe omesotf of MCS parameters not mi
arteypiampllying to compare calcul ated an
rel i alihlei tme aculree memdisce of different p
results in varying errors in the calcu
in the <calculated MCS parameters bein
experiment al errors (see Millero, 2007
The recommended methods for measuring
been devel oped through wvarious studie

s
Energy ( DOE()DiHcaknsdobmo osknd Goyet, .19BHe D
computational procedures for calcul at'i
data and i-mad add mgciaeccd dand parameters

are generally perfogssmedwdrye utbe migg nended t
Wal | ace, (1998)
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1.Qcean Carbon Dynamics: Key Processes
1. 2AiBea sC0Ochange
The-saiape&xd hange is a fundamentaliprocess i

whiC®@i s transferred bet weenThehdClQutxmaess pher e
at t-dhea aiiftcommaonde y ref)emanebdet cabsuF@ded us
bul k f(dBrrrowlck er aaxipPesngedlioBBheEms a&af 18uga

0806 0 Q Q8 U (1.13)

wheg€Qrefers to tfit&beéetivkEenemswue faone ocean
at mos fChCe f@Q (Q:kor ef er s t o t hiensod'@eatset y of C
l9Yaddnldss ef er s t o t he .Tghaess( E£1ga ni dsf dgd )vveenl oacsi tay
function ofw) wand Spk&i@dde fniumebderas the rat
ki nemati c Vvi scosity of seawatSeervet al the |
parametrizations have been propd&sed for ad
angwith piecewise (LLissarandepMendaadastat ilc9 86
d e p e ndBernoceyc k(e r et al ., 1986 ; Ho et al ., 2
Wanni nkhof, 1992

: 201)4; arsdveemndy c etdepmpd nd e
(Wanninkhof and McGilli.ExpéebmmenMalGi bt udi e
agreement wi t h t heoretical considerations
dependence offers the most accurate repres
speeds et al ., TBOOBo s rOedtilajiteiloyn suhsiepd was pr ov
Wanni nkhof ,up(d2ad Wddh nfi mdkr o f (1992) . |t i's
regitoglad baldeskEC@mati ons at iinter-nedinas e wind
) and has aROmcertainty of

8
0 ™®oup — (1.14)

FCOoccurred i n battlga ds-traegt j(eress: col |l ect i

represented in theCfyateeat uwki wsteciarlgpassing
i's representFeewi Thenegeanvbehaves as a s
during outgassing andThe di seaki sduromngFC
deter migfc®d byt gassi nfEQegxueasdsf@mat of
(supersatur at edhidcaen dichcguarsss ) nh g t he opposi
(undersaturated conditions)

The-saiagexx@ hange depends on various fact
and biological processes i n(hHunetmstmdatno t
Barber, 1977Fr ane wee {cghheynsli@cdoll ) peasgpesti ne

or s,
he s
t he

1The mathematical expr &scsdlonuland onoefsf iai Eohes
temperature and salinity (Weis, 1974) are al so
¢ s calcul at e df awsairtndge ra np celepad trmicaald hi p wi t h t emp
The mathematical exfparesasitoemma2idCwied TA@NVEnack

showhablhe 2 in Wanninkhof, (2014).
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sea surface temperature (SST) andn sal.i
seawatasr i fivtier sel yt epnrpepaarictwiranianlg ttoo t he
version of Heindgals dasyve st @esmoplewhaitiuirtey al
Sk tvhaursi ahe-sga s eCxOc h saArdgde .t i pmyadply@d e s s e s
cont rtiobumedud aatned t hgiCsQ: t &) the wvari at
directl yfCOm@gaet tontheir direct rel ati
0. 04Q% eWe@r mined for i Jakhbdmisbal,esvehrinMag e
(2) horizontal and vertical trfGQ@swpor:t
Frombiaogeocpembepancetti vepommuni ty product
(bhot oskmetsipeanadt icoanl ci fi Qlati omé diissfol we mn

fCQswBui tenhui.s et al ., 2013)

The atmosphebietavesciasg aalsPoecwi od sar
plays a key role in generating turbul
waves andheugmentsansfer velocity is s
and modul at es tohlef tiemrt eynesairtsy coofn sR @@ r i n
environmendianf dlolr chaagg,recently been id
FCO through two primary mechani sms:

alterfCgr aieent, and thr,rabgborbbd bwnjea
during their descent i(nRer ct heet oale.a,n 20

The-saiapeX@ hange occurs on t{8Besmaérbooi
GruberDor® 0&t ,ead hi, bi2t0i2rRg a pronounced s
to spati ahevaart BFECIO sdét ¥ .oinrg Iwy t lhri etlihaetdi v e |
| arrgeengef |l att uatCiQosmwsn icno mp afCiQsap M| otboa |

Winter (DJF) b!
(a:) ®) Annual

(a.2) Summer (JJA)

2 4 6
mean CO, flux (mol m2yr )

Fi gurrCg&l 1 ma( mk afgogr) ( a.(Dé c &Vindnakreirae byr;u
DIJF(R.)Bummdnunin@il yugubstAa)nd (b) a n nauveel r.
calculated by Fay et al(.BakxX®24 eus iarg
t heéeaFl ux (matl h oed Bbsjti2woe@ lyal ues (
out gaamsd ngegative val uesndadgdshilinsgc ¢li @
modi fied and compiled from Figures 5§
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climatol ogi e a&arse ewisdevhye tthsead dti f berent oce
urces or sinks .t hDiofufgehr & mtes evasafd@ad n sc yacfl ea
i matol ogies conshaspE®ddt aseims obaeevheeor
and publ i shed (bTya kTaahraos hTia keath aaslh.i ,Faly997, 200
I r,ec(e2n0t24y) proposed,f@@u xupgdatmad odiogy ac
cepanregions based on the Taro Takah
i ndings all ow tos &a0d@Quixltees Daltarnwdi in@
the differemtswktraaopibaslfChGegiOuwres,al
ys the higmaisnl|l gedsionvahnh hyypl ¢ hperat u
bsnagubieneaCGddud i mg t he wassmhbh&dbavomuand C(
t hd nc csludb psod aasrom.egi ons, f€®Bies seasonal
t o thatduoef tsou btthreo pd rchad n czeodn ersel ev an
during Ther ismud podndcrs Nmmaérh. Paci fic
ng boreal wsouece,aanidngnaeraacCoOr a
and sumpeeirnk .acltn ngoratsr astCO t he subp
s under #&atrwrugtheods twitthre G@ar , behaving
he Southern Ocean, tilc®@i sensansabk amg
n|f|cantlymfdrdratsthtdrecspzanmkrcghaaacbt as a
sUpolagi ons, whi chysfimkctfioon mosta o€Ot he
pr oacédqui Inietkarri um st ate with the atmosphe
d early Bhosegahteptr afC@reexdiiidng,s 4thref saea | |
asonalexmpeds uadkewesgphend,c dri ving a per si
u
f

,_F:«:;)omu:'-*mm—o-

rce wiftlhucsteuaastamdle namntynnhbhel mseal ajr

l uxestelat eqgoatoern icall zones,;Swmagawes as
isluebt r-togmi d al ati tudes and subpesiaks zones
igure 1.1).

2Qc2e.ani ¢c pQanplso n

"DV AR, NSOV TSNS ATAOATAY

he oceanic car boonc ecaync Icea ribso nr epguun past, e dw hbi yc h
torage and redistribution of carbon witd.l
xchange with atmosphere and seafl oor. The
he physical, bi ological, and carbonate pu

-The Physical Pump The physical pumncludesphysicachemical process

of solubility of CQ in seawater at the asea interfacdalso referred in the
literature to as theolubility pump and studied separately from the physical
pump, regulating thair-sea CQexchangeand the redistribution afissolved

CO, within the ocean through physieditivenhorizontal and vertical transport
processesThe solubility of CQin seawater depends on temperature and
salinity (Weiss, 1974). The physical transpokchanism, such as convection
and downwelling currents and thermohaline circulation, are strongly linked
with density gradients. These processes drive the transport.alS0rbed at

the surface to the deep ocean, where it can remain isolated from the atmosphere
for centuries, contributing significantly to lotgm carbon storage in the
global ocean (Sarmiento and Gruber, 2006).
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-The Biological Pump The biological pump refers to the carbon transport
mechanism driven by marine organisms, encompassing the production and
remineralization of organic carbon. Carbon enters the biological pump through
the autotrophic fixation of C£into organic matter by phytoplankton during
photosynthesis in the sunlit euphotic zone (e.g., PasswiiCarlson, 2012;
SigmanandHain, 2012)This process of carbon sequestration through primary
production is responsible for the vast majority of carbon fixation on Bagh (

La Rochaand Passow, 2007 The formed organic matter is subsequently
incorporated into the marine food web, as phytoplankton serve as primary
producers at the base of the trophic chatrthis stateprganic carbon is either
recycled into inorganic carbon through heterotrophic respiration, supporting
further primary production (Guidi et al., 2015), or exported to deeper ocean
layers. Downward export mechanisms includ&) passive sinking(via
gravitational flux)of particulate organic matter, such as feadlgts and dead
organisms (Passow and Carlson, 2012), (2) active transport through
zooplankton vertical migration (feeding at the surface and defecating at depth),
and (3) mixing and advection processes associated with the physical pump. A
fraction of the particulate organic carbon that resaime seafloor sediments is
sequestered for millions of years, contributing to kgrgn carbon storage.

-The Carbonate PumpThe carbonate pump is a process of ocean carbon
sequestration driven by calcifying plankt@uch molluscs, foraminifera,
coccolithophores, crustaceans, echinoderms, and corals (Zondsraln
2001) These organisms use bicarbon@#Os) and calcium C&*) ions to

form calcium carbonate (CaG(Eq. 115), a structural compound used to build
shells and skeletons. Cag@ downward transported through tkhead of
calcifying organism and subsequent sink to the seaf®mithandKey, 1975)

Some of this material dissolves during transit, releasing carbon back into the
water column, while the mneainder built CaC@sediments, effectively acting

as carbon sinks over large timescales.

8¢ O8G0z 6Mm6080 'O (1.15

1. 2Na3t.ur al and anthropogenic CO

Thaisreae&xt hanGe oamtadraced | | ecti vely separ a

and ant hr pcpoomrgpeonfiecn tCsOn i mpr oved under st
day ocean carbpohi g8)m& BHnd storing

-

C

-Natur 1) TOBe natawaompgorCeOnt ref eCGshab th
was present priordenhbveraduberio@leianatpir

atsreae&xdchange and is supplemented by
and sedi ment interactions. t@Gmoaghn tth
physical, bi ologicaésandbeddHiCn.eaéet ipao
be removed from the ocean system eith
mari ne oeditrhermtuggh outgassing into the
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Natural CO, Anthropogenic CO,
River input 1 1Gas exchange
Y
Organic
pIC _‘) matter, <===="== x ----- -+ DIC(C,,)
\——} CaCOJ

Biological production

&

Ti t L - T ;
a:\?rsrz:irng Transport and mixing E Sinking a:‘a;mg{ng
- e L 7
Remineralization
DG Dissolution pic(c,,
e Sedimentation
Sediments ,
= Burial

Figure 1. 2. Di agram of the main pro

ant hropogienhicnCODhe ocean. This Figur

-Ant hropogeiiTteC@nt hr epomgEeannentCOr epresent
fractiromeas wlft iCng firnodw ctehde ihnucnmmaena s;e i n at mo
l evesar mi ent o. efenaler,s Th*®2)oseapnp COhrough
exchamigle redistributed weerctliucsalvliey yamnwd aha
physical pump, withoudt Sdhirmeemnlty ient adacti

Since pbantdh,eCEn not be directly and indepen
oceanardereiyvwedahdomn€i |l |l ary data under cel
Several studies have . ,dbadreads vand oblser valtc winas
the | ast decades since the pioneering work
(1979) . The most widblagedseetbbdser vatri camdl
Canit nc | ugCe¢ tmre@ Groudber et tdale. Tra@986kent Ti me DI
(TTD) medlhlodet() alt he 2009CA (Tracer combi
i norganic Carbon, andTawrnatli eAl kahd niGohy et
Touratier ,ett h@msmeCtUn(®®dDO Monaco ehe&«€dal., 2005)
met {dP®r ez et al-Ragdr2200Be z VeSta nalMlz R(EeZ0 0 9)

met HFordi ss etCla&lme,nt2 GohE,; G3rcueb edre ki2@eidd ) C
directly calculh#&tredn Iy subtracting C

1. Bh&ar iQ@aa borBpsteem under increasing an
CQemi ssions

The at mos;glhhearcient €CAOtiIi omy haS2% ncomaasreadd t o
industriméml|l appeldexi maf et gGERVBOppmoal ., 202
424N 60. 1i npp20 24 (annual mean ofsimeeasur eme.
d et er mitnhadtbbalbMonitoring Laboratory(GML) from the National
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Oceanic and Atmospheric Administrati®dOAA):and t he Scri pps |
OceanofgHuwumpary activities hapei cdarVgnt hh
burning of(BfoaﬂsesHIetdnmﬁl.seclogwaj%)sélg/hamgd
(Houghton and. Nabei khebhbalkRDCTCHAIGIKCBA 2 Budg e
Friedlings3°iumneati faled, a2@2mul afi V&o0eNi
70 Gtwhose rates per year increased si
y# to20Reead6.8 NP.ITIBLtEL girsruption o
of the atmosphere has significantly i
l eading to a rise in global at mospheri
i n the Gr eeenhCogubsaes hE feftkeaals.(et)1.292; 2001
The ocean pl ays a key rol e i n mitig

approxi mat el ypr206d% coefd tbhye hQuOman act i vi ti
2052, asawlkdldttsohar ener gy eanntde rtihneg etxhce
of heat generated ff @Gmeng s é rHpanetviea? @ & &
uptake of t hbey etxhcee sosc eoafn CcCauses maj or

state of seawater and have.significant

1. 3.nlc.reaabe o0oeanic uptCGke and storage

The ocean, along with terrestrial eco
atmospherTle CQkuamot h€ at mosphere to t
t he nataaadxCahange, |l eading 2t@evehsredd

oceanic uptake phfasanstchaloepdo gemad o r&dG ona
exponenti al ri sg ichoasaempspherkied €O ir
emi ssi ons, as the | and carbon sink is
| aande emi ssiong (a#%)i, e &Zloidregtueinred ynk t he
has increased significantly (Fi9QuPg C.
yt(1 Pdyg¥ 1@ the eai3l yPgll'odd ya0206 @Bbouedl
et ab . ,HazuOcxk et al . | 2020) . Si ilc.e5 1@ 0,
C VYat a deciddal Plghe@ihfdiday et al ., 2021)
the updataef@d@x rcl i matol ogy by Fay- et al
seafux for -oxlemmalr eggenrmgs 90&o0wé t he oc

over theid®21 oids 1&IBt0A MmaN etd. 7aMPegn Cc ymsi d
the 120890 period, theptaalke aigrec o&es/adNCfOu
0.3 PY( & uyprer eMA falacti2®d39f the incre
expected to be offset by the oatogashsei n
at mosphere due to ocean war ming, whi c
fCQand redcdsotslGCDibtey. et al ., 2019 obt a

estimation of the netdouitng@o6BTagyff buk
Cbased omeaiQuai rmval udaandschigverrbet a
andonsi stent with the ogtgabhabypmgsomtet

i ml . noaa.gov/ccgg/trends/, |l ast access: 2:
“4dcrippsco2.ucsd.edin/, | ast access: 22/ 04/
mttps:// gl obal ear2dlindsitd gedc eogg:/ gD/ 06/ 2025
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(20.Ho)wever, providing a rel iebd=i oenstiignat e
chall enging due to the |Iimited availabilit
The oceanic circul at i otnhCeatchcruarwg haa uets tamed w aet
col uTmne. rel atively slow timescales of phys
surface and the ocean i nt(ddroil @re,r saman Pirn gned
2008, Mat suymaco, a80@h)e pri mamygalésmingi ng f
COQf rom t he (aSamomsipehretroeThti salf act1@a92pws at mo
CQGperturbations, closely reflected at the
be transferred to the ocean interior alter
Ef forts have bddvee maidea klpy guadiofigent ory o
t he gl eobcaelaGopber et al ., 2019; Khatiwala e
al ., . T2h0eOi4r) e st wmancHoundse assumptioonsgabaoaut

coaat ealmd marginal seas and in the Artic oc
reflect thealdiimvreamdoeiiens tdhei Gbhbet kretl mat ed
cumul ati ve.ddmonemdpocl r@eaveci emeas¢d from 118
19 Pg CSiabihe94t@1ab5. N 20a0#y LCoin 2010 ( Kh:
2013) .

Ocean Sink (Socean)

— fCO,-products
41 — GOBMs
— Ocean Sink (Socean)

N

(y0TX) 4eaA Jad
(oT X oT) SII®2 pub Ajyzuow

[u

|
I
|
]
o

Fi gul3lBieripor al vaeDasB)onn( g9omdbal me, a
cal cul aGleadbadsé ibogg e 0 c Medd IGOB Msnj@ Qpr o d u
The bar plot in the | ower right corn
avail abl e indiahd Ba@&AeTTV 22024l ., 2024
calculations. ThitshGCRPRHde (Was etddd kS g
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Figure 1. 4. Map of wvari at3i0®@Ms mi rdetph
ofanfCrom 1994 Q@ipg a20cu7.atTihoen was perf ol
applying the eMLIRg<* ¥ tOheetnhepnd: 2 0aOnsd; G
GLODAPv2 data (Ol sen et al., 2016) .
et al ., 2019.

The st odgna@igtehiom tChe ocean ( Bi didrgend ryi. vhéent

by spati al variations in the efficienc
| arsgeal e overt u(re\wrgi es,r cudla4;i okvhat i wal
et al ., 2004,; Sdmmi evretra i etal alpaehahe@ag)
towar ¢ oamgd |l atitudes due -wabermrevant veé
timescales in these zones -{(woedr$atotud
regions (decades t o centuries). The
penetratnmntoer nseidnicact ei and deg@p ewdtrems pwow
toward the surface. T h exnihnivgehnet sotr yv ewatsi
acrostsaimgid | ati tudes ,danttaieniNog tzh3 %t dfa
oceapnbt Bough cevedrni%magpfornlhye tdHSalhdIneo ed
al , . ThEGLhaveasexperienced a moOr entpr onc
i nventories between 1994 and 200%, par
Gruber etThael ent26&9)An laxnhiilwi ted 4rhe 1| a
inventory relative to its ocean surfac
ontehird of the gl obal increase of 34 N
2019)

1. 3Qc2e.an Acidification and its implicat

The increasing uptake of anthropogenic.@® the ocean disrupts the natural
chemical equilibrium of the contemporary MO3iis phenomenonn cr eases |
thereby reducing pH, and reduces the availability 8f , crucial for the formation

of CaCQ structures by marine calcifying organisrsnce the preindustriara

the [H7] in the global surface ocedmas increased by 3% leading to a
cumulative decrease in pH of Q.@nits (Caldeira and Wickett, 2003iang et al.,

2019. Future projectiorsuggest that the pH decline can reach values ranged
between 0.20.4 units by the end of the century (IPCC, 2013, 20Ris process

has been termed as i Oadeiramand Wckettl i2G03; c at i
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Doney et al., 2009andimpact marine calcifying organism which uses biogenic

forms of CaCQ@as structural compounds (Section 1.282d di t i onal | vy, it
t hceapaci bgeah flbe absoaflriong taedediattimnorsegplheC @,
t he amodtnite odaac@nu mul at Revel l eman)@dSpgess, 1
Thbuffer ocfapadeeaatny has rle®l uaredl by @dr0oj ect ed
continue aghécilsi nd e(@l. eBgetde s et Fabksbermrders;
ebl2.0,18onzPHPlEez |l a arChsbanopdinanig2 3et al ., 20
Kwi at keon@s i) L 8

These impactsn marine calcifying organisare commonly assessed through the
saturation stateg() of CaCQ mineralssuch us calcitéq ca) and aragonite{arag).
Theq is defined byEq. 116:

m 6& 60 T (1.16)

whereKsp is thestoichiometry solubility produgivhich represents the product of
[COs? ] and [C&'] at equilibrium. It depends on temperature, salinity, and
pressure, and varies among different Ca@eral phase@Mucci, 1983).Theq

is primarily governedoby [6 0 ] and Ksp, since [G4] in the open ocearemains
relatively constant and is linked with salinity fluctuatiqi®§ley and Tongudai,
1967; Millero, 1995). Seawater reaches equilibrium with a specific Gat@@ral
phase whenq = 1, becomes saturated whep > 1, and is considered
undersaturated whan < 1 (e.g., Zeebe and Weltladrow, 2001) The saturated
conditions favour calcification while undersaturated conditions favour dissolution.

The gl ob ataias dangf@istebationgshows that surface waters are

generally supersaturated with respect to Ca(f@ely et al., 2009a) wict h q

e X ¢ e e ghydoego itglower solubilityMucci, 1983) Feely et al., 200@report

|l ati tudi nal vari ations in surface q, wi t h
(sub)tropical zones and lower values in the cool and fresh (sub)polar Zbaes.

decreases toward the ocean interior due to the dependenggoof pfessure and

temperature along with the downward reduction in {gCand pH. CaC®

becomes thermodynamically unstable when undersaturated conditions are reached

below the saturation horizoq E 1), although biologicatiriven dissolution is also

possible under supersaturated ctinds Milliman et al., 1999.

Thesurfaceqcaa h daag Qas reducedlobally since 1950at average rates ef
0.12 and-0.08 per decaderespectively Eeely et al., 2023 and are expected to
decrease-50% compared to preindustrial levels by the end of the ce(fasly

et al., 2009h) Undersaturated conditions with respect to aragonite in surface

‘Mheapaci bgxeaf floe abs oroObfirnogm tthhee eaxtcneossssp hoer eC ( r
to abebfas capaeany 0o ¢hlel ectively represent
[CD relative to the dnmibeodtn scredlerateadnge iars t he R
(Revell e and Egéesst,omnl 9eot? )aflu.r,t h2eOr1 0Odet ai | s .
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waters are projected to occur throughout the Arctic Ocean by 2050 and across the
Southern Ocean and parts of the North Pacific by 2100. Most ocean basins are
expected to remain saturated with respect to calcite (with levels lower than present

day values) ¥ 2100, except for the Arctic Ocean and certain subpolar North
Pacific areagFeely et al., 2009a)n the water columrdeep layers undersaturated

with respect to aragonite have expanded due to the shoaling of the aragonite
saturation horizon (ASH) observed across all ocean bdstety(and Chen, 1982;

Feely et al., 2002; Sabine et al., 2002; Sarma et al.,)200is shoaling is
estimated to range from 30460 m since preindustrial imésC| var ez et al
Feely etGarz-®lge2i0l0aad ; et al-D8vR20ha0andorBaj
Casiand®®r22®813al12018; Tanhua ewthal .,
significant spatial variability across different ocean bionees d i s pr oj ec
shoal by more than 20Q®rm ey . Tadcealcite 2d 0&
saturation horizon, located at greater depths, has also been observed to shoal by
40i 100 m in certain regions of the North Pac{fi@ely et al., 2004)

The organi sms raerlei aenxtp eocnt eadr atgoo ne xtpeer i e
susceptibility to the ef{Ravenott OAl 0}
The pl ankt opriccd uareagonptter opods, whi ch
densities in subpoll@atheng@ginoanetufI SO0 18
et I,,aQéO]a)xpected to be highly wvuln
horizon(®hoati.fdle. ar-B@dmjiWaetodrd Cor al (
reef, which are biodiversity hotspot s
across the subpolar North Atlantic bet
2009), are anti ci patseeda teoc obsey satneonmsg ttoh ee
thre@usnotte et al., 2006; Maier et al
20009; Turl eyDuwd tad .t he00dapi d HBassedl ut
structures under u(nBdyerrnsea t eutr adled, cbDn&4
20Q06)an the inability to develop rapioa
expected to decline in subpolar l atit
| oewt at i tude regi ong Ofr nhatet rTehheasieh & Ebi5 ) d a
regi ons, although susceptible over | on

reduced calci ficatbaomned ad@adtado atnldl®dgs r a
Kleypas et al., 1999; Langdon et al., 2083) d chad spdl da e (Riebegell

et al., 2000; Zondervan et al., 200Ihe OA effects include indirect ecosystem

level impacts on newalcifying species by disrupting physiological processes such

as acidbase regulation, respiration, reproduction, trophic dynamics and
developmentRoértner et al., 2004, 2019; Hofmann et al., 20T®jese changes

may alter global biogeochemical cyclgzehlen et al., 2014; Matear and Lenton,
2014)and negatively affect socioeconomic ecosystem services, such as fisheries.

1. Bh.eMar iGae bodyadteem i n ar ewas!| patrd b Iceal |
the efGlexclhasl oGhange

The -saiar, €X0c hange and its horizont al a
governed by processes that vary acr os:
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variability in the MCS dynamics. Factors s
and biological procedsdodas omo ddu Isadtrd btuh é oB U
creating spatial didxterreemec eesv @émt sr.easnd ifeuntcue
Coast al or transitional regi onBEBUSEsa)st er n

analncl ose@not osendhi seaswhaircen uhnoisqtu emualrteiapsl e
ecosystems and are underecd é oBh e@ln-ti.dlh) man
|l atitude regionsi a eoaaadse uofb amaretsi owlcaur on
ti me scales. Among them, the subpolar Nort
areas due to its implication omhése gl obal
regions represent critical hot spots for GI

1. 4Colast al regions and marginal seas

Coastal and transition zones to the open o
continent al or i sland shel ves, serve as ¢cr
and atmospheri cThceayx pbomi erecerivioti essi fi ed bi
processes driven by elevated inputs f car
ocean, thereby acting as key compon S
covering onl yo @ ébtarnefaBtdheey gssu refGeacad us o2 86 I

1 Ma,ckenzie;Wal saH ) THE&DPHBUSs represent
l uenced by the injection of <col d, remi |
y exhibit additional me s g analtée owaroifabi
[
0

o]
ent
D5al .,

a sp

99
n f
he
ddies and filaments, which extend offshort
cross different temporal scal es.

argi nal -eanncdl o(sseedmid)@a Kk ealr s elaaviad er basins ¢
y extensive coast al ar edrsel a=thiavodlaywed dep
rom those of mhjeomydcegnaphstnsharacter:i
t hesei .seetalse (Medi terranean Sea) facilitate

mi xi ng whocéasstehsoesneblien t he open ocean, al be
Due to their rapid response to the effect s
vul nerabi P07y pORGBG, these Dbasins often

|l aboratories for studying variations in p
under extr enme gconRdoibtiinosnosh and Gol naraghi,

Mal arRatztzeol i , TERO@1&GNnowl edge gained from th
extrapol ated to | arger oceanic scales, pro
and anticipating the future state of the o

The obser veauScarainglelses nin these regions ar
data collectedsdmrioens oxteatii@enst i mecated i n

(Bates et al ., 2014) . Mo s t of these stati
archipelagic regions, of n tthhésliaNweyiti h eQcne athe mi
Ti me &d®OTe22. 75UNDoné 82MM@IDNWOhBer muda

At l ant i c Shtiu@ByAdB® r3izes00UM,ates. DaOREB&E7 et al . ,

1996a;t es and Bahreerm,edsQ2t3WEQUT opean Stati on
for -Séemiees in the Oc eddEnS TodXot De AGla;n dBy 510 AWa
Gonz®RBezl a et al -D8vd 010 ;arnBon&dmnmieaena2 0?2 3,;

SantCansa ano e.tl nalt.henZzslt@i)led Mediterranean
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fiDynamics of Atmospheric Bl s@&seAMEDLt he
si#48;42UNMa7t g7UEMBDE®Enpour | 6acqui Si
Optigues 0 IlS@DiPSEOL Me3s.i3t7T&UNANToODAEEERt

2008Bel l acicrosetvelas ROLOrence stati
coverage of observational data is | i mi
monitori ngprtihmarei layr edoroi|vietni dchag chaoimorcs .
Consequently, they remain poorly under
hi storically been ignored or wunder/ ov
concer-senage&ihran g.es taoridng@®&@ .he Canary arct
chall enge has been addressadtsosnopmeugl
acquire data by consolidating a pionee
CanBl O program (CanOA subprogram). Th
volunteer observing ships (VOS) and t
moni tor itrhge accrecasns ¢ regi on oHerm&@nGazack
al ., 2021, Gonz8l ez et al ., 2024)
1.4suBPpol ar North Atlantic

The subpol ari fdloey hr &agil amt f or under st al
ant hropogenic f or.ctisngunong uteh eo cgel aonboagl r aopch
i ncludes t he circul ati on of heat |, nut
Mer i dOwerturning Circulation (AMOC) al
rates of the i atadreirorf.otneEm@AMO@BNnd rdespor
surface waters northward via the Gulf
(sub)pol ar North and return sout hward
Boundary Current (DwBC) . This process

subpol ar North Atl andsieguepltaywitmngnablep
downwar d mi xtienrgm asntdg #l angneea f w@t er s wi t h
i nt €rLiaer er et al ., 200 2; P®rez et al

wel | as their southward export to the
mechani sm expl ai nssupgthek e apndl gtadreag eo fC
regi on comparoecde atno aortehaesr (oSpeecnt i on 1. 3. 1
basin, particularly its nomoshesnspapt)]
sheagretrm disturbances fromeGimokdadF ecCthanyg

propagate to other ocean basins.

Several efforts has been made to eval
bi ogeochemical properties padrnhashs btylger s
obser vatthieonlsr mitnger SeRMTIS6me 38 &MNi)e 28si0
and |l cel and SeaTSgi8me 03eNr,)i( @ adbiStd2HON XS a
2010; P®reandtahbng Ré6Agéat edi hyar ofgo mtp
al ., 20pbg8T6aretaal ., 2021, 2016 ; Per e
2008; WRadgurgauez .6nhgailng rRrOdeagr dbaor oh tt
Atl antic are essential due to the sig
mul tiple as nmedlbleadneserogeneity in thei
di fferent basins and. water masses it e
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1.Motivation

The study of the MCS is essential for un
ant hropogeni c stress. Characterizing i ts
environments (Section 1. 4) i s cruci al f
bi ogeochemical prokemeeblanitems tinrt efxdae dlfa C
Changéas explicitly highlighted in recent |
2021) , there is a pressing need for a mor
carbon cycling, particuldaty 1iemaiegi omar svd
ThiPshD hesi s acobempti duttdi s effort by expa
spati otempor al data coverage of the Northe
heterogeneous oceanographic characteri st
Mediterranean basinsre8gliuinitegrd&oicagenovarl
met hodol ogi cal appri adac heenshlaemahe rss traensde anrgec ho f
both regional and global carbon cycl es.
Providing new insights into this ongoing
knowl edge but al so addrkhle esi dpmiofaidean se ca fe
regions in regulating -¢dépenad entando nsnuupnpiotrit
particularly in Eur opienacn oadnide gAniorsitc atne rcroiatsa
such as the Macaronesi a aerccohniopneil ca groesl, e vuanndce
of thhesis

A deeper understanding of t he MCS in the
comprehension of the connections between o
in a rapidly changing worl d. Mor eover, it
sustainabl e masag@amentheefdesi gn of effect
adaptation strategies, ulti mately supporti
policy decisions at both regional and gl ob

1.@8bjetives
This PhD ThesimsehmnsnisgM®S ipdryovanndiecesgyi ons wi t h

high i mportance in oceanographic and soc
vul nerGdholbealtecfli®@cges. To achieve this goal,
been performed in the Eastern boundary of
across the Macaronesia region, along the v
Sea including thecrSdagsaithe fNGrthbh aAttlaan taind
The overall objeediversaesi béenodbjiledit vive s :

-Obj etilvdeenlt:i fy het esrecagedd@ci htanegse ianndaiirn t

di stri M&Giaorn adbfl es abongod&hgheagsebntropi
North Atlantic. This objective includes t
areas within thealMacgarwintehsi @o asetgalont r ans
influenced by wvariability induced by the
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Thi s o]

bjec
di stribu
el
Ss

tive is addressed imnh€hapt
tion of MCS wvariables within
agos, including Cape Verde, t
es the seasonal cycle of surf
Xes across the Northwest Af
g t

he easternmost part of the

archip
3 asse
atsre a » fClCQu
i ncludin

-ObjetDeeelRop a-tkmgbrapatriesol ution ch
variability of MCUr fparcoep epg FsesaisdCanxde s d
along with the factor sodrihwiarsg tllbhem, :

The achievement of this objective 1is
eval uates seasonal cycles along 1l ong
Gibraltar, identifying fluctuations a
Mediterraseamaswateél as the wunique oc
this region. Chapter 5 focuses on th
Sea, assessing variabi

ty at season
[

i a
Sea and the east.ern | ber an coast al a

-Obj ectGhvaer a3cvtaariiazMCoSn sp roofpred t O AR spatt er
an interaamdial desrctail fegcrtdies rt de i sabpo
Atl antic

This objective is addressed in Chapte
pH &md al ong with other physical and
water masses spanning the |l ongitudin:
during th recent 2010s decade.

S
e
The knowledge derived from achieving t
to the fulfil ment of Sustainabl e Devel
of Economic and Soci al’. Alff aiis saloifgnéde
13 (AClIimate Actiono), by enhancing wu
supports the devclliompaneemi dtbdyrageef 6 B Cc 5t v at
Godld4 (ALife Below Waterodo), by monitori
di ver se ecosystems particul arly vul n
Additionally, it is indirectly relate
intercomfnethieormi ogeochemi cal cycles b
environments.

Mor eoveer pbjteht i vehsesopgpotrhti st he achievem
(AAffordable and Clean Energyo) by hig
emi ssions on the marine environment i
i mpl ement <cl| edmadnerlgy iSasrntaexnabl e Cit
by addressing theatimopslpihecatei cdinnst eafacd d e
t he designrecfilicdntmatefrastructur e, [

Mt tps:/ /;sdlgsstunaomaegyds: 25/ 04/ 2025
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archipel agnd Geayli ohd (AResponsible Consump
byenabling better assessmemrnonoiho hnde car bo
sustainabl e useSwife mairfiine ¢ e@lsloabacreasti ons t |
international research stays (8 months in
(APartnerships for the Goalso), contributi
strengthened researchh bcdQSRccudiyesvi t hin t he

At a regional |l evel, the objectives are a
climate goblkua abmaenbaegnedne nt in the Canary |
objectives areBlcwearsEcoramy wRaMaotghoeSt r at egy
particul arly t hrough Vertical AXi s E4 (A
Changeo) , which focuses on advancing knowl
support t he devel opment -eobnopmiecseact iavnid i
Furthermore, theyfAi8mar al SpechaliasaativbhhCah
(B3 2PQ@p%particularly within the framewor
sector (sectoral pr i ecruitttyi)ngand i ougttai)nakbdir
Strategic Levers 1 (AKnowledge Generation
(Al nternational i dAat(ificSmp eRdrad g escattii voeno )P,e rasrmpde «

SMhe bleuen cardehined in the I PCC Speci al Report
in a Changing Climate (driCLer20d®nbars fiilauxXx e i an
in marine systems that are amenable to managem
https:// www. gobiernodecamati ascesg/ e@Qn ol 20Q¢
0 https://www. go ecanarias.orgj/fconoci mierl
|l ast access: 02/

bi e
06/

rnod
2025
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he <carbonate -sseggast €O
| uxes I n cCceaoaxcRrtamnl wan &
he Macaronesi a

ThiClsapter has been published a

Cur bHedrong8ndez, DS8yvi lG@Gonz §M. ¢
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Graphical Abstract
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untdelOd. 936 .f6or tropi cal wat bt somindall
er-s1 .(&%)5, while the carbonate pump
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Chapter 2

2. Alntroducti on

The Eastern Boundaries Upwelling Syste
waters and coastal regions ;plyayeabeicmp
they have high nutrient i nputs that I
recycling/expo¢et gatésnobsmaar bod Bar be
Schul z, TR8L¢ regions are characteriz
properties but have received | imited ¢
model s Thus, the field monitoring an:
scale studies anestequired in these z
The Macar onkisg2drjenr ¢ dlieoma(st ern boundary
(sub)tropical circulation i sdiastkreiybuztor
natur al and ant hr opogesreiac ecxarhbammng ei. n Vvien
influenced by the Canary Upwelling Sy:¢
Cur r(eent g. Cropper et al ., 201 4,; Mitte
Wooster etanal .t,hel9i7mBt)ens e mesoscal e a
upwelling filaments and bot(he.cogastBaalr ta
al ., 20MdYJomaetzal ., 2004 Eamper Veetdea
Zone (CVF2Z) extended22f.r50lhN) C aapned Bcl raonscs i
Verde archipelago also represents an i
in thei sGOi bution byusepanaticogitiehle Bt
subtropical wat grixchf raomnd e pkegtgeat t r epi c
(Pel egr 2l zagrud eR adfoa 2015a), which is ref
mi ni mum zonSet r(aOviia) et .al ., 2008, 2016)
The tempor al vV agy satbd miitry toHfe tHhaestCe& n b
Atl antic subtropical gyre has been stu
European Station of OckRamnmes it mal-Ser2e@
Dgvila et al. ,C29il®dno 2dt0BaplcShad@hA) a w
opeorcean area not affected by islands ¢

not recei ve up(vwealvleinnppgporti leaameaTitse 16909
obtained show f@Gien stelaes outmyl dutmyw, atfietrs |1 nt
rate of increase |linked with a,dierck eas
haviour explained by high ingassing

e monitoring of physical and biogeoc
rth Atlantic at the windward Cape Ve
e Capmee aVfecrhi pel ago has all owed- t he

pl eted eddtesbandomtsocthe formati on
ast al t r@@amisedli emaet aale.a, 2016, 201 3;
d Karstensen, 201Bhe Sehgitee &ltsamalint
mporal variability in the(é.i od.egBemnmil
l son, 2000; Fiedler et al., 2013; Ro

® d® S5O0 Md® S0 50

ver al studi es based on data coll ect
search vessels have eval uated 2t he €
stributsieman fdrudkesai ral ong the <coast al
nary (ICaulrdded ®s8ndez et al . | 2021; Padi

o~ wmw zZz"voao~rz~oC

Q = D D
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2005Téh)i s zone has been sepkrtdedvens by bhowe

surface t(eGupreHeattouS8rnedse z et al . , 2a0n2d1 ; Pel eg
an enhancedyubpitealkeegiccoarnpaC@d with the war mert
producti vi t-§enMaguwrl ietseni A(pAred dpenrg eatr eal . , 2
Lachkar andwBGiobhenagct 20 289 wafnG eannzbsBleelzZl &€ O

et al ., TBO@leéyal uatgieonneraft edhe didsleandkffect
system south of the Canary | sl ands shows t
enhancement of nutrient supply and increa
| ayeGenzDslvezl a et al ., 200@HowHueba, etheal CO
di stribution, ant hropseganfClOuxeas bomr cwogh emn't
i ni et ands, coast al and | eeward regions of

poorly known.

The present study -caonlaul nyssye&O d mee aipfpeeux ava t er
in the Macaronesian region and quantifies

its -sepmpooal changes based on data coll ect
vertical profiles have beenl preggdgioams dofmatim
i slands close to the 100 m isoline, and at
underway sampling through the vessel tra
properties overnt sup@aweal legiugat foir wamaeln mesoscal
through-i shandnteutes. This study contri but
t hec@l e in coastal transitional regions o

2.2t udy area
The Macar on(eFsiignj er etgheonNort heast Atl antic

the Azores, Madeira, Canary and Cape Verde
are | ocant0d kam olfOfO t he African coast i n a
Canary Upwelling Systemoalsangntdh & hMo rotl H vgeod

opeorcean waters of the Northeast -Atl antic

salinity relaMebhmbhnp pdwomiindg dP®HP2DI i dent
t he water masses in the Cape Verde, Canary
m depth as well as the mixed | ayer depths
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above the | ow saline South Atlantic Centr .
Verde, while surface waters around the Can
the saltier Madeira Mode Water (MMW) above
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surface waters with | ow temperatures above
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(@ 2) Vessel track and graphical desc
Macaronesi an region whi ch have a
bi ogeochemical properties. The Cana
sout mwe<Ltape Bl anc |l atitude to becon
form the Cape VEWEH#EZ)Firentaeprg&ewrat ed
2). The Il ocation of the subregions

zonesN, aGIMBECV respectively) and Canar
CAW andE,CArespeatsbvdehpwacati on of t
vessel track in (1) Cape Verde, (2)

waters and the waumerensaENAEW and &kerfy
war mer surface waters amd cthh S AcCoN If eorr ,mi-
CVFZ Meunger et &Rbdr220t2; eP®méz, 2001
The CVFZ crosses southwestward the Cap

by a strong thermohaline and gradients
Peffzquierdo et al ., 2015) . It is a pe
seasonaolnarme rmidgir ati on of the I ntertroy
Mayer and Weisberg, 1993,; whtircahmmima e aacnhc
northeastmost posi(tLtiSamrion es$ u @ther, wadx 5 fx
ventil ation and enhanced respiration i
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oxygen content in both ENACW and SACW and
OMZ south of Cape Bl anc, which is the str
Il sl ands in t he8@G(pkahr srtaenngsee no fet 2a0l0. , 200 8;
2016, .2008a)

The heterogeneous i nteraction of t he Cal
mor phol ogy of the Northwest African coast |
substanti al l atitudinal variability in te
upwel ling, ci ecus$ atsiugpm,l i est bi ol ogi cal p
di str(eutigonBonino et al ., 2021, Pel egr 2

Benazzouz, 2015b- z Pwil ergd ¢, anh@l5kRe favVal d®s
Gonz8l ezThe2sOel53pati al di fferences separat
upwelling between Cape Blanc and the Stre
upwelling south of Cape Blanc occurred on
intense upwelling t@apegBGbut (B8B@e. yEN) aetw
(32.5UN) and soutpeofgCa@eoppler €27a9UN) 20
1991, Van Camp et al ., TEel;phWsosthér aed
bi ogeochemical seawater properties of t he
linked with those of <coast al upwelling du:
kil ometres off the African coast, especi al
ofCape (GhairtMu2qa z et al ., 2005; Hagen et al

Pel egr 2 et adnd QamMEBaB id@rod Shbt) al . | 2020; G
1993; Lovecchio et al., 2017; Meunier et a
2008he surface horizont al advection by f
upwelling/ downwelling of water in the <co
t hroughout The Canary Eddy Corridor and t
Madeira and (8artGCapetBlaan¢g 2004; Cardoso
al .,. 2DW®)coupling of these pHtemposad repr
heterogeneity in the physical and biogeoc
subtropical Northeast Atlantic coastal tra
2. et hodol ogy

2. 3alt.a col l ection

The ,£YPstem was studied in the Macaronesi an
on board the RV Poseidon during the POS53:
2019) . Both surface underway measurements
taken during t hwei ncdr uiins et hmeaianrlcyh idpopewtnagos of
Canary (CA) and Madeira (MA) and through t
them (2R)gurmedetail ed criMebBemanmeretewl i s @R
and Arnone et al, (2022).

The pH in total scale was wunderway monitor
track by wusing a spectrIMhodemeltoped pHy ste
QUI MA groudLPGOLrAGNd (SemzDssiveialba et al . , 20

201®&nd based on theChlmhayhod depdcBybhaee, by 19
SP18M pH sensor uses 4 wavelsehgphspareal yaic
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autbeaning steps, performs a blank for
injection and removes any dye effect i
a TRI'S seawater buffer was NO.002 wuni-
pl aced biommrtdhd adon and measured the pH o

main seawater intake of the vessel (at
mi nhutes. The change in temperature bet
seawater outle¢(8.BnNtbelbGBpowas tabsid
scale pH Vval wsedbstadii 8 i bhe (~0.915 AN Se aCa

SBE21 thermplkatédogtraphe same | ocation
mp was used to monitor at the main
d salinity (SSS) with an accuracy of
der way fluorescencaoadwd$ brmotndd o We t | ¢
uorometer and a(CHli Weart aa s nc halrdri d p hay ly

" C 9T
— > S C

characterization of the water <col u
tionxl)( Fiaghwrieng from t & 0s umreftecs tde
CV archipelago, 15 stations were s
Ni col au, Fogo, Santiago, Boa Vista
sel ect eadn dasr ooufn dE It hHi ersrlo, La Go me
ia, mainly on their | ee side and
pel agwerd5sbsesltadct oechsl eeward of Mad
| has Desertas. I n additi on, t wo w
A at the CVOO and ESTOC sites, r e

5SSO OO Y T+

S5 WO O MO >SS0 m®OY O

te sampler containing twelve 10 L
rs of pressur e, temper atcad é br ank
uorescenaneaad Mekllgnann et al ., 2020)

r
i

I

C

h water sampling and in situ meas:!
t

0

— ® O d

. 3Vaz.i abl es determinati on
.3 ChOslystem variabl es

e Total Al ealdi Tiotwl ( Amorigmantitte Cvaatbem
re determined onboard from the depth
'l Mwinng op et Sampl d20@€&hDe potenti om
| t o t he carbonitcded@irdni matdipma st whi
| ometrical |l yradcatvearlmiense dwe rBeotchorAr ect
tl es (batch #177, provided by A.
anogr ap ), giving values witth an
respective
constant s
dept h) iirne

OTOTI*+sH NN
cooQNo o™=

Do —~+C

hy
ly. TherwanweNeCvimer maNXze &/ GN2
alinity of 36. 4, whi 2B O0i sn t h
tMhaec aernoth esi an regi on.

The suwvfaadcuee sA was al so calcul ated for
surface underwa8S8atal atsiiomgs Htihp dAbt ai n
sampl 4 A€ g94) (temperature was not fo
aver agal Mes calcul ated along theY)cruis
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agreed with those calcul atedrtwictclor8%$%g to

and SST in surface waters of thel)Atl antic
gi velnedyet )al . (2006

0 X Bt YY'Y'Yo m@oy 21)
The ocean vyfalga€iooyfy 4@ pH were comput ed
det er mandd CRhe sur ffGQ@ ewnwa I[Breosu gohfout t he cr u
track were computed from the undd@hweay mea
Excel pr osgwasn COe d for computati on, wi t h
di ssociati cdnuekemnstepntad hed f(RIDOi ati on const s
Dickson @bh99t he rdal eemibareeed][ Biry )al .Th(e2010
relevance of-tthlkeemaadl paowodessrs fO@ s he vari
and pH was eval u#Geéywnidn ptHh ie x pdttehiedryarch ITbtye nor
processes (mainly biological activity andoa
studied by removing the temperf€Qugwe effect
and pH f€C@® @Aahd&pH The CaagedspHndue to ther
pr oceqCse shaM(R@P Hhe)mawer e assumed as the diff
the observed angC®,araH@d isfadd ravnad Hine Smai(
= ppH2.
2. 3.0xy3en
Seawater sampl es for di ssolved oxygen det
calibrate—ltﬂecgl{alssttwlieise (previously washed 3
sampl e) and avoiding bubbles formati on. 1
recorded duriThg teRrageam®)ilrngbMne] ( NABH + Na
were then added and thoroughly mixed with
mi xed samples were kept in a dark box for
the bottom of the bottl es.
The WI NKLER met hod introduced by Wi nkler (
(1965) and Carrit and Carpenter (1966) W e
oxygen of the seawater sampl es. A Metrohn
sof t ware Ti amo canrd ean raonupee rtoomedtertier mi ne t he
for theg Ctuiltbreatsioomn andTHeang3@® & vasp a(dH e d
i mmedi ately before starting the titration
was used as a titr@n@lMnas aa sotl andamd og o IKd
reagents and solutions used during the cru
foll owing the prDadoaedwrne sa ndle GOtyeddd (ldyYy8a&t) i o
of the thiosulphate was performed every twv
reagents were controlled by determining a

SAhtBhropogeniagt Carbon (C

2.

There ar e sbheavseerdalmeitnhdoidrse dtor t he cal cul ati o
due to ant hr o)p oggxemli eci n é8da bit m édCatnadi ITamyph ua, (
The met hods assumed t hat ocean circul ati
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operated in a steady state in terms of
natur al carbon cycle since preindustri
Canoul d be estimated by removing the cc
pumps and t hef rpomitndalsdatiarl miChed C

I'n this siwmadky,catlhceul @t ed by -cuaslicnug att h @
technique and the imp(dvedalir O©OCAeth®av.
potential dUEMpama@td@mdec @ncentratigns (i
wer e cons?22)e.r eTdh ¢ Eoghdauneg etso idi fEeaglOes

exchange Jgcaotngdsenandve®@e reflected in th
Tr OCA met hod provindeduesebgegsabmatea €Ca
were considered as upper | imit values
8 8 8
w 8 -
o] (2. 2)

8

2. 3A2ZanMdrcO mponent s

The gener al processes that rzodrw€ol t h
studied by applying taheeni naintdi aMialmaedreol
previously wused, ( o h EDESIv&l & rat heepansdt! 1At e 2a
Pacific(8anondaerevi ¢ EQRIl a24qd 2DWiI99 set of ¢
provided the drirnaerds 6o ft hteh &« omalsd earl v evch t A
archipelagos. The model consi dandg €hat
(© and ) result from the change in t
(referred as oprasmmfdoy meéde vtadb utelse organi c
and remineralization invoolamd )i rantdhd& hee
formation and dissolution of carbonate
© and ). The anthropogend c) cwasboal sc

considered in the study Edf) 4t hBexatahdrAi ¢ a
values and their respective terms wer .
column salinangn)NE€E 36. 4 ( NA

0 0 00 YO o Y6 o (23)

006 006 YO 6 i) 0 (24)
The values were computed Wan mign kthhoef feutr
(19808Y) considered correct for tPh®r ewat e
et al ., Th2@®®¢l was reported with an u
land taken into consideratioini ahée ©al i
(E@Q5) . OMWhwaspectrophotometrically dete
1999) with aanCu AyAsterro (asuBEAL Anal ytical,
( GEOMAR)Yd0 Whes esti mated by using the

(AOU) computed from the measandd them
stoichiometric coeffiagNghtsl®éhbt70hegicwh
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Anderson and S@Eg6i)enYdohewdéd9€84)fyectly cal cul
from23Eq.

0 ¢ X8 vgpYOaQer@oOTL P 00 O (25)
Y6 — 007y (26)
The chadge io® €he biological contribution

carbonate pumps was t¥k ewasi nctoompcuctnesdi df erroant it
AOU and the stoichiometric cqlqsf=i ci ents f
117/ 170)Angdieresronbyand $&EMQH) enXobi 1 ¢ 198K

of the contri bYtiaoanccersdOhmeptt@ah df oi | | er o (1
(ER8) . 6Thwems directly @4l cul ated from Eq.

Ns) — 807y (27)

Ns) ™ YO (28)
2. 3 A2g6a fClQuxes
Tha-seafUuxesy WeC@® calculated from the su
coll ected through the29%.esTled dalawkkisl iatnyd (L
di fference between the sUCO@C@fCLeawat er an
ifCQ 9gtmand a conversionrdfveceorcoaofsi GeRdd mimo

calcul ation t,oesxptesiEnt NemghEdve fl uxes i
that the ocean behaseskaswhinl at mosipthievecodt

that it behaves as a source.

&#/ T T3 Q3I@/ 29)
The parameWamnnizakhofdaspopGe4d) i n kblei sgst udy,
the gas transfe2lC:ate expressed in Egq.

. 8

Q ™ L px — (210)
whewes the winiy saSpddedtiien Schmi dt number (
viscosity of seawater, divided by the gas

at mosphenmnce@®rati on and wind speed used f
were coll ected on boawWed G heet Waels.tsle(é€2 0aandd) ¢ r o
DatCanPANGAEAE. The | ow cartcneorstprhaetriioccn Ofas me «
wi t h a dadaowint s preicng omet er -f()CRMI, aPiGEDOMAR 6G2

O0At mospheric I ntake Systemd (AI S). The win
by an onboard meteorological stateion. Both
installed at 7.5 m above the sea surface.

2. Resul ts
The distributions of tempeswpsuem,vaal abl ¢y
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were analysed up to 220 a&mdduenpet K. Aln( E ihgu
23 and AR)gamae M2 (aFnidgABieguriSeveral di ff e
found in CV between the northern isl an
and S-&l he€¥i nafter) and the southeaste
Boa Vi SEahe€¥inafter) as welelr nasmoisn talr
( EI Hi err o, La Gomer a anW heireeiWeasftt ero)a
Eastern most area (the East-EcbeseiofhfT
The | ongitudinal surface changeweeri n th
analysed in each archi pel2i)goamd otnhge tlhaet
surface gradients from CV At40 . MA hwee rree ga
averages of the study variables fromt
21 .

2. 4T.elmper ature, salinity and fluorescer
Latitudinal temperature differences we
100 m depth, with maxi mum average valu
North (Tabl e

21) . The average salinity values in t|

(36-3@585) foll owal. D) MAN-EBGY BH35T04¢ s
fluorescence signal s ( dawaas nnoatx i smhuonwni)n
SE and rangeNM, sCMmidmd MA, C¥howing | oca
coast al areas. An ar ed \iott lh -1S28c% U CL@i. adn
SSS {3%6 .20 and slightly higher surf ace
adj acent waters wastiftowaoae aft Qdp &-UBIl & mc
CA routdd]jFigure

Decreast#gsWegtradi ents of -NSSTr owe rSea 0o bAsn
(22.35 00UC) #2@UEI! a@BHL1I Mo@VRAJILC)( 2D. Bani
(22.35 0UC) an#3MaUG)2GR8). uTke SSS al so
toward theN Hastm iSmaoCWi cent-26.(4)36albd ¢
more -EBE €CWom the sout hea3X@.ed)n tcaooaMai oof
(Fi @birae 1) . These |l ongitudinal differen
25ib. 1), with SSBcamdastE8EH VvValome&l dHi er
hwestern-200&9tC -&ath.dUie8rbe 8s pec( il 9
tern coast of Tenerife and the
6d8 36r éspecti 8Myla.ndA SEEc rveasss ¢
h both thececaonast aansaencdt sopienn t h
est of La Gomer a, Te2bda hi. flg . amdh e
al pr opebRiiicesl)i weMA (skimghl,ragwi tt dh t
and S66 -10a815UWCs -86d8 36e6pectivel y.
rease was found from7tRdAWSEUBDODOo0 &N d
6 .-3765. 8, respectively) to €han®&386 A6Df
respectively) throu@lkelaont h rtamsecdast al
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ure and salinity signals in CV
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bet ween Tenerife and @Gbiacn. 2C2a&inad. 33 ., KtmeMA (
sur ffG@ ewal ues were higher to the South of
coastal tr888e6t Oat:myo.fol |l owed by the So
t hrough t hoec enaonr et roaprgsferc.t0 (Ca36rb).,0 | eadi ng pH
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t he coastoacleaannd roapnegct s (Figure

BottchQ, avnd pH surface values kepst0 aapnpdr o X i ma

560 m deBtEh ainhd @Ws pect 22  J-7yH Onk idgeuprten i n CA
(Fi Qurdeand5 8M dept h B24a) MA nfEQYwatehes at

the base of42mheOamtLd) (i3®Oreased with depth
around080n dept CO Maxiumsesmat these depth W
the south of Fogo (773.2 and 819.4 Oatm)
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values (8roem aB8.100We base&. 860} heAMikdDaker 7i ¢
i fCOQ, wi th depth was obtai ndg@Q i{p-3@®M5and MA,
and 4380 Oat m, respectivel y-8. @G idamd ghe&r0DpH
8. 05, respectively) weR2bBOomlm) ai @@dinmomdeepe
and minimum pH vakeéées3oDa@miamd MeSPective
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2. 4T.03 .al i norgaand r)§@r bon (C
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t he Macaronesian region for surface and fi
the effect of evaporation/ precipitation, 1
influenceé whateirf masesmrs .

The higéestadl€Enveaheesntire region were foul
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Sever al di fferences fC@, akinhde psHiI rwearcee ednicsc
bet weeNn a@MSEC\M F25gjurend expl ained by th
CVFZ, which reaches its PsRortktozde? gmezgt ep
2001; Zenk. eTth ea lh if@g®l Ss8ullryf easc ee n ¢ 6NI nctaenr e d
be explained by thepiofllboaeinegee caf dsaG O c
waters transported by tdrei VNeENC. e aAd tt vhaorudy
of SST was a\bs &Obeadf@iOn vadM ues were hi gl
tern ®&)t (Fi gwnrde camneidc hrhant tdfe (CIO
rough the injection of deep and r emi
stal wupwelling was f@QO ewnnda iprH fda csttari b
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|agcd BMai o/i &b h (Fdgoaeecrt tdtmetnh e v
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glcal upt ake-priond uveari nweer shuutf aleieg hwe
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Siedl.er et al., 1992)
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opposite occurred at 18.97UN (374.5 Oa
changes were explained bryi dihwedaepeild in
core of cyclonic eddies and downwel l in
wh ch has been previousl yedeggecKadstsent
2017; Sche¢tt@aredosaol .e,t 24@ % 6 a8 c2a)2e0dr al ad
eddies were most frequently observed f
through The Can(aSrayn gidd yeatdarli.n t 0200d0udc)e d
l ocal di fferences in the physical and
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mi Xing procwwases angedeepn in surface
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bet ween the | eewaridslceonads tvadt earrse aasn d tthhee iwit!
ocean waters. The trade winds drove intens
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2. 5Up2p.er water columoompenemtbositi on of C
The shall povomotceematn Wwas studied | eeward of
consi der icrogpstehevyanowe factors controlling |
variatiarns owmf pNEfrvrarhaikessN.C WEr e expl ained
fluctuations i n t he organic car bon pump
processes), the carbonate pump (carbonate
of anthropog\edreevaeboal : 20009; Chen and
al ., 2007; Readl weate ale.s,crd ®eBEy24Thany gi ven
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due to hpe\?alloumeesr (ND25.1 N 3 2028.2 N 3
k g, pectively) and the we ed of the b
an . 9 %, respectivel y). T di fferenc
’ 1 b) CV-SE ‘ c) CA-W d) CA-E
3 L : 1
50 (K { [}
’5 K
hwo \ \.‘
E I/ .
%3125 I

\
200 \ \.
B8 2 A 2N e A 7 R 2 ’L'LN(':\'(,mmkg)"L« R 2 D A A R o
Figug e Upper ocean distribution( MN®)E,
its changes explained hy &hé Bhothro
carbonat e @Winnmpr R NEspectively) taabut
(a)-NCV()E,CVY-W,) (CdH aAd (e) MA.
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Tab23e Average cont®d@hdo et & ¥aohidveed eath
the MLDN, n€EEVWA €EAand MA and rel at
organi c c aiN@G°)%h pcuantpb o(gMGE &) ° paupripn Qt h e
i ncreasfer o WNAAI |l the valuels are giyv

Region Depth NC,Pre NC; ANC, ANC, e ANC == C

ant

0-60m 2006.7 + 4.5 20858 + 90 791 + 90 49 =+ 77 24 + 15 7T82 + 22
CV-N
60-200m 2051.1 + 253 22073 + 40.8 1562 =+ 17.7 81.7 + 269 05 + 29 740 + 17.8

0-60m 2011.3 + 32 20930 + 153 816 =+ 120 106 + 90 24 = 1.7 751 + 55
CV-SE
60-150m 20504 + 292 21983 + 659 1479 + 27.1 930 =+ 354 04 + 47 068.6 + 138

0-100m 2021.3 += 2.4 21047 + 3.1 834 =+ 22 38 £ 29 32 +£ 1.1 798 + 2.1
CA-W
100-225m 2025.1 + 3.8 21119 + 74 868 + 53 149 &+ 3.6 43 = 45 727 £ 107

0-100m 20265 + 2.4 21075 + 26 811 + 10 21 + 1.0 39 + 14 763 + 24

CA-E

100-200m 2028.2 = 3.1 21133 £ 7.2 852 =+ 88 174 + 127 34 + 1.5 719 + 59

0-100m 20295 £ 2.7 21062 £ 3.5 76.7 £+ 2.0 14 £ 15 24 £+ 23 729 £ 3.0
MA

100-250m 20363 = 7.4 2117.6 = 11.1 813 =+ 58 147 = 78 1.2 £ 23 70.1 + 3.8
heterogeneities in the ventilation and
Atlantic | TCZ. The |l onger residence ti
originated in the South-vAthtantaitedc cmap

wat er sritghhantated -l amni ttlheee hofght he North

remineralizati o-hzdWPiedredjo 2 2ahd5aPefand

increase in (sub)surface waters around
primary production ttahbieamgdhaltdxre comwélall
time of the year and the upwelling of
the increase of reminer adairzsatteinosne nr aette sa
Stramma et dhis 2@@8bWwas observed in a
the organic carbon {Nump &aBCKV6e 1tlhle aNildD 1
respectively) -WomfEdaraendd wWMA h( 4C A %, 2.6¢°
respectivel y).

The chanfeomh'R@Ct he entire region was

ant hropogeni c carbon input athado nd teart a ¢
throughout t he8O0 egadd nelBnbaluckvle 7&2nd bel c
MLD, respectivedin. shd acpet avkae eafs €Contr
of theehaNlCge above atshteo rMlgDe. bTehleowC t he ML
79. 1%-W,n 7GBA 2-% andCB0. 8% ikinndMAeaset hehi
contribution f-MIlBbBndo4273HE% Ilim C¥ rel a
weakeni ngdoown npirxoecdesses due to higher

enhancement of remi ner alMazyaetri oain dp r Weciess
1993; Stramma .and Schott, 1999)
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The relevance of the cawthamatgeh gthrep uipm etrh d
was considerably | ower in the entire regio
in the first 500 depintzBEsSivaitl at heet BERSHhTeQC 2s0i 1t Oe
di ssolutizsbn f0sulkph€Orface whay eB8sF%namckased
1.-34. 1% in CA and MA, respesoivbi it y¥heoderc
warm tropiEaé¢l waeexpl ajine®&0the mini mal col
NG°20°n t he inbré¢adwet tfe-NMED. i380)SEELIf D . QW) .
NegatNG'édwal ues above the3MLDnidhc&WVed Tahhe
formati on pr gecxecseseeds tohfosCGa CoO di ssol ution a
depl etitog -8f O%C

2. 5C.3d.nventori es.

The coast al regions and mar giantanlans etahse have
open oceans in pr(o@lossregn omt tal .t,he2010;r eRa&Tr
Sabine and Tanhua, 2,010ut Shcahvnee ibdeecern eltarage.l,)
gl obal oceamnssttowrdaigees doufe tthoe th&Ehht mivaed dat
et al. ,TRi0O433tudy provides a new analysi s
invent ook gy ehalCl ow dcdatnalls avad eirrst eorf t he M
region2q(iBi.gulrre®@cemme prowWeriee sevoal wCated i n C\
nd MA by applying a smoothing spline witt
he t atvall ucefs @al cul ated from POS533 dat a
71 a) . The smoothing splinefiprtoevdi dtead tvlee t
aIcuLnaaéd2:e@ 48) amadewrtdhesror of esti mat e
kgfor CV, 07f003r o lankdg’®ob 6 MAmoThklgentry o
nto the ocean tRcrbagbeaand the | arge ti
r esses expl asnmabdueashasiunhff gee@stwatCer s and
e ement (abhndep.t hTahe ,r &2med agifn vtalre at i on
[ t 250 depths was | ower i 1) Ao napnadr VA ( b
i G8v7 (@mMd)l. kighese differences in the 1
[ ri buwweroem rdl &t ed to differences in the
h at mosphere an(dReweltlhee aRedv eS U ees sf,aclt D7 ;
I , 1WmWi3gh value is inversely proportional
t spherThe CODower ventilation rates of th
o] heastKandtasmmmnsen et al ., 20@8s!| iSgh@aimyna
i er (in averagh)amREEGRYNLE. TacNofls7bnagy
respecti veél yBA acrodnpMA e(dl Ot.ol 4CAN 0. 23,
0.34 N 0.42, respecti velhwi)t he xdpelpatihne d
WHagur e

@)
<pP-
)

p-eol wamn eir nygamt drhye sfam@pl ed stations
egrating its vertical di stdti buti on
e in the subsurface Wat%.rdHnak 10V, CA
01 kgespectist®rpgeTheowdwi nd of each
| cul ated by considering the | eeward
KA (¥, 860 Km?) 1aRb 0t Ken neutral dens
*fmor (sub) uwrafbd mee veatTa@les ,t 02 RGdta@)mednt of
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in the upper water column | eeward of C

C (1 Tg)s Leéespectively.

These results wetrad ucecsmpaarl ecdu I vaittehd G r om

availabl e r the Macaron®9®i28n mThegi omr
but.i

f
di stri uti o in subsurface wabéussofvas
analysed by averaging tB&bdat a Tdwee rGp OX
Canvalues in the first 250 m depth of
average by 10.%47% ok -BOOBB tRmPoRO Ke@n d by 8
1. 68 GMmo b mk2§g000090 t-200 200, t0whwer e i n agr ee me
ofra® dnitd the subtropical Nort-h9ABI 48t B
N 0.5 and 8.0 Ne®pelctOmdédD¥k)y(8né N9985
0.3 OwmolreksgppeBt owel glanal .i,n 20h1e0 )ESTOC s
1995 and 2004 (9. vderanad dBe cladlemoiln ksgur f a

water s, r(eGopnezbsglvevze By .t latl . i, n ®2i0d®t)ed t h
and biological conditions could be ass
Ctin the Macaronesian r egi OinRu ptsaknmeaibny yt
oc e(a®o n zDsglveizl a et al ., 2010)

C (1Mol kg™) C iy (Hmolkg™)
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f(edV)erti c-aceapper250 |Ine sdeplt@V) (dfl u
ge) amd vdA (bgr eaems)moot hing splir
ed toanwwhlkeuedntadl ol &t ed from P
o the hingbatguantseyepoal Cdepth |
th were pl oth)dVerstoimmaalk eudp gsetis i0 t
) ofnwalveeagenCthe entire Macaata
h
c
e
3
I

cC T O —
_'oo"'_""‘:f'O'_"_':);‘

3 WO - "T Q0T Q@
-~ o

e deTrHPe(sgri-OBMY, (2006686 P0alhgel
al profrnbbheedobnaGeOBgr €ata f
d oget hwwral wesh favertdage t@r ee
lue) for the three archipe
d taef cersttimatyeedrhe20C50 (bl2at
andaraf e6.r®0. ORdlesh hmaakee
deviation and the estimat e
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The ave.wkagentCory in the first 250 m depth
ocean waters based on GmODARgd-A®BDwas 5. 7
7. 033&molldflog - 200D and30moldflxg 12O2AM®. A

hi ghgirnv@&nt ory was encountered during POSS5:
archipel agbmo )8k gwhixc HOproves the relevanc.
water ssnSitnor Cng . The i nt gnki ann ntula é shasgref ac!
Macaronesian region was assessed at any gi
(2019) and thf0cDPDARtEGabP@8®s and applying
regression statisticptadlyusign0fOSanwiet mata9
error of esti MAaEBLIE0r66 H)N. Orouho frkar 2% e i n
i s expected for 2%ihbe) ,y enairt h2 Oebo0w a(keFni sgluGrea g e b
250 m depth in the Madéd@Gmolkgsi an region of

0 PWWPT oW QOIMI YQQMNoOp8twp T QQMO (21)

An area in the subtropidikafiwaNorctomea siter &tdl & n
calculate thegithothke Gmoaht260 @ depth of t
regi onant NVidhmet €ri es in this parcéyy)of water
for the $£#68Ppd0138989Pg C2009 ame @ed3 4 o0Hg 20
t he per202d0 .2,QflNee @t ory estimated for the vy
C.

2. 5Ai&eafClCuxes in the Macaronesian region.
The spatial dhwasr abhat yeerdobaRKE® omhehanges
wind speed and the solubility -gdadank@d with
exchange in the Macar onFeis8rna2f8delgnieon dur i n
at mospheptak€@Owas found to dominate over ¢
ti me of the year, zscioniknch elh an\gi owirt he ntchoeu nG@ @
Northeast Atl antic (Cur-Hed o8& metezcoetd anlont h

Gonz®Bez |l a e.t al ., 2003)

The wind forcing has an i mportant role in
and biogeochemical propteempesalbycltamdgeol il m
intensity of the African coast al upwel | in
mesoscake dHdeédi intense trade wiwadsrrum t he

the surface | ayers favouringlthexpodohiubieldi t
high ingassing rates encountered in areas

Ant ao and iSwadCWiicAe sitnetnedr wat er s of CA and

Madeira2§)F,i gwhere the wi2rdd hs pdetedshews hede
relevance of thesediemadchdogy. oHowedweera, rt he
only directly;gavyotl vemns fier tdred CiOnf |l uences

i ngassing/outgassing pr oc esssoeusr,cewhi hke t be
controlledgecpwtohangésuint he Mac&8onesian 1
ana9) .
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30 Cv__ CvoO . _ Cape Blanc i ) ~__CA ESTOC Cape Ghir ~ MA
o 20} a1 i
o Wi
E 10
2 | ¥ IR .
E O wwmpie W i T A Ty PR = S DO, o T
=~ T Tt TR M e e
o' -10 f i W by L
(&) 1
% 20 LS
100 . ; 25
80 i -~ AfCO, ——Wind speed {20 —~
42 ) A gy 0
E 60 R Y S M \.mwazwxx;%, i g 215 @
E o T PR g o AT T, L i R PO TR, T & ) f E
T 40 T Ll A O S e
~ 20f { f T/ 15 8
g or P N‘:'*: : ;‘*«*“ 1 i bk R n =10 B
Q L T YA BT YN LY WP :
q 20 **T ﬂ%##\ il arbay il WM uﬁﬁ“uﬁmv 5 ﬁ\&ﬂ*ﬁ-. iy 4 E
-40 - Y t"'"’“&"h“.‘;""x—‘-‘.‘? W <

60 1 ! ! L L 1 L 1 I
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Latitude

Figurleat2i.t9udi nal ,gd@@amgde swii md FLPDe-E&MA
transect

The average winteB.B3dgatdipi wahsr awiecent Mat (o
(4. 74 mditpl amd3 . A0 (maip)] which could be expl a
col der

surface wat exssolfudbvduniyngn@O by the | ower i
coast al upwel | i ngriacnhd stuhref aacrer ifvialla noefn tGO d u
| ocation from the African coast. However,
showed the strongest-s agp.@&@alanwga28i( &b igluirtey i
c) due to the highly heterogeneous intera
surface ocdaPulilrent tpitsvadaheadf @0Od 7hbet ween 0 ar
28 mm@wt mhese spatial differences were we
and5 mmat ®Ri2guber and CV ( Heét wenewh;, Om and

Fi gR8iea) , where the vertical move-ment of w
i nduced eddies influenced the changes of
upwel | i ngazroifc hd eneapt eO i n cycl onic eddies de

offCQand weakened twhea liengadiesiompgposite occur
eddies through theéeS&agnaTt y eathddd yd. oGuonPwbi Dnedp ro f

Cape V€adeoso et ThAkswatka2pr)i se movements

sur fCax ¢wo e #Ce ¢ (f@Qbecame positive), which
sever al | ocations between CV and Cape Bl an
CQsource. The maxi mum outgassing -was detec
25 mmal) MmMF2%Q)ureend was explained by the off
but hipgat OOGat ed waters t hroug(hBotnhienogieatnt C
al ., 2020; Gabric et al., 1993; Lovecchio

The Jf0@stal values during PR0O8b588| aeerd €tomp
the entire Mac®m6dn8e0sUM)n brye guisa nfQQIM8i, nt er S OC
data referred to 2019 (an interannual i nci
consi Bated; et. all®@, .dd® h4 )used in this cal cu
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coll ected at the |l za€fa
provided by the Agencia Estatal de Met
oceahmouar |y and 0.25U grid wind speed d
ScatteromBteand ARCAvViIi dedC ElR\SAThe Th & REBME
FCOanagdCQt hrough the monitored v els s4e0l to
mmo |2dhmand 9.5 Oatm, respectively. This

hi gher than that obt acardnddirorughegi or
SOCAT ©ata8 (famln8m 6 Oatm, respectively)
strongerswinnkt eirn 0G| and s hoeclevaens acroemapsa ri
Northeast AR8 am2Qdc. (SHingulraer behaviour

previous stwaueaesxofiande iamrother coast
shel(wewes ¢g. Borges et al ., 2006, 2005;

2013; Chen and Borges, 200.9heL@®OGBEBBea
SOCAT databases were c-9epielxactheadn gteo iann a
archipelago and in the entidat Maaanbdbhaea
was -fwiet =ed.(7r6) to a multiparametric re
at 95%viadwel <( 0. 0312 gtiosr eans sheys sEqt.he var
seaelxchange and the different fact or ¢
| ongi tudi nal gainsdt rtihbeu tcihoann goefs HFGO t he plt

At mospheric Res

suacfe ocean (SST and SSS), in tgfC® cl im
wer e considered. This -eqaateixecrhahges i
Macaronesian region and ;wahhba sstadadto
of estimate2df 1.80 mmol m

080 T o TELE D OO QO GEN@D ¢ & "Q00 WYY Yt @
Y'Y 7 6 Q¢ Q Qi @ Y'Q6 U
(21 2)

wi nt er faovre rtahgee oFcCeCan ar?ea OA CV457 11
and MA 4@, 2KM 64 .a4n5d LIY( ICOGF = 10
respectively. The entire ocedn ar e
ed s nk @Oring the col d,mdmt7h 83,0 Wigt
: Thus, the winter ingassing rate
and MA represented 2&6hdAds bodd thhye tahar
Macaronesian region despite occupy
Il ts highl i dhtceodasttmd mealgdvwamc ewad e
spheuptcak@0O as wel | as the importa
onal-samtlegbhobgkochemical st didn es.
study i mproved-selae ekocbwalhgegd noft |
ntic.

D

~—~

TS0 "0 IT>QO0— 3T
Q -
n

__'(QB(IJ('D
D W T O C

2.oncl usi on

The ,CyOcl e was evaluated in (sub)surfac:
opeomcean waters ofeghenMadtheosesitaal h
intensity of the Canary Upwelling Syst
CVFZz in winter introduced l atitudi na
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eochemical -phepmalti psocdssgesnnowere four
vance in tropical waters south of Cap
|l owest position and the African coasta
his tBme ®hetbheolyogi cal uptake in thi
acteon@@nt expected in thidCQwawr m ar ea
ri bution. The opposite ocdthrerremalnort h
esses do not c oanpre e QB edrftolvee  nboyr tthhvea r d

t

n

® —O

ing of he surface water. The advectdi
ce i t he 4 matoiuglh dihet rmirkewt iodn mafk i @
coast al upwelling and represent an
e of mesoscale eddies generated | ee
onrothdeepdli®@wi ve waters in surfac:i
and its offshore recirculation thro
nd minimum pH values in the entire
i f these horizont al and vert.i

he weakening in the intensit
rtical mi Xi ng processes wer e
the core of mesoscale eddie
a @ Idwnv atrhiea bMalciatryo noefsi an regi on
I SNy ddlel eR@ed data with the S
S . A new set of equations was proc
and | oniCiGt bdhismal onatiealpielriat wr ef ar
220)n.s ( Tabl e

— O o wnw "=
O — O ™"~ "0«
<
o oo
—_— S

S
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Q@3> T =R O
*9000:
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e
y
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T OO g IT RO

c 3~
O-Gmo
cC - Qo

ut aanidn stthhe a(eul) s Cr f ace archipel ag
of the avteomf'@Cicoameasng iFMrNG6O0O. 0% i
B, C8/8. 2Wh i&4 .TAE iaandCMB6. 4% i n MA. |
utashtomt aokfe tvwhaes Chi gher than 90% above

-

[

r coast al areas of the three archip
n CA and MA. Thexptaeasdobyg m@ge  eil mwNC
LD were f-du.nd%) n Wivei{e@y2t. 8 the ocean i
sequemwsatsr dtoeve@ and the contribution of t
ghet57(%82)3 The maxi mum average contribu
mp was encaumtneBECIM 3 6. 8CVand 40. 9 %, respe
pl ained the hi ghestirlaati focatoifont handt rlo@
akening the mixed down processes and e
erage contribution of -T1he6%rtgawarcd ctalr & oln
rati fi-wdln hatdtedwebbubbtropi cal waters arounc
e carbonate pump in the change of NCT we
caronesi ain. 2% goanonav(elr.a8ge) .

eniventory in coastal waters | eeward of
alysed fiome the fhirststudy and compared

opeorcean data available in the GLODAP datab

ar
of
wa

eas ahsnt otrhien gC was s howny alnuehsi gohbetra ianveedr algeee
the islands basedOmal'P§ba8B8odaampés. 74
ters based on GLODAP data‘®OmtewWelg 2010
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The POS533 and GLODAP databases were
areas in the calcutatamm@ehttohgy awemag
X %kOhin the Macaronesian regi cahwa(s0O. 34
escribed by a new polynomial equatio
unction of time and depth chawn@aésieasnd
etween 10 and 250 m depth in the Mac:
stimate oft 6.60 Omol kg

he anal yssesa@@xCchhegai showsednkhbaehawi
omi nated the outgassing processes in

ear . The ;ambrafat E€0f or the monitorec
atda. 40 moidpl amd for the entire Macar one
ata refefOréd M2 mMdD>wed-itnhenlsieghemgass
| and shel veecse acno ngpraeaesd a@ md oppreanv e d

al r-e @ & pe@x€r higre eivral uati ons. 2The w
|l ated for the total oceam) awasa of
@4 G@Mich represented the 26. 4%
| ated for the ocean area?-a®067tB68 M
G

d
f
e
.
d
y
d
d
c
c
2
c
The anal ysidi sotfritbhighi B@entt dhrey -Canad COhe

exchange developed in this investigat:i

the climate change of archipelagic

shelves. The high relevance of these a
Carnuptake and storing and (sybBlemr vace a
0 the entire Macaronesian region were
0 devel opmnalg secavl e egti wdi es to include
The monitoring andvasisaBismeny iomh thes:
active and e xpproessesdu rteo alr lerman especi al

pul ated territories with | arge areas

0 the Macaronesi a, powerénmtl | pyf comter i
d

b
[
[
p
i icated in the most recent | PCC repo
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Data availability

The data collected during POS533 and used
t he PANGAEAE dhlattaps elplowww.opgygndaea. de/

Gonz®Bezl a, ;SHelkGahsairano, Juafar bdag@dal ena
Hern8ndetg 20 ZFRayvfi ac e under way pH and t he
measurements i n t he Macaronesi a reg
[ dat BANGAEAt ps: // doi.org/ 10. 1594/ PANGAEA.
Gonz®Bezl| a, ;SKHekGansairano, Juagfar bddgdal ena
Her n8nde(z20 ZRayviiabcoet t om t ot al al kalinity, |
and CTD data in coast al areas | eeward of

POSHOB@Bat BANGAEAt ps: / / doi.org/ 10. 1594/ PANG
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Chapter 3:

COfl uxes | N t he N o
Ocean based on meas
surface ocean obser

ThiClssapter has been published a

Cur bdron8ndez, -OBv,i |@onzM.|,e zG
A. G., - Soamz&gh &,z D-CasarmdhoSant. am
CQfluxes I n t he Nort heast A
measur ement s from a surface
Science of The |, Tathall4dEhE¥4 r on
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Graphical Abstract
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Abstract

The seasonal and spaystémv@aain athedtetat y @
exchange were studied in the Northeas
African coast al upwel I-d cngga na nwda ttehres ool fi ¢
Atl antic subtropical gyr e. Data was c
(VOS) bromrke2019 to February 2020. Th
of 2€@gacity if(hQ, 6 »we wvaagt esrtrongly driven
temperature variahibati whdehandcwaaskd
year in coast al regions where the upw
intendgenermmae to bioThB) ceehsebpprcoxirma:
mi ni mum values along the African coast
the upwel | 60O wmtcereaseldhd rom winter to
Oat @ theslianeérroutes and “bayl olnly. 7tlh el

nort hwest African continental shelf. T
normali zed to constf awasssatudieg bOhr 86g
The effect of biological proagbsesweeerlnc

February and October represented >90%
aisrea exchange describedsea6®xCchh@gseas

controlled by temperature. The surface
sink duoli dgmohehgsrseorud caes darC@g the wa
Canary basin ac®e@6ad & .2Gdt nish e knmoorft h v
African continental sh®l f48bdhdvVP® ano | &
The cal cul aifddixavieorrageh €C.@rbt iNr @y #de & gwd
0.72 N 09%12 TgC yr

KeywolC@s:yst esneaade©Ochange, Northeast At
African coast al upwelling, surface oce
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3.1ntroducti on

The Earthés oceans are an i mportant ca
tot aéemC®sions fromritbdl anhme s@rhuelreert (etl . &
2019%; Qu®r ® .etA adecr easleB)i n pH and an a
chemical balances have been observed i
CQupt Blkad e(s etDoanley, e2tQ las;f f, e 2t0I0MY mar i n
and living organi sms I(rmGatthiuss oc amamtde xHta,n s
and continent al shel ves, whi ch ar e bi
i mportant role in the global carbon cy
and remineralisation ratibyg highespaha
tempor al var iabiulkiBtey gets ®eifaiaCOt apos
Frankignoul |l e Sahradl wB arkg 9,1 42T0Mels20 IrC;gi or

been | argely ignored in the Gl obal Car
| ocal and regional studies and the res
Borges ethiagh!l i(ghGCxd) the i mportance of
Carbon Budget. They remarked that the
estimated gisoibmks olcye am7 % Oat high -1 atit
|l ati tudee@miwiilomsCO®rom the ocean to th
in tropical and subtropical regi ons.

vari abi-4 édxe&@ft aamigre on t he conRdandcemitat

|l atitude continentaid. SBeyPge stnd att ® wa s e
shelves act as néjt Boogrce £G4 iGd.ldtl, &@.06
Chen et .alTheg 2@i13cxarbon flux on the co
~0.25 HgCaC ,par2d10)4(Ehe@ ¢t. aHowe v2elrl 3)t
results were obtained from scalar appr
high degree of wuncertainty due to the
regional carbon cycle studies with a h
coast al areas anodordent itmern tmplr ovylee ltvhes
the Gl obal Carbon Budget.

The North Atlantic has been recogni zed
and anthr gpoegereicd aCOdy at s ubt(reodpgincgal é
et al Kha29dwaj a ltesedr.r,e 28tdBahe, e2020;
Takahashi Tatkadlashi P@@Zils ,b&90i0M st ores
oceani c antjiddreespodenicov@e®i ng only 15%

due to high vertical integration drive
t hermohal i ne (¢fiSrachulnaet i eotn Tehl®.H,Q)r2e0alt4e)s t

uncertainty in the North Atlantic Carb
and spatial ¢6gsi & misleiatdyeaacth a@@e i n coa:
on continental shelves, especially in

The seasonal ;emaribhéei EutgpednCoOontinent
using a hi gh tFernapnokriagln oruel sl oel .uatfidoenB iU g ® P
continental shelf ac.sO@stlcdg RgtACssyimk Ire
characterization on the African contin
to perform due to the | ow tempor al re
Studies in the Northeast Atl antial are
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amics in the coast al transition region
h rates of primary pr odu(cHuinotns meannd acnadr b o
berJewdl717,, Th®e94)t rong influence on the i
Canaf(PelCegrentett hael ef f2Z@ISt)ohenbhal CPOPuUumMp
nogai end atthe dl9i9®Pot rophic ocean water
ropi cal gyre should also be considere
icochemical char actveatiert ifcisl a&rhe mtusg hc asru
ver al hundr ed k ialroomemao retsh sd ura aign cti lde n o
maxi mum intensity of the upwelling between
Gi br lett ®rgr@ et Theé.se20bal ;paramet oems iofi |
t he Northeast Atlantic subtropical gyre ha
of Oceanic Ti meGdorzDsSleszl ESTOAY DEeR2DA 3,

et al .San2@dhsai; ano etTheal .r,es2100%) show the €
seasonality, mainly due t.sytsdmpne mpatramet ee
at the ESTOC saostiemk a@awutrimg dadheadMdJ mont hs
and as a source durNowe miBen wBE et manehsal Ju
200323, n tCGaansai ano et al ., 2001)

The aim of this study was to axal tshe t he L
Northeast Atlantic region between the Cane
from February 20IThetdiFasbr wabrjyec202@. was
frequency measur ement s and data through

depl oyed on a surface ocean observing pl at
ship (VOS),6 -V®OGOP S@anmpOARs wer e amalaymsded on t
on the African ucr8dn)t i annedn tdails csusseslreffda (acfo ngsd tdae r |
collected by other VOS and r es38UN,h Svessel
20UW) (SOCAT v2020).

3.Material and met hods

Seasonal wvariabil i tsye a ne xtchheawndgses sotfiu dQuCe d o h n a
the oceanic waters of the Canary archipel a
the northwest African coast al upwell ing a
Atl antic subtropical gyre. The high spatie
aut omated underway systems aboard the SOOP
(I MO: 9144718), a VO oPplke avmssddyl MNaasuaaeMar
which stops at three ports in the Canary
(28. 1319UN, 15S4nh85U0WruGC)le Tenerife (28.
TNF), Arrecife (28.9682UN, 13.5294UW;, LNZ)
Mediterranean Sea crossing the Strait of
with a frequency of tiwor weakso(@bhdmerirppuat
of Las Palmas de Gran Canari a. This study
Ocean and was divided into two regions. Fi

the Canary I sl ands, bet weBENF)Graame €aemar i a ;
Tenerife and-LNZnzarSetcendTNRE he coast al reg.i
ocean waters of nort hwest Africa, bet ween
Gi brals@&r. (ClI
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Canary Islands — Strait of Gibraltar (Cl — SG)

36°N

34°N

32°N

30°N

28°N

Ocean Data View

15°W 10°W 5°W

Gran Canaria — Tenerife (GC — TNF) Tenerife — Lanzarote (TNF — LNZ)

Fi gBr.e VOS routes in the region ©hsi
routes between Gran -ChARpariamdamet We
LanzarobLBZY TM&ENni tor the easternmost
Canary-SltglaarddGi br ad3G)armornoiuttoer s( Glhe t
coastal oamdanowamners along northwest
island routes | ocate the ship's doclt
Santa Cr uz TdNeF, Tegnreereinf)e and Arreci fe

3. 2Tl,elmper ature, sméasutgmands xCO

An automated underway semobberfadtl ow

measurement system, devel oped by
Oceal, cwi th additional sensors of
installed inside the engine room
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combines an air and water equilibrator wi
which produces compar apPieemamadt hetghalqual 20§
The system calibration was carried out aut
at each port, and periodically every three
standard gases (0 ppm, 249.37 ppm, 397.83

Nati Oo@edn and At mospheric Administration (
Worl d Meteorol ogical Organi zation (WMO) .

Measuremengtgppm)f ixrCOseawat er3 wniitnhutferse queernec i
performed by extracting seawater from the
60 L*andcd passing it through a plexiglass ¢
bet ween 3 lanfhe dystiem al smepeufemenst $ hiree
|l ow at mosphere per hour ;aesetdebhb. cobmphoehat
a ndoinspersive infrarefdianaliyassdry btuhiel t6 206y2 Ln
after October )20we9,e aus7e0d0 Of omme dtehle det ect i o1

The sea surface temperatur e (SST, i n ucC)
t her mometer placed at the main seawater in
SBE21 thermosalinograph (TSG), with an est
near tohsey sx @ @n. In addition, the temperatu
moni tored due to titeo hiegirp esreantsuirtei wihtayn goefs . x
salinity (SSS) was measur ed wi t h a m
t hermosalinograph, with an estimated error
measured by the deckds transducee (these |
order of millibars wistyltteme pmes sder ¢ here s i
Due to technical problems with the measur e
temperatur e, ;nmeealsiurietme ndrs xw€®e obtained du
(problems with water intake), during the

with LI COR flow) and on a | imited number

Barcel ona.

3. 2Vax.i abl e determinati on

Thi s study foll owed t he data <collection
calcul ation procedures as published in th
manual for carbon di(dDiicke oan eltFgidbsn, it iR ODeG \
measured and correct egdwawa lcuaelsc,ultah e df u gra csie
fCQ,yw and t he | d@@ r): aftonhol sopphienrge t(he procedur
bywierrot et al. (2009)

The partial ef f etcheronialt hfearcmaod r sa nodn nsoena s o n
fCQ wmas studied using (Thdabagsaiieitwd athr eg$ @0C
the temperatfCQesfherf f e stoxhemi cal Seawater

determined eXpdranhmesmt aflediry adb yNo(r1t9nh9 3A)t | ant i ¢
water sampl e.-thermabdeftbet nonermed in thi
ef ff€Otawmas normalized to thBd)aver agenotvemp &
temperature effect. The biological effect
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of t he nfG © | @« B2rd The ther mal effect
computing thefCOveawagbhevabser oé&8@)t amper
determining its Sdasofnbke amphitiuvdei MAEQ
and biological effects of€ Q) -4PQuas, s ed
where values greater than 1 indicated
the biological effect.

&/ 4 &/ Agmgit cdo 4 (31)

3G/ &/ 4 &/ 4 (32)

&/ 4 &/ Agmsit coo 4 (33)

3G/ &/ 4 &/ 4 (34)

The ,fClOuxesyg WeEC@ det Eqg3Bi:ned using
&#/1 ™ 13 Q@ / (35)

where 0.24 is a conver si @&iSifsactthhe ol wl
of €@ seawdQ@eirs athnde di fference bet weer
at mosiCioéfic @, §JCQ, g:Nhegative fluxes indicat
as an at mpssipnhke,r iwchi@Q@® the positive one
sou.r cleche par am@thern inkdatoifacs{ 28@8fe4) i n kt hi s
being the gas traméfer rate expressed

T ™o  — ° (36)

whewies the wi Ad Bpddedmi(dt snumber (cine
of seawater, divided by the gas diffus

For thealFcCWW ati ons, daily averages of
with spatial resolution of 0.25U0 x
(ASCAT) and obtained from the Sat
( CERSAT) , at | FRENER) . PThagzanwi Q8T
based on the | atitude, |l ongitude a

addition, 54 surface water samples
ruary 2020 with a temporal frequenc
and SSS Samples from the intake

analysed just after arriving at p«
al inni@md)l( Mkags determined following t
Wintrop &t walt.h @hO0OGcurfacyhewéd ANaAL §o (
ul ated accordi ng +wi tthh eS g9 oabnadl SSeTl
ace wat elese detsgal Heofr2 @®@hée subtropi
)
n

b

T . <
ass boftitlllesd, opreeserved wi Kepi100nOMac
d

k

and t he MOrUN) Atolrantthiec me3atWwN e me n
d routes an&tomaithef C&nhArwaltaland
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ThevAl ues obtained from the analysed sampl
an average differehcduef td. 2heNsd.m28 admaly |
Arwas cal cul ated usingvaheesi obi agnedufait omn
sampl e87)( E(t.emper ature was not found to i
experiment al data). q#dStSSwasel assomsdthi p hatas
throughout the full year in tropical and s

0 pw@mnTmo VpWTWYYYou pcHTTUYYYoUL 37)

From tamf@Q&kal ues, the Total Dirss@rmoledkd norg

h and pH in7nt ovmeale swarnpaut@pBonal |y det er mi
prograngsGCOusing the carbonilkuealkdrd ati sa&lo.ci
(20000Wi@i ssoci ati binc ko opatnadh 9t9Hvef val ue of |
determbLeaedebyal . (2010

The temporalywaar isatuidoredofus€Cng the equatio
Gruber, (3BQQ06)Th(Bg.equati on deseri bemet he
producesde adbg&@hange (EX), horizontal and ve
net community production (NCP),armdrizont al
vertical entrainmeBNTfrom the mixed | ayer

— —S$ —s —S —S —S (38)

The tNLri ation was studied betrdeeneBslkduary
and the wvertical mi xing with the underly
suppressed due to the increase in stratif
decrease in the miGenzDRlaagzrra cSptakt aheR2D) 3 ;
Casiano etThal .obs2fProeyd hC peri od bet ween Oc
February was exclhudkedesiuat tohé ablae od mCof t
vertical BATEGuUshemn eatndalEL GCO@D2OBIyeizl a et

al ., waeo8pund. t ODhereefsomad,| t he vertical ent
terms were omittrevhs The cuhanga iam N@Ge diff
t wo consecutive mont hs3 amnd nwa sd eerx pnrge st sheed sie
density. Negative val uesNGwenr es uirndaiccea twavtee rc
The-sa@iapexd hange (EX) term was obtained fro
FC&and MLD. The annual climatol ogi cal mo nt
variable temper at urbet atihnreeds haotl dit FOREMER wlQ ha
resolution of 2 x 2U (Boyer Mont®gut et al
annual MLD cycle in the Northea3% Atl anti
(latitude was not found to improve the fit

DOOuvVBUL 0@ WAT@®UVWAUD ® wOEP® v WAUGB9)

The MLD variation range egt0i0m&addahar t he
Casiano etf ol dBBwipgr@h@7)d andw&segged,(1¥9bh
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mi ni mum and maxiomum23ephtd L20ueeters

Sept eOthbteaber anMar Edbr uraersypecti vel vy, ar
harmonic decreasea9obelMwbeqi Fembrhiyariqgan
For the horizont al transport component

coastal and oceanic stati agN&=sHetaed
wat etNG, (oceahi cWiB fe@s)C O N Siwdaesr eeds.t i Tnhaet eNdC a t
taking 1 nto acchcaonugnet itnh es ask{bantliiitayli tuys i fnigt
he most <coasrvalr imdiimtn. blyhenoNC zont al
rom t hegpGaenmdicttheofchange in salinity
oi nt . Posindicat ed| tadat horizont al tr
pwell ed waters to oceanic waters thr
Iuedlcated t hian e dthieont rvaanss prog v e rds e d .
e to biological pr oc es sods c(hNMGRy)e s
IC|f|cation/dissqution and phot osy
tained di38.ctNegatriovme Evgal ue s duneditcoat
take (primary production) and cal ci

t

f

p
u
Y,
N
c
0
u
i creasdue nt ONO emi neralization and di s:¢

a
Gd
a
b
P
n

. 2Co3mput ati onal met hods

3

The raw output data was initially fildt
automatic sampler such as sampl es meas
. The mevysadmnued weé®e correctedikolrlbow
al, I(i20@®nly interpol ati ame d dier smem t
es and performing asbuaereas aprglgesbEs
cor peaxltwea XCOrelation to tB&.RRenti f
tfhQ.eeal nbs ained after each <calibr
early interpol &€tGewW WICE®Washeompmeésdo:
di fferedCkEuhatf@theermat hbes and was u
alcul ati3d@n2)(section

Ho>So@3

The processed data were divided accord
TNF, -LTNNF& anrsdG.CITo study the seasgnal Y
fCQsw R&OdtvwaH ues were averaged every O0.
TNF route, O0.1U ofNEZongutedandnOtAaBUTD

CISG route. The annual and seasonal av
| atitude or |l ongitude, respectively.

The temporal distribution of the varia
stations on each route. The average ph:
were fitted to h3lrOmo naisc af ufnucntcitoinosn (oE(q .
study the seasonal var ieahbeirimatl yfCaa rf ge ctt h e
(L¢eger et Talahash004et Caéf f-é £200e0n2tad | t
physicochemical wvariables stuwdiled on e
U A AATO® AOEJ® AAIT O A OCElI® (310)
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The results were compared to surface dat a
vessels in the -38UKRDLAINt amtdl aanvtaiic a(b2d6 at

OceanAtClbas ( SOCAT v2020, https:// www. socat
Tropi cal Atlanti&"handvéiohablaé B6GADNndat a f
1921019 were used to study the monthly fre
fCQ. dwn 2019 by considering anGithnmepamnual

el apsed year (Bates et al , 2014). SST sat
Copernicus database (https:// marine.copern

3. Besul ts

The det £QQmi apd ¢ ojmpyathadd JJ(C@Dari abl es all owe
the determination of the seasysntadm aaandd s pa
fluxes in the Northeast Atlantic -Ocean. We
Tener i-TNF)(,GClLeamezrairfod MZ ) Ta&Nfkd CaStarrayi tl sodfands
Gi bral-S@r. (TChhe seas dd@ kdvuweartioahktihlei tpyarafi al €

temperature and biological activity at st
received specisaludgttention in this

The annual and seasonal av3lr)a gsehso wo ft htahte tchae
maxi mum SST vdbuesgobatevedmmer) on all r o

maxi mumoV¥GQ wvmd RAQA mi ni mumry v allhwee ss eafs omha |

averagwaofalCso mini mum 4tGotnzDs8veitzlianee to falt.h,e

2008gntCansa ano efThelayer@8@d)seasonal vari at

SSS along the African coast (3.95 N 0.05 U

higher thamMFon 3tHeé @GCO0.01 UC and 0.080 N

the -ITNNF routes (3.23 N 0e9de ¢t ea ehdiygoh e0s5t6 KN
0

10
valafesSST and SSS thr ughout the year were
of the study region. Mor eo fCe&r awntdh @ Haver age
in the Canary waters (42.12 N 0.07 Oatm a
turned out to be slightly | ower than those
waters (50.39 N 1.13 Oatm and BOB0)28 N 0.00
anBRl 3 show the temporal and spatial distridb
rout eywalsh en oCr ma)l itzeeda (cNoChst ant SSS of 36. 7
SSS for the entire region) to remove the

o
Similar rwal wehsee prtHor mal i zed to a constant t
(prHy: to remove the temperaturéSdepandence

Casi ano eGonaz-pBe 210a0 le;t THER wwag8008) mal i zed t «
the average SST of each -tbetmatoestedy 1t he
spati al and tempor al di3t.r2i,buti on, as indi

3. 3l.nltiesrl and rout es

From February 2019 t-bDslFamd unoyt O2@er 3 co
bet ween Gran Cana+TiNE, anihe FRUKN)Y,i f 27 (BELt we e
Tenerife and-LNZnzabd 2®WWV)T N&End 2 bet ween Gr
and Lanz-aN@dt elB®BLLEUWNt he | atter we+e includ
LNZ routei.sl|Tdhred imdwtres foll owed a | atitudi
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tempor

29. 0UN. The results showed
aver ageldNFRvery
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seasonal |

and
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The seasonabystemdpaobm€Oer s dmMd falnWdxes bo

the -TITINNA routes were similar and coincided
(GonzDs8lvezl a etGoak-®PRe20A3 e tSaalkCansa 2a0nlo0 ;e t
al ., . Th®0OMaxi mum average seasonal wvariatior

fCQ,sand FnQ e 42.15 N 0.10 Oatnmdland 5.56

respecti veTNF ooutédeamwd 42.09 N 0.02 Oatm
m?2d?, respecti vleNZ ,r Twhng dsheea sToNkealsi tlyi nokfe dp H o

changf€®, sa&md FC@i th inversefCGammsbmaH trend
throughout the |l ongitudinal tramwaects. The
040 N 0.001 units for botHh weoetres olmetewe ¢
teemperature dependence was removed, t he
,.accurred between autumn and spring, de
ts (0.019 N 0.001 amhed.mMax4d mimOv@adlatr
gewds Limilar for both routeskg@g13.14 N
and took place between cold and warm m
itudi nal di f fad@NE&Encaensd -t h2b ololidhtee e GC

em behaved;ians tah es owarrcaN omonm@@&r )( Jame as
sink in the coMaly)monctohisnc(i @e mmgmbweirt h  ma:
i ni mum COl uyweseowpect3ilyely (Tabl e

. 3Grah. Careareira f e -TTNoFU)t e ( GC

<o ©9sSITIT
w S > T
—+Q

onal variabilityITN6Gf rolieevarieakine:s
inal differences between the weste
arly inurB@de. wahen e a sf@®@ asnFdh ger ages
higher in the westerlmm®s0tUW) edtni on
0.79 &Bdt,m amidn cli. dién gN vDi. t1H
d tempar@#Buamd)(2XT.hz2z2 N |
e raqi;eﬁ&@lﬂe@ZSUW were 410
2
(V)]

OJ3IYPTMT—o4 W IV - =T O
MO T

o _ —

o

Oat a rtspekt4 i mmoly, mdecreasin
399.52 N 0-0 dllﬁsdrmermopemtlvely, at 15.
change in beha iour fornd ny sOo. ulrUc el otnog i ¢ iumnlke
explained by the | ocation of tthhei sAnmagrat of
mountains, on the east coast of Tenerife.

order to understand | ongitudinal di ffer
-TGIE route: the first positioned in a co

e

d the secomaedannragi opefl5.7 ,Na®d. 10W), [

gative (sink) during most uo33)t.helT hyeear e:

ghest SST and SSS values throughout the

foccurred at the wesfC&®ramdsHa@@&tratgiesn. Th
I

9 ~COSTITS® — —
SSNOTOOT®S IS

re calcul ated forboem Seopte@embenrvet oauGcumn

fferences. The west er pueorsita lslteas i (03 .p0 % sk
, 420.46 N 0.85 Oad’m ahan3th® KaBt &3 nmos
2.60 N 0.05 UC, 416.89 Huho.. 50 | Guaetsm oafn dp H2
drgManged by 0.003 N 0.001 and 0.004 N O
e stations in the Ome péeredceAnfadlerdg
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Thera@d NrCesent ed

|l owest annuwék

a seasonaur3B)enai ah bbéeh

1 ePdg&YNA300c aQneodl aktg t he we s
station with h her salinity values (36.7
decr eamsaenditnN&ECueek pl ace-ieshabdthoubnéesr bet w
Febr-Margh and-O$¢epbembewhen MLD decreased a
increased due tGcasGahiaazmo watr mashga rRODWI)t ,
vertical mi xing of deep waters decreased.

e
av
i g
(S}

SSS v(@d¢4ues5) were measured at 15.7 N 0.10wW
valafesSSF(aBad6C N 0. 05 UC and r2e0s9p8e clt7i wNe I1y. )¢
compared to the station 16.05 N 0. 1UW (23
L respectively). This suggests that a col d
through this station duri awgo ulhd sb e edre polde tod «
at the surface due to the increase in biol
Date Date
110 11 14 17 110 11 1/4 110 11 14 1/7 110 11 1/4
2 - 16.05°W b
2l v W ; a 2;(1) o 157w 3
w22 36?9
g i ® 368
% ® 36.7
D20 36.6
o 36.5
13 s 36.4
18 36.3
2130 2130
2120 = 2120
i; 2110 ;‘é’ 2110
= ]
g 2100 E 2100
= =
& 2090 0 % 2090
2080 { « 16.05°W 2080
15.7°W
2070 2070
440 440 {° % 15.7°W
’§420 g420
3i4oo %400
o (o)
- 380 Q 380
360 360
6 8.09
4 8.08 . h
N:: 2 T 8.07
5 O gs.oe
E, 2 ﬁ;&os
~ -4
§ -6 . R 1;;o°w_!
8 . 8031 1 tarw o o Pz
8.02
2019.0 2019.3 2019.6 2019.9 2020.2 2019.0 2019.3 2019.6 2019.9 2020.2
Time (year fraction) Time (year fraction)
Figure 3.3. Seasonal wvari abdslyistty mofp:i
((cr) (Cd) (NCfCan dw { prankdCQrapdppiHat 16. |
(blue) and 15.7 N -DNREUW red) al ong
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Tabl e 3. 2. Rati os T/ B obt ai-mMtA, 4TMNA e
SG routes.

Route Station T/B ratios
16.05°W 1.94
GC - TNF
15.7°W 1.60
15.6°W 2.10
15.0°W 2.12
TNF - LNZ
14.5°W 1.86
13.9°W 1.80
Open-ocean Coastal
transect transect
29.8°N 1.99 2.03
CI - SG
30.7°N 1.86 1.65
31.2°N 1.72 2.09
33.0°N 2.00 2.25
34.2°N 2.51 2.46

3.3 Ten2rtaherar otL&NZ)TNF

Longitudinal wvariati obNZweoet®obsespedi
summer and &£0t4wmemmd. FAGKEI ng summer wer e
approximately 16.0UW (426.77 KNdH.,83 0C
coinciding with the maxiumwBl 8B ®)(2 ZT.he3
average de@@ rskwarsiengi nsummer bet ween the
easternmost section (16.05U0UW and 13.55
intpRHdrpH 0.006 N 0.001 and 0.011 N
fCQ and F@Ot he easternmost section of t

within the channel bet ween Lanzarote a
the south of Lanzarote. During autumn,
COGsink to beingoarpgewsr fmiall a€ Qdt od uwh antg
summer in the same | ocAtriecédmo64 wNt @. 2@ i
N 0. 15 ?dibelt waen 14.150UW and 13.550W. S
constant in the westernmost part of th
seasons The maxi mum vlar5i2atN on-80 21U G Sal
0. 03, respect i vaealvye) awiet { 2r0e 9Pe it 0t. @ 5t H
respectively) were observed in the eas
Lanzarote BudaFuentaveagi on cl ose to t
influenced by fil ament i ncursi on. I n
eastern islands f(rDoanv efniploame nett hieanl anuarx 9liré
variations of SST and SSS were 0.5 N 0
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Four stati onsNZalroonugt et h(el 5TN6F N 0. 10W, 15. 0 R
and 13.9 N 0. 1UWraAwer el hsee lreecstud dt s( Foibgg ai ned
westernmost stations with the | owest coas
obtained-TNfFr rlboaat @8C At 13.9 N 0. 1UwW, in a s
Date Date
110 11 1/4 177 110 11 1/4 110 11 1/4 17 110 11 1/4
24 37.2
« 15.6°W *  145°W = e 15,6°W « 14.5°W
231 ¢ 15.0°W 13.9°W 37'0 ¢« 15.0°W « 13.9°W
5 2 36.9
g » 368
B 2 & 367
@ 20 36.6
36.5
36.4
36.3
2130
2120 |
S ‘@ 2110 |
= s
g € 2100 |
= o 2090 |
(6] Z
2080 | * 15.6°W o 14.5°W 2080 | ¢+ 15.6°W °© 14.5°W
| o 15.0°W « 13.9°W C e 15.0°W °+ 13.9°W d
o0 L — — . 2070
440 | ° fc0, 15.6°W 440 | ° 160, 15.0°W
fCO, bio . fc()2 bio
T 420 T 420 |
T ©
S 400 S 400
(@] (0]
€ 380 € 3g0 |
360 360 | b f
o 100 . 145°W [ = 0 13.9°W
449 . fCOz bio 440 . fCOz bio o
£ 420+ fCOztemp , J T 420 { » Otemp,
© T
< 400 = 400
8 g
380 380 |
360 g 360 | h
6 8.09 5w
e @ ‘ 8.08 15.0°W
£ 29 © 807 ;
s 0] @ 8.06 -
E s \
E 7| S 805 \ e
8“4} . . T 8.04
© 61« 156°W . 14.5W°*; . £ H
| i 8.03 - . P :
B+ 150°W . 13.9W ‘ A3 PHT2q ]
2019.0 2019.3 2019.6 2019.9 2020.2 LS 2019.0 2019.3 2019.6 2019.9 2020.2
Time (year fraction) Time (year fraction)
Figure 3.4. Seasonal var i abidslyisttye nofpi
(o) (Ca) -HYEQ sw (iRNECEINdrpiHHat 15.6 &
15.0 N O0.1UW (red), 14.5 N O0.1UW -LdHE
rout e.
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3CaZnary -$tsft aindsof Gi bBr&Il tar route (CI

Lanzarote and Fuerteventura channel , a
SSS (36.652 N 0.-02833 W€ r0a nlt4o0q) e it OhGaOn. 3a3t
stations due to the decrease of the bc
and |liemsist ysawat er filamentsvarirTihabihliigthye
observed at t he easternmost stati on,

October (2.53dN.0Se%s mmalfCQnawaisa bmaiintlyy
driven by ther ntaat ieofnfse.c tTsh ea37 JaB slh atthi eb Bs
temperature control dominated over bio
The seasonal rwas iambiiveéen ybf@d tapdtl cvihaasn geel
greater at t he westernmost and easte
dependenwasonembved, the maxvansu no bvsaerrivae
at stations 15.0 N O0.1UWwand hidgbBbeN at
0.1UW during the cold memths egwlkiBle® e M
0. 1UW throughout the year.

Therv@ri atur@h) (Wag similar at all stati
observed -ToMF trhoewtr@3 )(.FiTghceh aM@ e r anged b
~2090 and ~2ma@l1m:ldmolt akg ons except for

charmmedlween Lanzarote and ahgerdt éwed wteleme
and ~212% @mnoel tkog a hi gher wdtxdrm.g with
3.

27 transects were completed between th
of GibraBbaB8UN)r28These transects were
spati al variapslt empaall exklteha@Qe in tra
bet ween the northwest African eocasatnal

waters of the North Atlantic subtropic
an approxi mat4eld difsttuadnecgef roofm 2t he Afri ca
furthest pbéenBawrotindhgadir and Cape G
bet ween 0.5 and 1.5U of |l ongitude at i
| atitude (~32.5UN). Only during Apri/l

coastline (~0.5Uarda |l ®ofngmaxidrey maul pwmel Iti
Ghir and Beddouza.

The tempor al and | atitudiwmra®l 3 di shoiwbu
seasonality similar t thaée 1BER 2r,vemd tih
fCQ, mal ues direct?by0p toi bhal meg&sur e

seasonal average wnBs

(4

] oONBd It Aanitt teep
fCQ, sand m@O®i ati ons. T

p

po
s 0
e m&Exi muind FrCd mi
©
T
t
t

values were observ-8d mbeig) samdewi e
March), respectively. hese values pre
all the seasons along he nf©® tahnwdersptH A f
presented a maximum | atitudinal wvariat
0.036 N 0.002 wunits, respectively), wh
average of maximum | atitudinal vari ati

units, efg$pectiv
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Mi ni mum summer afE@ramgae ABE@A, MEAIEMUM summer
pHwere observed at t lue3bQapebe@hwerenl atthiet uadree

greatest intensity of the coast al upwel |l in
coastline near the Canary archipel ago, whe
and the upwelling is | ess intense.

Two anomal ous events occurreduobB 3Apr i | 6 a
mini mum and maxdQnuunweakbueespkctively deter
same ti me, mi ni mum SST were recorded in

(~31. 4UN) and Beddouza (~32.5UN), possibly
mi ni n@® sq@n Aprilcoéul d20dInAdi cate that bi ol oc
reducedexdhes<Oin cold upwell ed waters, whi
suggests that Dbiological activity at this
t he,e&x@ e s s .

Cl-SG

Winter average

—e— Spring average
+— Summer average
—— Autumn average
—s=— Annual average

36.8
36.7

» 366
(72}
? 365

SST (°C)

fCO, (natm)

29 30 31 32 33 34 3 36 29 30 31 32 33 34 35 36
Latitude Latitude

urfenndu.adbl. and seasonal asgshagmspaf
xes every 0.2850 obutatitude on t|

cC Q
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Five stations were selected along the
N O. 2UMNBB()Fiig | ocated near the Bay of A
protected f recans tsetrrloyn gwi madrst hb(y Mit thtee |Ad tl ae
1991)The stationsrat)33and/7 N1 .Q2rBNAND . (@rINe (
|l ocated between Cape Ghir and Cape Sim
intense upwelling and -peiremapnreenste nfciel aonfie
COsystemsemndeachange at the | ongitude
stations at u¥36 )0 a&and.24UNerB¥4®. WeNe( Fiog
north of Cape Beddouza to compare the
29.8°N 30.7°N 33.0°N
Date Date Date
1/12 1/03 1/06 1/09 1/12 1/03 1/06 1/12 1/93 1196 1/09 1/12 1/03 1/96 1/12 1/03 1/06 1/09 1/12 1/03 1/06
24 | 14851265W |+ 13.4511.80W *  10.35-9.55°W
*  12.65-11.45°W *  11.80-10.35°'W % * 9.55-8.60°W =
16
460 | 14.65-12.65°W » fCO2 13.45-11.80°W » fCOz 10.35-9.55°W o fCO2
—_ 440 ~ . zgzbio . . 222:“0 . . :zg;:)iop
£ . temp . 2 temp . em|
"S{ 420 ¢ g
= 400 ¢
Q' 380 ¢
Q 360 7 ) .
340 p
460 - 12.65-11.45°W . fCOz © 11.80-10.35°W o fCO2
e 440 1 « fCO2 bio « fCO2 bio
£ » fCOz temp e o fCOztemp
5 420 -
= 400 -
Q 380 -
® 360
340 -
-~ 6
v 4
E 5
©°
g -2
E 4 .
& -6 . : *s
8 _8 *  14.65-12.65°W & | *  13.45-11.80°W - *  10.35-9.55°W
L _10 *  12,65-11.45°W |+ 11.80-10.35'W ~ *  9.55-8.60°W
810! . .
% 8.08
? 806 Y
g 8.04 B i W ? ."n'/a' ) 9
~— 802 + *  pH14.65-12.65°'W . H 13.45-11.80°W . ’ .35-9.
800 v B, o L.
. ) pN7.2|12,5'5-11.‘5’V:l PHT,21 11.80-10.35°W| " pHT:z|9.S5-B‘SO‘W
2019.0 2019.3 2019.6 2019.9 2020.2 2020.5 2019.0 2019.3 2019.6 2019.9 2020.2 2020.5 2019.0 2019.3 2019.6 2019.9 2020.2 2020.5
Time (year fraction) Time (year fraction) Time (year fraction)
Figure 3.6. SeasonalfC@ a iREDidlyiptHy eopéer
and coastal waters aSG prooiunttes |oofc aitnetde
N O. 2UN, and 33.0 N 0. 2UN.
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CQGsystem along the northwest African coast
of the routes, westernmost and easternmost
separatel y tooc esatnu dayn dt hceo aospteanl wat er s, resp

The seasonal f€@rgivaahi dmmpie B@agmawif mum t o the

of Cape Beddouza (78.19 N 0.24 Oatm, 0.074
station 33.0 N 0.2UN) and minimum around C
N 0.001 and 0.044 N 0.001 wunitsthaet statioc
maxi mum and mini mum seasonal SST variati on
at the respective stauwi3@ns)t fCeon aBflle Bay of
pHrange was intermediate between those obs
| ati tdidifrealence was especially uh33gh during
due to a spatial change in SST of ~3 UC (b
l atitudinal r d01@ eayn dwinti hn remawoiumpaHm 4 20 Oat m an

8.03 wunits, respectivel vy, at t h-8. @dut her nn
uni t s, respectivel vy, autr 8sh eBilo)r.t hleu rninmogs t

winter and spring, the spatial change in
~17 and ~19CQU@)ndaweHpd hetically constant at
(3800 Oat m8ad® @8ni0Bs). The strongest sink

period between the Canary |l slands and Caj
variatipmnasofmarxdOnum3 (66t wedn~3d!gdGutmmol m
of Cape Beddou2a3&ananbdetdd@&mdr#mmolof mCape
Beddouza).

The T/ B r &2)i ossh g WiG®Hset r itehtei ons wer e dri ven
processes at al | stations. T@, walser mall ef
strongest north of Cape Beddouza towards
ast al upwelling |l oses intensity and bio
l ues32)Tamelree i n Cape Ghir |l atitude, where
ytopl ankton blooms was highest. These di
e i ensity of wupwelling haw(eFiageso been
ich was maximum at 30.7 N 0.2UN and
inrBeS®B)S i(Figreater due to the differ:é
shore transport throughout the year
5) decreased between February and
e in biol

d mont hs

o g g i@

o1
N
- £ 5

>~

a ogical upt akienateddhes itn me
o] due t o boish nvke ratti dali smitx ime
cause®&Tbyetbededwi 8 the upwelling. At
ar itamidl;wWeCy boO6w€r and encompassed si mi
v
e

0w oYvDoo~Qw
-
o o

- O

ed -iosnl armck ri od teas , which reflects the
se stations.

~oSO0OSS ST

ngitudinal di fferences were observed bet
B rat3209 (wkhasblhea gher in Cape Sim and Beddo
0
r

~ o0

.2UN, respectively), which may be relat
iation in SST obsoeaeveerd zcoomep.ared t o t he

<zZHdrm 90T T T ZOOWTT <O

Q
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3.@i.scussion

3. 4Selasonal vieiabdhkpHY of

The seasonalfCaandbiv@dtwwasofdri ven by s
variations of SST, where the system be

as a sink in the cold months. This agr
(GonzpPlBezrl a eGoakPRe2 03 etSaatCGansa 2a0n1o0 ;e t
al ., Sa@6Cansa ano eThalgrne20Of€) Hunncu s @

bet ween winter and summer and f allrleowed
B.6), with a |linear r é&foestsihNFnQGluapee olf
Oat MfOE€C the&NZTNBute andfad. BSiGe @ &threeU C
theoref(t(EosﬁSISlTy relationship Towasl6r.esdult e:

bet ween ebruary and OctoblerrgdpPeS8tive
a consequence orbIUEheodecoeagecah €r awi
were slightly | ower t ha those obtain
ESTOC site (121,[5@n|>§|§)(§54$aanltm'hIﬂJé:,séZd)sOcB
vari afCiQopdwedft o a defcr@®@.aG@®@0 nhmpitlug hOGat m
region between winter and summer, with
0.007 to 8.037 N 0.001 units in the Ca
N 0.002 wunits along the African coast.|l

fCQ awndraptH t hi s ti me a33e presented in T

The T/ B va3d2uesi n(dTliachaltee t hat the >t empe
solubility in -seawatehlrarcgpatfrlodxesaiagver
t heft heo mal processes. The contributi
ari afCQomasfdoubl e the contribution of
elected stations, with minimum T/ B va
btained in the areas most influenced
| ooms, bet wed nCape eGiSiirm aand with gre:
uth of Cape Ghir and at certain stat

nwoowm<o

Table 3.3. Linf€®rdJ 88T adiC®OnHpHIpS wofie
summer and®OcFelbeuvamperi ods with their

Route Period SCO, (patm) - SST (°C) relationship fCO, (natm) - pH (total scale) relationship
Winter - fCO,=12.27 (+0.31) SST+ a fCO, =-0.0009 (£1.57 x 10%) SST + 1 .
Summer 145.45 (£6.34); R*=0.886 8.44 (£6.00 x 10); R#=0.999
GC - TNF . ( ( .
February - fCO, = 10.35 (£0.25) SST + . fCO,=-0.0010 (£2.46 x 10°6) SST + N
October 185.28 (+5.29); R7=0.880 8.44 (£1.00 x 10°); R*=0.999
Winter - SCO,=11.41 (£0.25) SST + 2 fCO,=-0.0009 (£1.64 x 10) SST + 1N
Summer 162.72 (+5.11); Ri=0.887 8.43 (+6.00 x 10°); Ri=0.999
TNF - LNZ )
February - fCO,=9.81 (£0.19) SST + S fCO, = -0.0010 (£1.76 x 10 SST + .
October 195.31 (+4.02); R*=0.897 8.44 (£7.00 x 10%); R*=0.999
Winter - fCO,=11.71 (#0.25) SST + 5 fCO,=-0.0009 (+3.11 x 10%) SST + 5
SO, 2- 4 S -
o sc Summer 161.38 (+4.85); R#=0.86 843 (£1.20 x 10°); R#=0.996
Cl-8G
February - fCO,=10.48 (+0.17) SST+ a_ fCO,=-0.0009 (£2.90 x 10) SST + 21—
October 186.13 (£3.44); RE=0912 843 (£1.10x 107); RE=0.997
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3.4Sp2ati al vari ashydtiam pdr arheet e€CrOs and f | uxe

The differences observed in the seasonal \Y
Canary basin and along the northwest Afr
hydrographic characteristics of each zone,

upwellindheamésiosecal e variability associat ¢
filaments and -egdldard. r-dMENZI)NtECesent ed

di fferences between the oceanic and coast a
system-sa&md exichangeat werse 7S|Nr'ﬁNIFz)1rUW15 G&& K

0. 10w, 15.0 N 0. 1U0W MA)du@®Es. gad?Wy .0 .TihleW e( TNF
stations wereoteaatadebndanecpéy exposed t
and trade winds and protected from the fi
i sl ands, Lanzar of[Ravaenndp oF u e.rldto eweairetr,y r &t 9h9e9 )

greatesar F&0Oi ons occurred at the coast al s
in SST. The stati oirNFaurrBg. 0% eWad dl bW (TE@®@ e

presented higher averagec®ESRn awvad eSS t han

At the station | oecFauteerdt ewietnhtiunr at hceh alnanrnezl a r( oLt
Fiug3 ), frequently influenevad eby aanda $ti glh
productivity fila t i ncursi on, t he aver
western waters th ghout fCResvg@aonalA wesH
iability was o rved in Canary I sl and
sl and out es. s shiCQvewatrhatbi §t he yt wwars
ater i the we rnmost section of eacl
Canary lagli amdsvasulabeéedgiiary. whise
on of coast(allohunpswenl lainndg Sitne vtehnes ,
egradoetTak. Ca@doy) Current di ve
e south of Cape Ghir and fl ows
the flux travels between the
nt ur a -Aafnrdi cRphHretroeaBaeidteweraa et al ., 20
arth.i,s 2 0eM®a) t.zsitntke ofta & lheao ch nE @ut es
v at the eastLeNrZn mosutt e t( d2itdbe® N6 t h
6 N O2yOf4 Ui ) m The interaction betwe
n
s

n
u
e
[
e

a

O ——~ 0o un ~—

t with the Cape Ghir fil ament, whi ch
which move southward,Mpaseilnsgaedt oL

he recirculation results in the | ow ¢
ran Canaria and Tenerife from September
[ ament was strongest. Evidence of upwell
f Gran( Xemmgsorm and. Shtheivse nisp we2l0l0iOng coul d
o] T/ B ratio (1.60) at the station | ocat e
. 1 UWF)GC

seasonal variation of the results al on
sented an i mpor(tBonrtg elsateCh uadlie.h,a a2 0vGa5 ;2 & 0 i
ated to the increase in the seasonal S S
Canary I|Islands to the Strait of Gi br &
perties along the African ceoastadl|l yrans
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wi nadnsd by the intensity of the per manen
and the Gulf of Cadi z. The mesoscal e
thermohal ine horizont al gradients and
the coastBhsupwebR@rddgzdf 20 @ & ;Zetn kalet, a2
199These mesoscale features interacted
coast al cyclonic (BedhBdaretzi ogc Runiat eead@id
201whi ch propagate wesMawarnd ed sSahRhagg s @Ry i
al , . 20B08e features promote the tran
upwelling towards the open o¥Ya&ladh®s nand
D®nGaenz 8§l ez, 2015)

The | owkEODt ;wSEaGO®drspeHas on al variability ¢
30.7 N ar3a0N anFi 31. arBN4)D. PENWEENg Cape
Cape Beddwusaregion is characterised b
and offshore transport by f(iJloedhmesrotns ,ar
Stevens, 2000; Mittel s.takaddar, aQ&8Pd; GHPier
), a-pgqumanent surface filament i s f o
kil ometres(HagemerPeadegnm 21886al s, addobd
with the formation of cyclonic eddies
(Johnson and Stevens, 2000). A detaile
area pr oMiitdteadl sl yaseldaws( 1t90dt) upwel | i ng
throughout the year to the North of Ce
the Moroccan coastline to the Strait o
against the equatorwar d ebltohwionugg htorua d et:
bet ween Cape Ghir and Beddouza, wher e
more exposed to trade winds and the Ca
and summer average of SST and SSI%snort
obtained at the Cape Ghir l atitude. T
caused a spati ady stae msaadga dfnh io e 4 hteo CtOh e
Beddouza, where maxi mum fnaad @2@@ sum
mi ni mum summerwaverabeeovegH

The intensity of the upwelling in this
mi ni mumo¥athesT/ B ratio along the Afri
stations of the greatest nutrient infl
ratTals2d were recorded north of Cape E
|l ess intense throughpuéeséeheegegreatHemwe
|l atitudes 30.7 N 0.2UN andk 3axpgr &ls De @ |
arem 71 N -0.62 AnO62y®5 me@spexctively) wa
north of Caped4dBeNddoyEBomoB3mo -6l. P6 2NN
0.03 %gdtfom 34.2 N 0.2UN) -@ansll1ik @®he4 Bm

y T 29.8 N u0.eBUN3dB.d4 Fi g Mor eov®eirnk twas
approximately twice that obtaiOne8&d imolt

m?%ytat all Tlke¢ atkoowgistudi nal variability
Cape Sim and Beddouza, was related to
and to the increase in SST andocRx%h fr
waters of ~3.9U0Qtamnvde!|~vy(Q. Reltagnad eat dogyp e
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This contrasts with i@ J4no moagteenreso ucsl ovsaer i tad
Cape Ghi(rvaladt@st v@dnedz HI®Z z 2015)

Th#€EQ mal olesai ned were comparedfC@nd cont ext
data collected in SOCAT for the Northeast
The inclusion of SOCAT data is wuseful t o |
fCQ, Jwr om coasacadan owaotpeerns and to evaluate t
of the results &/MtSailnende by tahegr@an @A ar ea

Atl anti c. Both data sets were studied as
Canary arkibhgmerl)agaored( 5i nl atth tudes of i nt er e
nort hwest AfuriBtaaBh@pPpasSOCARTgdafC®,ssshow t hat
surface longitudinal gradli@ndf ilsomagiltyudeé gfn
the African coastline in the aurg8é&; of maxi m
31.2 NFiogensN, Band t hat it decreases towar
l ongi tudi nal gradi enf@Q wdaast ac I cecalrlleyc tveids iibnl ec
waters around CapevVO@)i randn SAepptidmiEeGa n(CAOCA
averf@@ewn April around 10.35 N 0.1U0UW (372.
Oatm | ower than that obtained around 11.5
| ongitudinal change was more drastic in Se
this time of tlhe iyrragattédlalti twasS¥T sdabt a and
data was <coll ected dd® swarl utecs totba ad maedt .neTa
coast fromrSSDCATohOAFrgst withfthded emaxinmarmh
cyclfeQodibt ai hbd BYO®OAt owa-ondsapnpwaters duri
|l ate summér aBaBi))g Thf€EQadwer gt ember around
N 0.2UW (376.64 N 14.28 Oatm) was ~44 wuat
11.55 N 0.25UW (420.86 N 8.91 Oatm). These
l ongitudi nf€IQ #wbhat athange$ with-osceeaasnronal ity
waters in the firstceds0O0l kmefrdomi s hkeofgpeu
does not appreciably afVoOSt trh@srewthi oh t
pl ace at a distance greater than 200 km fr
(33.0 N 0.2UN amiB 834 .ah dN sw.uzhN,ofFiCape Ghir
FiugBe 8) the |l ongitudinal gradient is weake:!
of the upwelling and values were not | ongi
I n the easternmost par tl1 6df) iICtOQOvdaé Gasaroyf arc
Cane&/OS |ine andr SDEATNEFegsed towards the
t he east to west increasedddB. 1SBlah)dhr ougho
and in SST satellite imagesVO®ri mpreowae ea.
t he SOCAT v2020 data resolution for the ar
variation on t he& Qs pnattihael edaisstterrinb utairan odf t h
The seasonal if€Q@, swafl amela siutrsedl ati tudi nal vV a
evaluated together i wi t3h atrleeas SOCATI nvtaelrueesst :
ar chi pe F2agJoN u(r BE79.Q5, Cape GhFir) (and. 7NorRihg of
Cape Beddouza (u¥® 9).N The UtNe mpFd rga | di stri
Can®&OWS and SOCAT data were fittBd2.to the h
The SOCAT data collected in September in c
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production, oxidation f organic matter, [
carbonatse aaeCdr lad nreg ). Chen and Pytkowicz, i
2000; Takahashi et al ., 19198;t Wavmss hubdpf @
normalised to a constant salinity of 36. 7.
i mportanceseaf ekbhbamage, the horizontal tr a
coast al upwelling and the bioheotgwvean acti
February and OctobemdecDereraiseg tamids tpmer ived .t i
i s suppressed due to the decrease of the
(SanCasniaano eftr oamh .~ 1 2200 OnveN eerr csh )( Fted ru2Aa% ymet e
(Sept-®@mbeber ) . Near the northwest Afri can
vertical di ffusi on, advection and entrain
upwelling contvarbiualkidl ittoy.t hhoweCv er, t hese
accounted for due to the |l ack of dat a.

The monthly tbhaegeds ioh KBEeweereemsompuEgd f
t he Maurnceh:Selputneember ®Ouocdobelbr wadsdy,o dTsa b(l Fei

34) .rde@r eased-Afprdrh NMaorOSte pbemband i ncrease:
November to March, driven by the biologic.
maxi mum primary production an8etwepnratior
February and Octohwas @aomput ddctrleacseghaoauiNNCi
region, which was ma¥Xi 6 mAmoeandm.nd nN mu.m2 &GN
29.8 N8028UNMO! Tme vafduwea itom ifolINCgi c al pr
and calcification/ di ggs@dtutatonallepstatind regs
February and Oct obera. exicen aenfgfee ate saufl ttehde i ani
in tNE <6 %. The gr eatseesat fclounxtersi bwa s omb sod r vae
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Fig

the ter ms of net adoGidniitp | tgy e gsrejad ueadi
( G/ Ex bl ue) and hogNiGhagsal ed) ahspa
October. The net contribution o0cteockhc
shown i3d. Tabl e
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Table 3. 4. Net ttceomp o ri dlu ¢V Gidnti )aotnd foNnOn € t
produagilG/oimdp ( -saiar exgl@aigde dnd hori z
( pG/d t/9r i n -JMarrec h( s p+Siepdgle,mbduneg s umme
October.

Route  Station ANC/dt (mmol m*) ANC/d[EX (mmol m*) ANCy/dt|TRSP (mmol m) ANC/dt{NCP (mmol m~)
March-June June-September February March-June June-September  February-October  March-June  June-September February March-June June February
< June-Septe October a oScptember - Feomuary areh-une pet October . September Octaber
GC-TNF 15.7°W 752 -6.81 -10.03 -1.00 -1.30 -0.27 0.25 1.28 1.55 -6.76 -6.79 -11.31
TNF-LNZ 14.5°W  -7.67 -14.55 -24.07 -1.03 -1.80 -0.62 =0.02 -0.25 -0.44 -6.62 -12.50 -23.00
29.8°N 375 -11.71 -8.28 -1.37 -1.44 -0.18 0.02 0.03 0.06 -2.40 -10.30 -8.16
307N -1.56 -12.77 -15.01 -0.80 -2.55 -0.88 -0.01 -0.37 -0.49 -6.75 0.85 -13.63

-1.2

CISG 312N -12.69 -16.65 -27.06 -0.26 -2.67 -0.75 0.02 -0.46 ‘i()‘i‘ -12.45 -13.52 -26.32
330°N 1771 -6.11 -21.59 -1.21 -1.07 -0.22 0.30 -0.20 0.33 -16.80 -4.84 -21.70
342N -11.66 -13.87 -24.17 -0.90 -0.67 -0.09 =0.05 -0.13 0.19 -10.71 -13.07 -23.88

stations | ocated betwegeh. T@Wpat GBOr7 aN
~2.77 % at 31.2 N 0.2UN) and within t
0.1UW and ~2.57% at point 14.5 N,0. 10V
was greatemangdei N€eaedxbhaage was hig
1. 07 -2a.n6d7 ~mmod umi ng sSwempmeermb(eryyne coi nci
maxi mum outgassing period and greater
( GonzDs8lvezl a e 8 a@atCansai 20003 et al ., 2007)

The €Ot gassi dgnlketawmeerSept ember contrib
20% in the depl eheoerHoiwedE@regiadn.t he n
station the cont i BWt inohmo |-whns8 1) n i niah e
bet ween March and June presents the ma
sea surface behavi our DOuroim gs itnhke steo nsoonut
contribution of biological activity wa
for t-sheea ae@xchange. Hovwae v art,i oh heeadt t BICnH

di fferences between t he sytfatoimonFse.brTuhae |
October and from March to June were o
around Bay of Agadir@8)(,29L &8s N ion f2IUN8 n c(
upwel l ing. At thi s I|soecaa teixocnh adnugrei ncgo nstprri
to theepNICeti on, whil e the net communi:t
The increase iseahexcbheagefwabhedaaérto
outgassing. Mor eowher updved il mggt hind odds
filaments is | ess i(nMietntsesl sitna etdhte, Bla9y9 1
2005hH€refor e, the Dbiological activity
towards the open ocean than at the hig

Di fferences in the contribution of 't he
within the Canary +Hdmasgi mumwdulhyl a nAste clodn.
0. 10w, this was even -himgéderThe ase d dired
duringdgulynebygt b8 te the strong biologi
the maxi mum intensity of the Cape Ghir
recirculation of the Canary (Querrrne8nntd etzh
Guerra eKnall ,eR08R;, 2002)
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The contribution of the advection, transpo

NGdepl et B&®)n we&Eyg .cal cul ated at the stations

into account thrddESFewiemmer emap®dNECt t o t he
0

|l ocated at 30.7 N . 2UN, in Cape Ghir | ati
wedteast gradients were performed consi del
bet ween the most ocEhaeaigr aattlecstoacomtd r ish @t ii
at 15.7 Nr3.)1wlaw ((@Firesult of the greater di
the more saline transition waters of t he

waters of the upwelling. Bet ween February
at this |locabiyod. 6B metabt@®d NG t h t he highes
during summer due to the greates¢ct i ntensi

~19%). At the other statiramd $58sgr adi a&rhte:

were close to zero and the hori-o4% al tran
and 0.33 momohrtm buting with <3.3%. These
obtained in surface( GoantzBsgleeizaa ¢t prdIESTOZO G

provide a new estimation of the horizont a
upwelling tohamagedt ot al NC

3.4 n the Northeast Atlantic coast al and

The monitored routes prodsdgdaaOddbamavad a®ga
net,sGh k. The spati.wals warnivaetni dry dfheFAOf fer
fCQ .amf@Q, (¢dCQ , since the wind speed did not
bet ween uvo3t)es Thki gzcat agé aFEDNENZt he GC

routed. vasN 0.4 molli chtmy higher than th
FCbtained at the ESTOC -0s.ilt8 ngeleav@ enrm 1996
Gonz®RBezl a et ahe, alN08)bedwerengelTem@®i f e a
Lanzar ot e?2c(olvde r5e0d0 bkym t h-e. YVDSN | Day@2 Wgs CO

(Tg: g P0o.(05 N 0901 Theei &k rn the Canary basir
what was determined al o8g48hBE @J59® hmekt CAMMm
. For the northwest African coast covered
(160, 500 aknm annuabdf3aBér dlg @ yB@O. O ACO 0. 17

@ ywas comput edac allhceu |laavteerda gfeo rFQChe ent i r

¢

—
«Q

75, ) 0 0w@ks 34 N 0. DywHlinhoilc hC im consi stent W
tained frofm. SOCANT 1d%ytha mipdrrg@r maar ea i n th
rtheast Atl &ntiThdsle 20D, DDD &me | ower th
ported for t hC &Nomdyhd@ekmhAshammidcal( ., 20
r the continental s-sthhe8 f may+ Chheen Noonrdt h e a st
rges, HOWweyer , t hese | ater cal cul ati ons
tasets. ThfeoraviehreageentF Q@ . 65 ublly O, 44i 0g @O

(0.72 N 0M0)1.2 Trhgi sC ryersul t agrees with prev

NN aoam TS Zo—
OO 00 ®M®OUT kK

at the Northeast Atl.annhk&Xlatgawval aces as .
liB3¢seurre $Babiahe ,eRPdROhasRiOPdanadl wit 009
e role of <conBRorngeenst adt salel ,vezd0Qt®;. gCai , :
13
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Fi gux eABnual av(egragigep(acfedhC@nd wind
rout e, calculated with spati al d-T &l F
route, 0.1U of -LINZn giotud cee amnrd t0h &ST®N B d

3.68oncl usi on

The results obtained between February
seasonal and spatspstemrpabametegr 9f and
waters of the easternmost part of the
continent al shel f. The s onal behav

eas

ESTOC( Sonels8lveizZl a eGomtPpeDAa3efamtana 20
Casiano et walth, th@eOnprt hwest African ¢
et al., 2005) and with Nor{(hakahashthice
20Q09)The tempor al and spatial change o
temperature fluctuations with the seas
presented | ocal differences due to var
transpotrhte anloorntghwest African coastline
gi stered ingnéaet e etgiiomt evimd iht y hef upwe
BeddoB32a5AlNg33%.)6 and in the areas

ore tr anssptoerrtn biestlwaenedns tohfe tehae Can
I n these aread$CO taina rwpeHaes on a
49. 47 N 0.03 Oatm and 0.048 K
e todbttahien eldo wd uvrdCii@geise c menas edT b a
routes byfaomOBeBr 0aey ©Oat &c U
ase of D.001theainer Ohwenst Afri
G @ aigne tihne same period “Wwas rplH . 4 ¢
decrease of 01 0 0.0M@ awsmointas | Ogt mwva s dri v
community pmr csckcotedoab yaxicithrawmae hi ghest i

-+ o
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maxi mum upwelling with higher Dbiol ogicsza
esaasfdQ xes.

e}

OSSO0 TSTOoOOK ST ODOM® SO0 ~—"NS S T

surface waters of sihrek echuriirmneg rtehgd oo lacc
as a source during theCwanamymbat aseds T
.1UN) and the entry porfe ssehret Sk esada ge 0G0 Gi
.65 N OQy#d4 .7 QO 0H1L2 Thegei &kOy was found
be maxi mum in Cape Ghdaxi munmd uppgwelulgihroqtd
mi ni mum temperatures throughouwt the yea
seawabeonsdmet iCOn by an increased produ
ea was counteracteddbgptheawaijecti nas olft
pl etionramC®otTheNCanary archipelago, Wi
mperatures, and the area north of Cape B
clines, Mem&ksweak CO

C oQ o

study dhewsenlkgt cloing h nuowssy smheenm t or i n
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Tehxep arneds ud urs k-51 ® avd e€x@cghea nogfe ainr t h

upwelling system of the Nort
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e eas
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ance-tefmpooral i mnadusphadmécorddl u
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t African coast where no previous
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Data availability

The databyot he&/tOHBh ©A5 avail able at t he
(https: /dpdaguw/. i cos
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Abstract

The seasonal and spastyisatle nva@mr@datbd ilink ¢y
studied in surface waters of the Stra
Mar ch 20rR2dsolHditgihon data was <coll ected
pl atform aboard a volupnstgsetembwasvisng
influenced by temperature and salinit:
spatial wvariabilit-¥Medhteheadepnhh!| ot et I
the tidalndundedwiumpvethamges Tiphugaaiwtay
fc@ }w and fluxes were mainly driven by

influentkheomalhoprocesses in the southe
t her mal effect ratio (T/B) reached max
and mini mum vsad wtehlserinn FEKENQI Hunc f edsB8E) w
temperature by 9%®m2 8 =Wnaw3)O04t ;1 UK 1. 6
UE(?%0. 49 =dnidn9)t he northern and souther:
annual cycle of total i norganic carbor
(N was assessed. Net communi t-95 .p6G % duc
of the rtbaalge N&Gwhai |ex céhiarnge and hori z
advection accoufCtQGedunf ohe<&St6%®itTheé Gik
has been fitted to an equation witth ar
and a standard erQaotrm.o fT hees tsienaasteea aolfDt N1
fluxes reported t hesibnekh advudroiunrg atsh ea csotlr
a weabkoC@GOce during the warm mont hs. B C
sections acdsed k@ soBfa-l1amd!| CQ+*tm respectiv
The cal cul aifeldu xa vfeorra gteh e€ Celn2t iyge(-LaQ9ela w
Gg G yr

Keywar ¢ afQxesystCOm, VOS |l ines, seasc{

of Gi braltar
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Chapit er

1. Il ntroducti on

t al and torcaenasni tdlroevagse oacrbep mncal |y a
h play a key role in the gl obal C ¢
ystems and | inking the terrestrial
e
n
I

® O~
nnown

regions are characterfiis»at iboyn par
eralization ratios significantly

ies of organ(iBoragqas i eMarcakleemizd 2e@ @5tk
; -Kvaurl gleerr et al . ,amrd 0H5h o Wa &t selini pgotdr a8l A
abilitsyeiape@ehrarsge,f afitteinnlkcaéandgs at
ng cold and wa(en mp.nt@ai, etespplecti ¥
Borges, 2001; ShadtHoeowelk esee¢ta . tth@a xaB 01
been difficult to quantify in the
t he subsequent i mited number of
i nufouesghe gy moni toring i s;umpe @kier e
a higher certaiamdyunlidterisg ainmdp d rhtea |
s in the climate change. I n fact,
ther with the 2007 report (bPCC,
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rodynamics in(thegStAami ahdGFhr amet
der, 1991; Gascard and RiahezinteBg
the variation of biogeochemical pro
sbhicallogi c al coupl (Bghéewaprzaieusakt
al ., Ran®Recm20 @7 et. &dHowev2a2014)t he kno
sussfyasctee nesCead f Auxes i s scarce due
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vious studies have expyoarenc paheamets
wat dDad emlew mre t a-Casi 200 1let $Saxiptoan 2QC
ease in total i norgani c ¢2alr5b0o na nfdr c
5 Ohionl skugr f ace Atl antic and Medi't
ual cycle and spatiyalt edni ytarii abt
dllay Paz ,etwhalkh, ac2009)Y ed a sea
y of ~60 Oatm mainly contr-oll ed
ranean interaction was al so ass
eHxucehratnagse e@n dal d e c &2da0l9 Fd ceicchiaf iecta !
s@iarexCc hange evaluations have de
tar behaves ;aisnlkh ortamtamospaler $§ c
, 2009, C281iAnoSatNearear t h2Degs$ , t hes
ed on temporarily Ilimited observat:i
new strategies for copndriemuo@guinroa
el op Hiegrposppatireesol ut s s tsetnu dii re s hic
i ables areas such as the Strait of
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he aim of this stutdemwmwasatovanabhpseitheos
Qsystemsamadeaichange along the Strait of (
ontr ol the distyrsitleumt ipam amnfet tehes @0Gd fl uxe
he |l atitudinal variability related to th
rocesses hnear bot h t he lindreiraanctamd Afertiwee
ortheast Atlantic and t he -tMeasitt egurafneaa
ircul ati onmnianad optrhoecre spshes acting on the St
he northernmost and s oluhleisea ndmeotsa wialrlt iorhp
ur knowl edge about the rolencfl ocealstsa&lasr e
nd coasbakbanhotopaniti onsada.ak@ahange.ter ms
.2 Study area
he Strait of4l1Gi hmsalboar (Ri0Ogkmg and shall
hannel wietahs ta owdsetnt ati on that connects t
he NorthHBaet mANl anmtmi evi dt h at the Tarifa N
i ni mum depth at the Camarinal Si || (Cs,
360 m) play an i mportant role (&. tdqhe exch
ar-taduente et al . | 2011; Sammartino et a
008,. 2011)
he circulation pattern in-ltalyer Stsiyaitte mhaa
urface Atlantic water inflow toward the
utfl ow towardgt hAr mesand Far mer , 1988; Br
ascard and Richez, 1985 Thleadombbdaeandanki amh
epl eted Atl antic water i s Ssepiacht ed fr
editerranean wMdcdkirt éoryr drmeamltll @Bedayaete | ay
| ., 1995; LacombelThaendAMRi dlse zd,e elp®e&2) t hi ck
he westernmost part of the channel and sl
depth in ES to ~75 m deptklhBeragtwar a@al of
995; HuertasTlhe sathal |l W0@®gsition of t he A
Figdte (a) Bat hymetric map of t he
topographic feat urteta sotf dinstterriebsut iwir
Espartel Sill (ES), Camarinal Sill (
(b) CY¥@&AMt hern (blue) and southern
of interest from S1 to S5.
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water upwell ing t#temstthea ne asetgd Bmh@®dN a& 1t héra
al , 2002koGsmemz et al., .2019; Minas et
The main physical components of the c
were de€CanteHabgt aalbar(olt990p)i ¢ t i-dal f
inertial component driven by at mospt
Medi terraneter ®ebhar aclliomigc component t
in density between Mediterr armematr i Soeda
currents ass-ampht eddwi i lntleamaé waves.
waves mainly occurs in the shall ower
i nteraction of t he tidal fl ow with t
strabnfitbabugh( et.heg.c hAanomeslo del Rosari
Far mer , 1988; Bruno et al ., 200 2; La
V8zglb®eazobar eMetadar ol20d®dBgal asuborcing
the release of (Chesel anPésméek , s8R a
1999hey are propagated toward the Med
controlled by the tidesRiarmezat 189dhl ¥
Garrido et al ., 2008; Wwat senbandgRObREPp
side (dBfru® et Bhe ,i 20®R2npal waves are a
the mixing between the Mediterranean
injecting deépghawadtprutiin¢gdMacihas ueppeal |
Wesson and .Gregg, 1994)

The unique hydrology of the channel i n
generation of physical features, as Wwe
the wvariability of the physical and &
Gi braheéeat.nd@ilced wupwelling phenomenon
induced upwelling events al on(gSttahnei cAH Iy
et aland200bh represent empsoatlceaof abi
surface CO

4. 3. Material and met hods

The , CYOst emsandeachange was assessed in
on highempatab frequency data obtainec
2021 through continuous autonomous mon
observation pilnasttfaolrine d( SoOOhOPg v ol unteer
SOOP CH¥MSA The SOMAFPS CwansOA he container
(1 MO 9144718) operated by Nbetawevmmr 2tth
Canary I sl ands and Barcel ona, t hrough
northward along the -92outheowast Adastcan:
Peni msaulaa.col |l ecti on and maintenance of
took place biweekly (time required to
Pal mas de Gran Canaria (28.1319UN, 15.
Strait of Gi bpat earthBdugpwahd s8O0ULt he
section) and els8 tchawruwgar ¢ hreowntor t her nmo s
The SOOPVO&nOANe will be part of t he
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I ntegrated Carbon Observation System (I CO
Thus, the measurement equi pment and data ¢c
requirements and met hodol ogi cal recommenda
higohal ity dataset.

4. 3.1. Underway measurements and data col |

Autonomous monitoring was carried out by a
l ow at mosmbleaid cf C&c tmeoans u(rxe® nt system i ns:H
the engine room of theCWREWNAITES nPd eczo nettai aler

2021)The;, me@GBur ement system, devel oped by
commercialized By Gemkirmés Ozr aamiicsand seaw
wi t h -dai snpopenr si ve infraredParalrpysertfald .ga 0
The system was checked automatically on de
periodically every three hours during the
the order of O ppm, 250 ppm, 400 ppm and 5
providedNathiyonanle Ocean and At mospheric Admi
traceable to the World Meteorological Orga
check anaeaxs@WQ ement WPeorn mel¢tci omal i brati on:
automatically performedaswesr i BA2idhduno wdij
respectively zero and span of the infrared

The system afnep)r és xs€a@wat e winhhtasf aague
nor mal |l y -1Ic50 |dactta 1i3r0 t he Strait of Gibralt
threemxeCOur ements in | ow atmosphere after

a ndoinspersive infrarefdiannaliyasldry huhiel t6 2b6y2 Ln
after October 2019, a 7000 medel) were use
The sea surface temperature (SST, i n ucC)
thermometer with an estimated error of 0.0
I n addition, due totobheempghasensi thanggsop
thermosalinograph and a Hart Scientific HT
esti mated error of NO.o1UC each, were use.|
XC&Zystem and inside the equilibrator, res|
Sea surface salinity (SSS) was measured
t hermosalinograph, with an estimated error
measured by the transducer on the deck (th
the orderwiotfh miHe i bragsssyseemegarnshdexCe s
Due to technical problems with the measur
Can&AOS, nNo measurements were obtained dur.i
water intake), during the sd&dbond RHI20 of

(problems with LICOR flow that -1®oul d not
' imitations) and am g oluirmietyesd frmrwnrb & rh eo fp orrd
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4. 3. 2. Determination of wvariabl es

Thi s study foll owed t he dat a coll ect
calculation procedures as published ir
manual f oxanad@BincsiCOon etThe . fug®O@FHY o
cal cul at ed fCiQn)ywsaemdvat er t e fC®Owsmf abmos
measured and:vadbnuresctPoéfox@dngt al. (200
The ther mtatheramal nooOrsabdt vani ani ons  w
using the equaTa koanlsa sphrie seetrwti ald. b (h2e0 0t2e m
ef fectfGQ, afnor i sochemical slechevtad remi ne fl
exper i meTnatkaalhlays hbiy. e tT halh.e o (MadfO @)fidnd) ati
was obtained from the sedC®dml tamplaivteu

temperatddlrad2d EqThe t (@ mapwasf tadtcul at e
applying the observed temp&G(&EQqe) ef f e
and determining its449easlidhrealr ednmpliivteu di
t her mal -tamear malon ef fect s was express
(BO,  nkHFGLQnonhe)mar Wi th values greater t h
temperature effephysdsioms natfeedctoyer non

@/ 4 @ Agmstt cdo 4 41)
3 @/ 4 @/ 4 42)
@/ 4 @ Agmsit coo 4 43)
3 @/ 4 @/ 4 44)

The ,fCIlOuxeyg WeC@ det Eqdbi f 8d oesikreg and P
with a conversionidf adher sof ubatt tagmd IS,
the difference between fGEREELHIE®, dand |

fCQ, 9gtmwere cNeomgatdievedf | uxes indicate t
atmosphern&k, C@hil e the positive anes i
&#/ 1™ 13 Q3F/ 45)

The updaneda k hpfar@2m@i1 4y i zati on was used
considers the most recently advances i
and i mproves the wkbred nsgp e ehde pgracsd u o tasn,s f
i n 46q.

0 M upx  — (46)
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whewies t he wi nd Brpddedmi( cht snumber (cinemat.
of seawater, di vided bRaithy a@uaesr algdd usf oac
ocean surface wind speed derived from the
obtained from the Satellite Research and
FREMER (Pl ouzane, France) were considered
ed averages provided by the Agencia Est
met eorol ogi cal station | ocated at Tar.i
en et Tahle.s,e 1wWoion8d) speed data were interryg

N ——~—(n —
C O X>»IT

e

e

[ 1

ngitude and ti memeds urheemewnn der wlahye xaG/Ger a

rface wind speed for the entire study
measured data was 7.7% N e.pee6ctamnwvde!lg.1Dulk
wind speed values wwase cahsubbdtad, i hhe hF€
considering the wind speed data measur ed e
was done previously by daistecaa .8 hangal ., (
in the Strait of Gibraltar.
Autonomous monitoring was combined with 25
taken manually from the intalemokpagater ||
and total di s s ol w@ndo I nkoir ng afnei ber ucaarryb 02n0 2(0C a n
2021 with in situ measurements of SST and
temporal f-2ehaoaensyiofbdarosilicate glass bo
with 100 Ol gof kepttur ot edarHm@Ilss and anal yse
port, in a wpwerkedrwisesdettleamMmihed by potent
titration in a VI NDTAt r3cCp sitsd eetin. U el 8 GWC RS
(provided by A. Dickson at Scripps I nsti:t
performance of the titration system and co
titration gave values WwWith and accuracy of
The deteval ned Were consistent with those
gl obal relrawi it dn SBiSpaoad AST in gl obal sur f e
Lee et )alfoor(2M®6 North Atl antic (presented
6.80 OYynol Dkg to the si miwlaarictay cafi abedh f oa
time, |l ongitude a¥WoOS|l dat a ureBsSiSo § etl me | DanrsBA p
obtained from t hed4T7dP=sOc r8e/t ea nsda nfpd aerss o(nEqc.or
coefficient gjiivsenedhuearleitneafG.e¥3)as(temperatu
i mprove the fitting of the experirmental da
with SSS was congstaanti nt trropg hcaadt atnlde syw bt r
(Lee et al , 2006)

0 cump T&® YYYou pp& YVYYou 47)

Thera€@d pH in {fotwelr escalmpuitepHd wiilsslkgst he Exce
using the carbonic aluaekaear sea)o,cidabe p20@® nst
di ssoci atibinc lcoon)tnE@dh 9t9h@ef vdad tueer noife efdB by
et al).Th(e2Qbhhgi tudinal change in the seasor
in (s$3TU and SSSCQ, adred eF G@Nnde dc ofmp dt) p l ( C
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was studied in the entire regiontalong
was norma)litzteda(NGnstant SSS of 36. 4
remove the effect of evaporavabwemead p
nor mal irzled ol paH const ant SST of 18.0 UC
the temperature depen(dearc@awina nd eetv aali.

Gonz®Bezl a et al ., 2003)

The temporal twasi gtudneaof uging the e
Sarmiento and @BubemThi §62606ati( &g.tdescr
over ti me pyeoae&e@damygeailkEX) , hori zont s
vertical mimemngc ¢ MinXni awdproduction (N

— —% —= —= —=s (48)

The increase athd daplfatciecorwadfer C was st
year (Bamhmuaaryy usi ng moanltuhe sy baevteweaegne |
2019 and Febrwuary 2021 and considering
( ML D) The tempwasal cahanbaeted A€ the d
consecutive months and weaosn sda xdperrd snsge dt h
density. Negativedealesasesnidncauef abat:
contr i bugeixxcrhamfgeCO n t h(eEX atra ram)i oing odi v
relationshipanide tWMeeDen Th@O mont hly MLD v
with a spatial resolution of 0.028U0 x
Bi staysh) Ocean Analysis and -rFeogelcvaisng
NEMO model applicati onopadniacwes aMatn il md
I nformhttpa:// mari)ne.Tchoepermaminaas . eMIL D C
calculated using the harmonic fICLting

The relative contribution of hori zont &
considering a surface transport from t
Sea. The spatqtibaelt welkeaan gwee sitrer N@&o st and
( WG=NE€ wesNG, (JeasWw@as consi dered. Data avai
CQALt |(aSsO/AZTO; a0t ps: / Jrseofcearte nicnefdov/ié ob @& 9 u
for the catactulaatriedmreroefncNeC st ation to th

(6.75 N 0.250W) in a similar latitudin
removed by catatul atl ngheheseeNE€cted | oc
Gi braltar at the constant salinity of
contributfilarmttiuatNOGnNns was o bgNa&Giamedd tfhreor
change in salinity with time at atrhe | ¢
Positivieenadiacaitees t hat horizont aleatstans
direction, whinei oeageaeditvikatatl uestr ansp:

The relative contribution of vertical
B®govic &modht ®gpithpy (@mWLi)deri ng the su
vertical di ffusion across the bottom ¢
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into the swWQffacdhliayeermMEgquas determined us
of tot al di ssolved inorganic carbon in th
resolution bi ogeochemical forecasts and
bi ogeochemical mo d e | and t he INtEIM®Onadcean
mont hly values of temperature and salinit

Ocean Analysis and Forecasting system bas:¢
estimate the seawater densi tyol ulthiessre dfor e
0.028U x 0.028U0 and are availablé in E.U.

Y65 @ —0 — -——— 065 06 (49)

e differencen derntweatnir)dNa e | atw i N&f base (
e mixed | ayer was considered to calcul at
e fuhstiegmal to O when TtohOgD mimde@d | ayer d
e fact that only the deepening of th
i(nFgp svhatnme res al . 1990; Gr.u bTehre et al
gatadtireentb aoade NI Ojf Wiwami geds | dgeed
calculation of wvertical; dmffusi on.
2dh) at the base of the mixedehapar awds de
Gargettwsi{h9g8&E).

>0 —
('DQJ“<

0 410)
whejyries the seawater densitgysat hehacbaseratf i
of grawWisy thed rate of turlbutbhns ehedgy we
considered the vent]t daln déemrmsipycngradinenta

representati veansfaokGe ubfer2.e@ xll1lQ 1998)

Lastly, theducehanogeneitn cNoGnmuni ty producti on
considering total changes in photosynthes!
directl y 48 .Posi tEEgv.e contri buti ons of net

indicated that the reminewianl iszuartfiaocne pw aotceers
whil e negative contributions shows that ©bi
concentration

4.3.3. Computational met hods

The raw output data was initially filtered

sampl er such as sampl es meds.urTehde ame a souw eana
XxXC&alues were cPreecboedeyohl nev@g 2P 9) nt erpo
the certified st4anmarwi tviametase rxe@E@2 ot i amn me s
The tfhQ.eeal nbs ai ned after each calibratio
har monically interpol afC®gd, WIHHED wabe ti mes
computed from the fCQsfamarf@uewa Ibled sveaemd t waes
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used inctaHeuF@®i o4n&) (SAddi bhonal dai |
dat a for Ehlbermaomkeyd! Ifrom t he Operati

bi ogeochemical gl obal ocean analysis
Marine Service I nformation) were wused
bi ol ogical inhbbyeheea waritdakialdiat ya. walsl
i nterpolated with |l atitud®OS llomgi dad a .
The average physical and biogeochemica
were fitted to adhBb)y monnia fegmuatiom dfEq
study the seasonal var itateir Imatl yfG@ i d ctt h e
(L¢eger eTakdhasRiOOelbleadef f 200Dt s ar e s
cz2.

U A AATO® AOCEJ® AATOL® A OGCEI® (411)

The results were compared to surface ¢
vessels in the oceanographic environm
available at the SOCAT v2020 dat abase.
were used tohbyulflyegbhenmpnaf@@, itwrh e2 GaIn u
by considering an i nt &rtam nperl elaapes eod
et al ., 2014) .

4 . 4 Resul ts

The present stuckysopuoviode =vakHbeamtploaml o
variabilityiof ther fSaaeai €Oof Gibraltar
averages of the carbon variables in bo
presentedliwitTibhmaxi mumfCRadands @@ SST
mi ni mum vadmesdgudrfi n@ summer . The great
occurs from wintQ awodsE@@e eastehlei 8ST,h
section by 4.79 NOat tm7 atNg,45 4@27bnoNl 18
respectivel ydeteadsa@agot o0a0op® N 0.028 1
along the southern section was ts0nidght |
NGG. B75. 84 2di2odl. \Tm21OmdPramd 23. 200moN 1In8 . 1
5,2, respectivel npe Thepsleasomgl thleasout |
N 0.014 wunits. I n contrast, spring an
considered variables in both sections.
4. 4. 1. Spatial di stra2shpstemnpaft aéh8TerSS
The |l ongitedistaldiwest buti on of the wvar
(Fi g@r ead2d) and showed differences, es
l ongi tudi nal variation was analysed s
sections: t he;syST,emSYAramdbl €6 and f 1l u
seasonal ly averaged e v4&e2r)y bOy. 06 dn sliadreg i
foll owing p-&arotds(wil-abeae) ys pPpe mtbg mb erul
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ummer ) aDnedc e@nbtea b e(raut umn) . The average v
i vd30 tatned M@O®i ati ons. The greatest | atit
und toward the easfCQosfw RO dTyed uaewer age
Il ow an -bepesstiteewdsbetween the northern
e seasonalfC®ywas masSxXTi nand (5.29 N 2.97 Uc

.Qlalt m, r &s penc ttihvee Iwe s t-Be.r MGMbOW)t  aprad t mi(nGi. mMusm
eastern area closesth. 1O UWhei Mebiot a@r rt:

OCYWO~3T FN—H SO~
533 WO 0000 - u;m
)

thern (4.47 N 20&t8m,UCr exnpdencitOitvhebl yN o2 4 h & ¢
.39 N 2.11 UcCOaatnml, 2r3e s8pteectitiiebn .6 The seas
ange(inomr pHer nn aqna@c tsioaun sh,err espectively) w
d 0.033 N 0.024 wunits in the westernmos:
015 wunits in the easternmost part.

An annual be®aesbhgdewestse through the north

was obtained #+0®ra8ET.)8 danmd BREOABRC= ( r

0.9 1per degree of | of@@idthludCe2ttr @ srsdct i vely
0.¥81landORt.(A10. a8gd 0D.¥7per degree of I o
respectivéliyw) ahkli Fhees e ard omrcaleiatsye doft opwk r d
east in bothM2ge)xtamdhsc qrFri gluateddQ v th t he d
0.001 Gautrimi?>rs 0 a®4<0.)9These |l ongitudinal char
maxi mum during summer iinfCGhehenonoetabednbygect
2.
I
}

S —

|
1

952 C.a6nGd=0 . )8 1landOa&t7mm 8(7a8ndd=0 . 9 3per degree of
ongi tude, resperdtnicw elay,e d whiyk 60 .&08we/ hhi t s
=0) 98er degree of | ongitude.

The annual ;aFViegldge) FLOows gtshantk timecr@@s ed
toward the east -1li.8 9b artdhpletrhmed engorreteh eafn I(ongii
rr=0.angd=0) 82nd t hd. 2dutriiewier mdegree of | ongi
=0 .anjd=0) 7$ecti ofmse.asTthe neasstasi ng sink gr ac
intense dtr. 2 (Bpdds M).g5 &n.d328 0 (ébrdd=0). 8 0

mmo I%d'mer degree of |l ongitu@de720 @8nWectively
] =0) 940d6%& 0 (H60d=0) 7mmod:per degree of Iongl
respectively). During summer, both the nor
a QsOourchl(BGlﬁ?dﬁalndeS 2844 mdio |l r emspectively)
in the westeBbnmOW) padtsié Bl 187e2ankt @C O
midland. N7 2mam®12d)m in the eastserlndvs.t par i
Maxi mum outgassing was found in both the n
summer ar ou\hd2.HFS (adn.dhpPo.12d8m N eZ.pelcti vel y)
TN (R.®974 andmdl@@ NeRpB@tively). 1In nt
ingassing was obtained along the nort n
aut uU-BiNnBlLOmMM@&I%d)Mm and toward the east of N
secti on dubr. iBi7gimmidndnr (

c
h

_|('DO

The |l ongitudi nal 42ihba)n gwea si ns iSgSNS f(iFciagnutr ei n t
area between Northeast Atlantic and Medite
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spati al dist Bilgutdiidd eo ferrv@d su eisn w3 ® arm
bet ween the northern and southern sect
average of SSS slightly decreased fron
per | onrR=gli.wowad=®, )8rland i ncreased rapidly
(1.40 wunits?=peadfd=00n.l@ivesee | ongi tudi nal
al so observed in he southern section,
of | ongiOt #dgs0.)B2and the increase (0.5
| on i rda8ngd=0). 9Ber e | ower

e longitudinmaFi ¢21d8r iwlawst icom refl a@ ed w
he nor t=e ®md=s0.cot5whn I(er t his contr ol
he sout=Dealmdd=s0e.c3t6iTdhre (@verr@fedgAnaual
f) increased similarly towdmdIltphesg eas
ree of2=Dosdmgd=to).aled] the sout hedmoplsect
er degree %=00.a8Mon @) BHed eq v errvaad a1 e C we r
i mum during thelJuwmd)d amod trisni(nduam udu
mont hsDe(cleunhbyer ) i n the entire region, ¢
autumn to the east of CS and dfG®jspg su
bet ween CS and GC in summer and the e
mi xing processes accounted for these c
NGin summer along each route should I
eastward oPbrGGern ket iComol{)Ekagd 0f 601 Blwd
by a reducti onsionfk teahred ohiCegamu wen IiCWOes t difa t
southern route iOmoTiNckqi2r0o®Qiod &®B Wi t2h 9rBa x
of SGQ ,savn d FRahal may be rel ated t o an
producti on.

e
u
0

2. SeasoJgsylsitteyn afndt Hd uG@ s

4 .
e seasonalitysgfst@mlM,va3sA bdreds @@ d f |
th the northern and3t e@ds oluyt hav enxr a giu
|l ues obtained on each trip addl)f.itt]i
e aver adg@Q vaanlduepsH orfanged b e@awene nan-d3 6
tween ~8.03 and 8.09 respectively,
~7.50C (between ~15.5 and 23.0UC) .
e northern and fClReawwdupHhHerunmé&adsslf BwWm g
|l ower seasonality along the souther
ange in SST is mafCiOmamel uerst weseseomp
r ffG@ edbat a avail abl e at t he SOCAT v 2(
braltar bet weenC8i)9.99T hmevdCS2r0AM e Fipgownw
tal of 6440 measurement s2@2t) ngal hes
me number of observations (6063 dat a
twenty-2948)s ([(-WVOSThnoA catl lteicmes dfa
ar when there was no previdauy, dand
cember). Th&€Cpmowal deyclf ao@AO8t &and he
e SOCAT databased4d2i dh@&Oc 6i7headd dby , E ¢

[enlien >0 T O T

~Og< o —TQUuow oo AH<OTH b

oD O T O
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S S Twafsl uncottu aft d uomds twox

respectiwv whi ch
smagndard errors of esti mat

el y) i
i mprove t hEhdiit
respectively

Q06 pp@BUT TP GAT @ 30 &€ £D p P 12
OEM d0 ¢ &d ¢ RYY Xx@FYYY
412)
Q6 § X 0T & RAT ® r0 £ &D p&1ZOEM v
DEED PP BYY T @& EYY'Y
413)

The seasonddQ ewmiarhgeSSolf obtained through t
southern sectiVOSsl ohet hell@Gam®PR=0b9. E§.

and r0. 66, Y ewpsethatnadvaerldy error of esti mate
Oatm, respectively.

Q6 § WpE T IO PAT D EOEED p @ ¢
OEM 70 ¢ & pE a'YY o@o@EYYY
414)
Q6 pp@uUT ¢BTRAT ® 0 é¢ £ p W12
OEM a0 ¢ &d e YY x@aYYyY
415)
When the full data set ( SOCAT and CanOA)
data)leE®r 62) ), which present a standard
Oatm, provides an esti maNO.om6 o@a,t mtelyai nt er a
seasonal variability and the influence of
physical characteristics of the Strait of

MO XX U 0QOIpwwwop AT @ @0 £ D
PXTOE® GO EED pEYY T@§AYYY
416)

The Bs@@sonal CBendaOfe@uimemtdveamd 3 mmol

m2dli n the norther n8 smemddiaomd a3n didhboelt W e n

southern section, with a strong behaviour
a weak source during the warm mont hs. The
and 3.60 N?2dii.n7 6t memodormt hern and the souther
occurred in August 2020 and fC@®isnmevihd éd with
the maxi mumll.ng8&sNi hgd@)g wa®| omser ved al on
southern section aisn rfedbartwear ywi 22 lwi anrdd swp e e
than 11 Trhes chawgs i hnkK€® tq@CQ hewhcbhnge in
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controlled by temperatur e fdiuwmcctrueatsieadn s
1.22 matdJI€(%m0 .a7nid=0). 8i4n t he northern sec
m2d*U€(% 0 .a5nQd=0) 7iln the southern section.
parameter of 0.98 was appli®a@.209),th8S
(0. §2Q (%% 0. 9&Q (WP 0. 56) and 2wl .n4d9)s.p eai
val ues ,wefr eFCal cul ated from these comp
observedl @B to i mprove the evalwuation
comput edalF€C®Os di ff ed. 25n nkmdalmargerreblger n
ection and Bglih. itShemnsooluthern secti or
alcul ated from the observed dat a.

[@2N?)]

-wesatt di fferences were assessed b
ced every 0.2U of LSQMQJlW)w«:H:l&@ImTEg t
The westernmost station at 6.0 N
d to study the seasonality in the
Mediterranean outflow. The station
| | owexS.arTehae oft ati ons at 5.6 N 0.05
e in the doargaourudli Tl anmdn@C respect
ahef channel . Lastly, the easternmos
study the most Medi terranean part .
i ati on, t he nort haechm sthat isoonut wemr e
arately at al/l stations except S1 ¢
ough the same | atitudinal interval
olution was obtained al ontg S5 e( Fmiogu
due to technical problems with the
t of data during the first year
o understand the tempor al char
owvseadhigher uncertainty in th

\

cuoNT"T T tTas0n v
wWoOoOOoOOMDTOYO DT STnWNT T
DO YT ST ® SO~ 0

—
>
1)

titudinal di fferences are great
seasosdBlaindy)Cod e d rheea sSesdT t( &
hrough the northern route (in th

@ O
o
n o
—~ 35
5 —
—
>
D

nge be23Wwk&nnatlesaU@nat 184) and remair
ngitude through230be@)fG@TWaleuens sA@Fuitgeu r(
@6) were maxi mum at S1 throughout th
ing the cold months and 428 Oatm du
ained constant along the southern s
h temperatede b heéromalf | peoct®oIacsq. T
teiC® sg@asonal ity alsoencgt i bine waaer tdhiefi
racterize due to the | ack of wvalues
rease in the seasonal signal was o0b:
ween 371 and 428 Oatm) 7t oanTdN 4alt8 SCBa
a drastic decrease toward the east
m) .
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r
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The rypaddl uess4BFiagadr ewer e cofCQedmt ed W
0. 88)d=0.)9 9t hroughout the regionanhdatéec
stations. The maximum sea®o00&0) tgagndvas
northern sec#8i®@®®d)of T2 @8 edIest diffe

during the cold months between Januar
mi xi ng,albiandgihchremalnomr ocesses.holwre dGC
mi ni musmepslonal ity ranging from 8.056 t
from 8. 039 to 8.081 in the southern se
The Q@D uess4@Fia@Gdr eshow a sl ight maxi mi
mi ni mum ingassing in the northern part
and the ingassing reinforcedvdlowas dalt d
both the northern and the southern sec
and in the northern part of S4inkr ovagh
obtained at all stations during the co
source durmaomgt tsh.e war m

The influence of Mediterranean Sea wat
observed to the east of GC a€C7)S5 wiheoa
t he weelrueesmaxi mum througbod) . t-fidaytwas't
surface circulation from the Northeast
(S1) and GC (S4):antdthesececaboamravedyvaleues
westetrnmast a36.S5) (amBd .8l ightly increa
section betweed8®%2 and S4 (~36. 3

The tNEIi CUne decreases between February
bet ween October and JamdaNQy .E ST heS ls)e a s~03I
kg, between 2090 Yanidnc2rle2ads e@motlhrkogigh t |
(~40 OMmodt vkegen 2090 ahdadti3@edmehskd t
northern sectlobe{wésdnOmbDOKgndn 2CISL 5 X
and TN (S3). I n GC at S4, the seasonal
Omolibled ween 2093 &ndan2dl 2i3ncOneoals ekdg i n t |
(~22 Omwdt vkegen 2098 aWhd zmzmd)molnggtr
di stributiom(bBfdCZhéotbphyplelasonal chang
the |l atitudinal differences increased t

5. Di scussi on

4 .
4. 5. 1lresloghti on stacynpofalt heamsipabi loi t
system

The cetudgt provi d-eem@aorhalghr espaltutoi on
surfageéi sGQ0 i buti onf rbeagsueedhncgn ulnidgh way r
obtained during 2 entire -Meraacls 202 b)bse
than 6000 data obtained during those 2
in the SOCAT d&2tbalyzsae sf.or the | ast
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esbl ubheohi gghbasurements carried

:clyamngens ainn fhex€® in the Stre
t he annual cycle of the At a
es has been showne.t og.coBirtayol

G-anlez, e19 @4 .Skl20r0i0Osa,a n2d0 OBebc; k e
I I ower depth of t h er iAdvH favou
erranean water i fdectiaorPaiznt@dn etathe , u @y
|l evates toward the northeast t hrough
uring | dMaecWwdnteoi hEeldi mgr with an c
2Fagn@dle and increase afFi g9 eand Ch|
The position of the AMI is also i
r ion and i nt@asnadr dvaavred gRinelreaz,i oh985;
Ql)which favour i ntermi ttent vertical mi
CQduring h(iMahcitaisd eest al ., 2006;anWesson ar
especially during t heGanmbatariemee get i al spr 2

et

Z oo

oo Ns o
Q
-Z v a
N &

The spatial vasyabemi duyrohgt bem@®r is al s
mi xi ng processes driven by | ooalucedi mat o
upwelling in the Gulf of C8diz, the Strait
(e. g-Pebhoalgaodso et alakoRDLW;etG-ane.z, 2019; Pe
and regipeal gsc&békard et al ., 1997, Ri cl
Stani chny.Tente asli.g,n a2ioraEy ctelde uwiwred | i ng dur i n
mont hs was observed in minimum values of S
GC (FAYur eThdCA owmd sutes obtained during sum
southern section in the westernmost part a
bi ol ogical uptakei mdud dd supwelal dug ¢ vwe wi d
t he (ySetaarni chny ¢€elthealo.p,p0oxsdG%) occurs to the
wi Achduced upwel | i ndCQuvenek een eech caorudh theirgehde ral o
southern route dd2iicn)g. sTuhremeir n f(IFu egnucree o f t
variability ifCQtiie ¢$dbaes amaelai tweref descri be
second degree funelt6.onT hodf e sfpSaTt aibn vEaq i aBi |
observedsiysttehme a@@ fl uxes and their causes
studies based on datasets oédrttaainre d daatm ot
and ti mes( Doaff ntehre eyteaarl ., 2001; de | a Paz et
et al ., 20als9;anSanettama ., 2002)

The seasonf@Ojstwgl wds tdet ained in this stud
obtained from SCQATarmdAatot(Hifgaulrleowed SST f
hi gh coincidence was found in the annual
fCQ, swal hesween both databases of 6.94 N 16
Can®WS data and the standard error of est
sectiodi4d4( Bad) and in thed4lent iweer er esgliiognh t(l
enhanced with respedti3)jodubet QOCABItatgh e
resolution in the entire anntadS caynadl e . Th
SOCAT data provideéed) anhaguaanoiC®(dmged to e
in the surface water Ciuwst h@acBteraai ngof nGit
of Gibraltar at a rtatwhiodh 2i.s35c INo sOe. 0t6o Orah
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Atl antic ESTOC si the anld 92 mi 10ar2 4t o0 att e
(2.37 N 0H)49wbhbatem grso vertical mi X i ng
increased observed trend (Bates et al

4.5.2. The#armeaelr mand croort p0Y s toevmm rv a rhiea ICiOl

The coupling bet weheenr ntalH e rpntaod c easrsde sh am i
vari ati ons yosft etthet hC@ughout-t hdhremalegp omc e
are mainly biological production (incl
remineralization) and physical process
fCQdi stri bution with both positive and
The T/ B ra42) oshdGlRatsfeamtsonal ity in the S
was mainly controlled by ther mal proce
previous studies (detha 8tarared aalfo nzg [t
nort hwest Af Cu chet nGoaetz et Halwe,ver02:
seasonf@0Qjtth & MG Q, ntome (mk1i 48y eand the T/ B ra
in the northern and the southern sect
variability itnhetrhmearlmad o uapnldi nmgo-h hTehremarl e |
processes in t hefC®ewmpiod@E) e waas i art @ atne ro f
southern section due to greater influe
Af ri ca(nStcaomisahny e€eTth¢ahleo,ma2 0 0e5f)f ect was
close to cancelling the ther mal effect
is enhanced and verti dé&lchmivairmg.ap Teie ead
nonher mal effect decreased from S2 to
increased from S3 to S5 through t-he no
intensity wupwelling in the Northwest

mi xi ngsautElchevarr2a edflakdklobsedOo@?2; aG. me
et al., 1991)

Table 4.2. Ratios T/M®BQ andT |ai arf@@NGME @1
the northern and southern part of tt

Station Section Ratio T/B f(igtzr:‘:zsl? ijﬂff;ﬂ":;:;ﬂ‘;
Sl 1.85+0.12 850+1.41 (r’=0.78 and p=0.88) 0.46+0.04 (1’=0.93 and p=0.96)
N 1.80£0.19 8.50+£257 (r’=0.77 and p=0.88) 0.46£0.06 (r*=0.95 and p=0.97)
. S 1.09+0.17 2944243 (r’=0.16 and p=0.40) 0.50+0.03 (r>=0.98 and p=0.99)
N 207+1.86 9.04+398 (r’=0.67 and p=0.82) 0.48+0.12 (1’=0.87 and p=0.93)
53 S 1.17+£0.11 3.78+236 (r*=0.28 and p=0.53) 0.49+0.03 (r*=0.98 and p=0.99)
N 1.30+0.51 5744394 (r’=0.41 and p=0.64) 0.50+£0.10 (r’=0.89 and p=0.94)
> S 1.19+£0.07 5424214 (’=0.41 and p=0.64) 0.49+0.03 (r=0.97 and p=0.98)
N 1.14+0.68 6.01+625 (1?=0.19 and p=0.44) 0.52+0.10 (r’=0.89 and p=0.94)
. S 1.88+1.35 9.03+4.64 (r?=0.65and p=0.81) 0.46+0.14 (r’=0.85 and p=0.92)
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The influence of ther mal piC@csaseal en t he
anal ysed f€C@Grs®&Sdhrehat id2nshiThhe( lC@cIee ase i n
with temperature through th¥® =mae8Btbler n rout
} =0) 9@oubl ed that obtained through the sou
=0 .a4nd=0). 6 9Thus, the control of ther mal pr
nort hern section, whil e in t he- sout hern
thermodynamic processes increased due to t
bi ol ogi c &é&n &Caansa vaintoy e(t T&E, «w SZTO Or2e)l at i onshi p
is consistent with the T/ Bd42r)at iTchse dhh tgahiersec
correlati onfC@nui tchh ahhTe wds obtained in the
at S1 and in the northern §éctlaofd of S2
}] >0)..82In the southern sections of CS and
fCQ «8ST was f ound?<t0aa2ge<misnd mal (r

The infl utemeremalf mromcrecshsaensg eo watshes tNIG@ i ed t
the r el at-ifCoOQn sidndr(PJiaNBA J)e. ThewecN@ased with res
t € Q. nomertyr 0. 50 N ‘@ad et O ®@kdg. 9t6hr oughout
the region, but df€@riehpned. RN . BRdpBedtr t o
}=0.)¥1land 0. 340 .8BBPx00®10mdOakkmhrough the

northern and southernshowtes , a rde gpedt irwd lay
and corr é0@ tigedmbrvattvheen 0. 46 Oad;ndr. 52 Omol
0. &abd=>0) 92t al | statrvams$ at Hemcaevast mai NCy o
nomher mal (dreodeas Paxz et adasi 2008t 2@09; g 8
4.5, 3. Seasonatanvdarriealbaitliivieysiorff N CEmaea gef a
bi ol ogical activity, horizontal transport,
The annua+twacsy cslteudoifedC at each of the sel ecHt
its tempor al change betwesas wmcomma&lciuzeédet on
constant salinity of 36.4 to remove the ef
study theoonoshevahobome processes involved in
(i . e. pri mary production, oxidation of orc¢
CaGO smea.fCOuxes and ph(ys.icqal O@eheomeaseésPytk
1979, Lee et al., 2000; Takahashi et al .,
The results allow to establish the relati)\
sea exchange, horizontal 48)anmepdarhte amareal

and depl ettiinonsuaff aN€@ 4Mat eTrd8b)l.eFTher @r eat es:t
seasonal ciweerr gee sf oaufn dNG@Gt S1 and throughout

especially at4392 aAndhiQh (sTpaabtlieal variabi li
seasonalk.i tlyheo fd eNoGient itohne osfouNCGhwest ern part
Febr-Margh to September, whil e it was di f fi
through the northern section and in the ea
of the surface 4dismfidlldew |lian Ptalze etti dadl. ,t i2n@ed 9)
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The seasonal rwahsangentorfol N@d by net CC
processes at mo st of the statdilOn® %e xc
Fi gadid), wheseatbdechamge and vertical
68. 4% adhad. 29, 7respectively) and hori zc
15. 6 %) . I't is related to (tAremigeard aF ar
1988; Boyce, 197@mndBrtihrero métni amlum, - 20 @ 2 )
i nduced upwelnloirngh wteswa rqdfP dtihhez @l a Tan e I,
bi ol ogi cal effect was especi alplwel $i i
(Stanichnyinatthk. sodo0BB)BB.PRPaNt amfd S3
98. 4%) .

The wupwellin effect i (NE cthheev aM o r? tah weets t
G- m&dakobsen al ., W®d 9d e tMe ;mtaesd edt atl h

g

et
stationk. i1l Fapdr €he charxrpkainedCby net
producti on exceededbyth@mtéﬁ%ahmmhiﬁ%glénc
the northern part at S4 and S5, respec
was counteracted byseaheexchﬁtﬁigi@t%(tlmorﬂl
northern part at6b9S2L %andcd 3 &rea satud $=h ha

influence of vertical mi xi ng and hor
respect iThel ¢gontribution of net communi
the vertical mi xing processes in this

CQrich water in surface | ayers. Posi
indicatedihbataskei NCt he s uwdtaecre il mjyesat
whil e negative values i ndionatter et hsautr fta
hi gher than in depths | ayers due to a

I n some periodescgt daxheC@meusurdbdcenjs no
by primary production and positive val
variabilityheAseasdnabl gnd spatial wvar
water injection processes in {imadusedf e
upwelling) through the soiundcdwreaadiowspwela
through the nortbeunmoksor pahée cbsédvad
contributions of bot h net | c ommiunggt.y

contribution of vertical mi xing was es
to the advectuipperof a@ers towadi dhdulte de ¢
upwell i deelvanPaz Eheadi f f @940 &nr opurgohc etsh:
pycnocline increased its surface conce
m3during the entire annual cycle throuq
increased tbheasunavacag€ ofibhetwBeil Auga
and January and was cancelled between
the mixed | ayer and subsequeht8% nocfr etals
seasonal changé 44kc Cwas expltaicrad d mb Wi
processes. The vertical mixidantg S 3n vaenrds e
During the periwdbdeodfveiemcO0e 828 rvmdNG . 1
removed from the surface by vertical r
depl etion, bet ween 2. 90waxndi B). 20t%e do ff n
waters. The contribution of vertical t
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Table 4. 3. Seasto(@b@d/dtghaammmgde met NcCo n
community gN@didet gorasil, exig@die HI
horizont agiNGidrkdsp spworpgl €) andN®ef[ki oak
in the increaseatndgt aSGpores i 8h of NC

S1 S2 S3 S4 S5

North South North South North South North South

TOTAL 2755 1693 42,65 1724 4544 2636 3250 23.38 28.96

Increase 1595 178 3490 18.19 4470 3427 2219 2850 49.01

NeP Depletion -16.43  0.07  -3579 -21.60 -42.84 -32.79 -19.94 -28.50 -46.15

x Increase 990 11.57 506 016 596 -885 858 -390 -19.99

Depletion  -9.64 -10.63 -5.06 545 -596 885 -837 287 20.03

Increase  0.10  -2.63 -023 -0.76 -1.09 -221 -1.62 -122 -0.06

TRSP Depletion  0.10  -136 -022 -251 -037 069 -043 225 -2.84

Increase  1.60 621 293  -035 -412 315 335 -0.01 -0.83

MIX Depletion -1.57  -5.02  -1.58 132 372 311 -3.77 -007 0.86
The horizontal teastspditechi omedeerseas
(0-18.6%) in the entire aamda€nrcerci eoddu
Atlantic inflow comparddlet d at PazM&di tad
i ncreasbey ihnorNCZ ontal transport was onl )
northern part of S4 (2.6%) and S5 (9.6
The average seatonablthaegecoedNCocati
Gi braltar was 29.B0 oN o.ix@ I mmalocresses ¢
change ofr(9uw9.55a@&%®) NCi ncreasing its con

mi nerali za
he cont—s ol |
during the
Ok 94d wrhitin g0 . 21
b

m3in periods of higher r

e
mmo I3when production was t [
r

tic

r

seaex hanged®%WpD. as highe [
rong behavi eurchasnal s
crease and depletion p
1. 32%amndoldencr eased 3 twibyhlaOf2omaol c
1 %. Finally, the effect of hori zont
creaseky tth.eO&NCandi . bat mmobtml incre.

riods, respectively.
5. 4inF€C@e Strait of Gibraltar

(7]
—

eriods, fespec

< S

@D D -

a l d.icsatl rciub watt iean fofomFO® s er v e

tempor
he charsaecaexk@ hahgeni nfthbeeSar
t
e

he

'l owed t

hroughou the study pesvaldueslIiC@F impurt
roved th strong behavnkufrom Nbeemee
nd as a weak source between August é
onsistent with previougqdetddi ePsazi rett h
01ldnd al ong t heocceoansttarlantsa topeaml ar e
t |

a(nQuireHet m8ndez .etl nalt.he 2mMWa2rit)bheirmk s e cC

>NODT "4 » TAOALDT—
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behaviour remained throughout thie first vy
February 2020) even i n HShhenmeas @BONoent hs,

behaviour was found in the sedMamdchyear of
2021). I n contrast, the-ssuoumehxeoQrd se citn on |
both ntire years considered.

The @D ues show a digfCetn rbeoltaht itohnes hniopr twhietr
the sout her n=9eadrd=00n).s9 8na... &a(Ad £ 0) 8 4

mmo |2dhOattm respectively). Despite the i mport
and direction controlling the seasonal an
upwelling events across c o(aSsttaanli cahrneyaseti na |1
2005)itsesmowvariability is not significant
reg{de | a Pazard apeci a&I0llyl)al ong the nort
di fference bet wegcean ctuhleataevde rwaigtehs sFaQCG | | i t e ¢
speed data wa’yt0.Tlde noHhan@em in wind spee
i ntensipéychhdndge®© bet ween | ow atmosphere and
modi fied the physical properties of the wu
formatiesowfced&Gi nk. Northeastaaktgr winds

injection in upper |l ayers and sueébsequent

sout hwest area, favouring Abeosdingliyjtyg o
intense ;anmkalwa&8Ofound in this area compa
(Fidbye The assestsmeapbraf themgeht ® 6s - COy

show that the formaiinanaofd sSberseassnaloncCt
gCQvariations influenced by changes in the
ocean, which were driven by the | ocal cl i

Fige4r®Annual avengCRe vefryFOOO5U | ong
the northern and southern sections ¢
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