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tThe Canary Island region is ri
h in mesos
ale phenomena that a�e
t 
y
les of physi
al and biologi
al pro
esses. A 1D versionof the Regional O
eani
 Modeling System (ROMS) is used south of the Gran Canaria Island to simulate seasonal 
limatologiesof these 
y
les. The model is for
ed with monthly air-sea �uxes averaged from 1993 to 2002 and initialized with mean in situpro�les of temperature, salinity, oxygen and nitrate 
on
entrations. The K-Pro�le Parameterization (KPP) mixed-layer submodelis 
ompared with other submodels using idealized numeri
al experiments. When for
ed with realisti
 air-sea �uxes, the model
orre
tly reprodu
es the annual 
y
le of temperature (mixed layer depth), with minimum surfa
e values of 18◦C (maximal depth

> 105 m) in February during 
onve
tive mixing resulting from a negative heat �ux. Maximum temperatures above 23◦C (minimaldepth < 20 m) are simulated from September to O
tober after strong summer heating and a de
rease in Trade Winds intensity.A simple e
osystem model is 
oupled to the physi
al model, whi
h provides simulated biologi
al 
y
les that are in agreement withregional observations. A phytoplankton bloom develops in late winter, driven by the inje
tion of new nutrients into the euphoti
layer. Chlorophyll has a deep maximum �u
tuating around 100 m with 
on
entrations around 1 mg Chla m
−3, while surfa
e valuesare low (around 0.1 mg Chla m

−3) during most of the year. The physi
al and biologi
al model results are validated by 
omparisonswith data from regional 
ampaigns, 
limatologi
al �elds and time-series from the ESTOC station.Key words: Canary Islands, Mixed layer depth, ROMS 1D bio-physi
al model, biologi
al 
y
les, KPP model, NPZD model, Latitude27.5◦N, longitude 15.5◦WPACS: 92.60.Aa, 92.10.Lq, 92.60.C
, 92.05.Fg1. Introdu
tionThe Canary Island Ar
hipelago is 
omposed of seven is-lands lo
ated in the passage of the 
ool, southwestward Ca-nary Current (CC), 
onsidered as the eastern boundary ofthe North Atlanti
 subtropi
al gyre. The study of physi
aland biologi
al 
y
les in this region is an important topi

onsidering the numerous physi
al pro
esses that in�uen
ethese 
y
les.Sin
e the 1990's, many studies were 
arried out in the Ca-nary Island area in order to examine intera
tions betweenphysi
al and biologi
al pro
esses (e.g. Arístegui et al., 1994,1997; Arístegui and Montero, 2005; Barton et al., 2004;Pelegrí et al., 2005a,b). Along with these in situ studies,time-series data were a
quired through mooring stations,su
h as the European Station for Time-Series in the O
ean,
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Canary Islands (ESTOC, Fig. 1), lo
ated 100 km north ofGran Canaria (Neuer et al., 2007). Satellite imagery fromthe region was used to 
on�rm these observations (Bartonet al., 2001; Davenport et al., 2002).Braun (1976) 
arried out a survey 5 miles o� Tenerifefrom 1971 to 1972 between the o
ean surfa
e and 1200 me-ters. Low levels of nutrients alongwith a 
lear seasonal vari-ation of phytoplankton were reported, 
on�rming the olig-otrophi
 
onditions of Canary Island waters (e.g. De Leónand Braun, 1973; Arístegui et al., 1997).Summer is 
hara
terized by a sharp seasonal thermo
linethat prevents the inje
tion of nutrients into the euphoti
zone, resulting in low phytoplankton 
on
entrations. Maxi-mal phytoplankton 
on
entrations appear in late winter un-der the e�e
t of 
onve
tive mixing and thermo
line erosion,whi
h make nutrients available for phytoplankton. Thesehigh 
on
entrations were also observed by Hernández-Leónet al. (1984) in southern Canary waters, Hernández-Leónet al. (1984) on the southeastern shelf of the Gran CanariaPreprint submitted to Journal of Marine Systems May 2009



Island, and Arístegui et al. (2001) in 
oastal waters east ofGran Canaria.Despite interest in understanding biologi
al 
y
les inthis area, only a few 
oupled physi
al-biologi
al modelshave been developed. Zielinski et al. (2002) used a one-dimensional model in order to test di�erent parameteri-zations of the photosyntheti
ally a
tive radiation (PAR)at ESTOC station. Although their model produ
ed realis-ti
 results for temperature and 
hlorophyll 
on
entration,there was no validation of the mixed layer depth model,whi
h is of 
ru
ial importan
e for the modulation of bio-
hemi
al 
y
les.Bahamón and Cruzado (2003) 
ompared the NWMediterranean and NE Atlanti
 using a one-dimensionalmodel, but their results for the physi
al variables do notrepresent a

urately the seasonal 
y
les in the se
ond sys-tem. They showed strati�
ation starting in April, whi
h istoo early, and two maxima for the phytoplankton. The �rstmaximum was in winter and the se
ond in fall, a situationthat is more typi
al for higher latitudes.The �rst obje
tive of the present work was to simulatethe seasonal 
y
le of the upper o
eani
 layer similar to whatwas observed in the Canary Island region. To this end, aone-dimensional physi
al-biologi
al 
oupled model for
edwith re
ently developed 
limatologies for air-sea �uxes (e.g.OAFluxes for heat, Tab. 2) and initialized with 
hara
ter-isti
 
onditions of this parti
ular region was used.A point south of Gran Canaria (Fig. 1) was sele
ted formodel implementation be
ause the biologi
al properties inthis area were more frequently sampled. The model im-plementation site is lo
ated in the transitional zone be-tween the upwelling ri
h waters and the oligotrophi
 inte-rior o
ean. It may be a�e
ted by mesos
ale variability in-trodu
ed by the Ar
hipelago, but these e�e
ts were �lteredout in the 
limatologi
al observations. Be
ause of the re
og-nition that dynami
s of the o
ean upper layer are funda-mental for the modulation of bio
hemi
al �uxes, spe
ial at-tention was paid to the mixed layer seasonal 
y
le, making
omparisons with other physi
al model outputs and withavailable measurements.A se
ond obje
tive was the establishment of a seasonal
limatology of biogeo
hemi
al properties of the o
eani
upper layer, whi
h will help in implementing a three-dimensional physi
al-biogeo
hemi
al model 
urrently un-der development (Mason et al., 2008b,a), as is a 
oupledlarvae model fo
used on the same region (Bro
hier et al.,2008).To a
hieve these goals, the work is divided into �veparts: the �rst is the des
ription of the di�erent 
ompo-nents (physi
s, biology, mixed layer) of the model, as wellas the assumptions behind them (Se
tion 2). Next detailsof the model setup are des
ribed by outlining for
ing andinitialization 
onditions (Se
tion 3), as these are key to gen-erating realisti
 solutions. The model behavior is tested inidealized experiments (Se
tion 4) and the resulting annual�elds are presented (Se
tion 5) and validated (Se
tion 6).
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Fig. 1. The Canary Ar
hipelago: P = La Palma, H = El Hierro, G =La Gomera, T = Tenerife, GC = Gran Canaria, F = Fuerteventura,L = Lanzarote. The region of interest is lo
ated south to GranCanaria (square). Cir
le denotes ESTOC station and triangles arethe lo
ations of the pro�les used in the initialization.2. Model des
riptionSimulations were 
arried out with the one-dimensionalversion of ROMS (Regional O
ean Modeling System,Sh
hepetkin and M
Williams, 2005); the mixing 
losuresub-model, treatments of verti
al adve
tion and di�usionare 
ompatible between the 3D and the 1D model. Astret
hed verti
al 
oordinate system provides an in
reasedresolution near the surfa
e boundary layer (Penven, 2006).2.1. Hydrodynami
s modelThe hydrodynami
s model 
omputes velo
ity 
ompo-nents (u and v), temperature (T ) and salinity (S). Densityis derived from the state equation of Ja
kett andM
Dougall(1995). Hydrostati
 and f -plane approximations are made.Two important 
onsequen
es arise from the use of a 1-Dmodel:(i) the verti
al velo
ity is null everywhere: w = 0,(ii) adve
tion is not modeled (u · ∇)X = 0, with u, thevelo
ity ve
tor, and X , any s
alar variable.Temperature and salinity are both relaxed toward their ini-tial value with a relaxation time τ depending of the depth:
τ = 2+23 exp(z/100). This formula gives a value of τ about5 years below 200 m and up to 25 years at the surfa
e.2.2. Mixed layer modelSmall-s
ale pro
esses are parametrized with the K-Pro�le Parametrization (KPP, Large et al., 1994). Withthis s
heme, the mixed-layer depth (MLD hereinafter) isde�ned as the depth d at whi
h the bulk Ri
hardson num-ber, whi
h measures the ratio between strati�
ation andshearing, equals a pres
ribed 
riti
al value:2



Rib(d) =
[Br − B(d)]d

|Vr − V(d)|
2

+ V 2
t (d)

= Ricr = 0.3, (1)where Br and Vr are estimates of the average buoyan
yand velo
ity, respe
tively, and Vt/h is the turbulent velo
ityshear.When buoyan
y for
ing is stable, the boundary layerdepth is taken as the minimum of the value 
omputed a
-
ording to Eq. (1), the Monin-Obukov length and the Ek-man depth.The KPP model enables to take into a

ount mixingthrough salt �ngering (warm salty water over 
ool fresh wa-ter), a typi
al pro
ess in regions with low pre
ipitation andintense solar radiation.2.3. E
osystem modelThe box model (Fig. 2) from Fasham et al. (1990) wasdesigned to simulate annual 
y
les of plankton dynami
sand nitrogen 
y
ling in the upper o
eani
 layer. Nitrogenis generally 
onsidered as the limiting nutrient of primaryprodu
tion, hen
e its 
hoi
e as 
entral element of the bio-logi
al model. The Fasham et al. (1990) model has been ap-plied to numerous areas of the o
ean (e.g. Sarmiento et al.,1993; Drange, 1996). The version implemented in ROMS isan evolution of this model (Gruber et al., 2006), whi
h hasalso been applied to another transition zone (California).It was 
hosen for its simpli
ity, a

ording to the obje
-tive of getting mean seasonal 
y
les. Moreover, the model is
ompartmental, so that it permits the distin
tion betweennew produ
tion (driven by new nutrients, primarily nitrate,that originates from outside the euphoti
 zone) and regen-erated produ
tion (driven by nitrogen re
y
led within theeuphoti
 zone, mainly ammonium) (Dugdale and Goering,1967). Ba
teria were eliminated as an expli
itly modeledstate variable, and repla
ed with impli
it parametrizationsof remineralization pro
esses (Gruber et al., 2006).Biologi
al variables are 
oupled to physi
s by anadve
tion-di�usion-rea
tion equation and through tem-perature. The latter in�uen
es various produ
tion termsof the e
osystem model. This again emphasizes the needof a 
orre
t representation of temperature seasonal 
y
le.The model is also for
ed by the photosyntheti
ally avail-able radiation (PAR), derived from the shortwave solar ra-diation (Fig. 3) a

ording to the following steps (Frentzel,2006):(i) A linearly interpolated value is 
al
ulated for ea
htime step.(ii) A diurnal 
y
le for insulation is superimposed on thesolar shortwave radiation. If the 
al
ulated surfa
eradiation is negative, zero is used instead.(iii) Starting from the top, the PAR is 
al
ulated for ea
hgrid box a

ording to
PAR =

PAR+1 exp {(−0.5 (kw + kChla[Chla])∆z} (2)

with kw and kChla, the attenuation 
oe�
ients forwater and 
hlorophyll (Tab. 1), [Chla] the 
hlorophyll
on
entration,∆z, the height of the verti
al grid layerand  the 
ell index, from 1 at the bottom to N at thetop.As light abundan
e is an essential fa
tor for primary pro-du
tion in pelagi
 systems, an a

urate parametrization ofits variation with depth is required. Zielinski et al. (2002)tested several PAR parametrizations and showed that thelight model has signi�
ant e�e
ts on the simulated distri-bution of 
hlorophyll, both in spa
e and time. They re
om-mend using a model with an in
reased value of the attenua-tion 
oe�
ient near the surfa
e, due to absorption at largerwavelengths, and with a spe
i�
 
hlorophyll attenuation.Model parameters for the �uxes between 
ompartments(Tab. 1) are either based on measured values in the region,or are standard values. When no information was availablefor the region of interest, model pres
ribed values, originallyadapted to California region, were used.

Fig. 2. Compartments and nitrogen �uxes of the biologi
al model(reprodu
ed from Frentzel (2006)).3. Simulations settings3.1. For
ingThe ROMS 1D is for
ed by heat �uxes, wind stress andfreshwater �ux. These �elds were extra
ted from di�erentdata bases (Tab. 2) and monthly averaged values for the1993-2002 period were 
omputed at a lo
ation south ofGran Canaria (27.5◦N, 15.5◦W). The 
hoi
e of the 10-yearaveraged for
ing �elds was motivated by the desire to ob-tain a mean seasonal 
y
le. Shorter time s
ale pro
esses arenot the target of the study.3



Table 1Parameters of the biologi
al model: (1) Fasham et al. (1990), (2) Gruber et al. (2006), (3) Red�eld (1934), (4) Zielinski et al. (2002), (5)Sarmiento et al. (1993), (6) Dadou et al. (2001); (⋆) model default values.Parameter Symbol Values Unit Sour
eLight attenuation due to sea water kw 0.04 m−1 (1,2)Light attenuation by 
hlorophyll a kChla 0.025 m2 (mg Chla)−1 (2)Initial slope of the P − I 
urve α 5.00 mg C(mg Chla W m−2d)−1 (⋆)
C : N ratio for phytoplankton rC:N;phyto 6.625 mMol C(mMolN)−1 (3)Maximum 
ellular 
hlorophyll to C Ratio θm 0.053 mg Chla : mg C (2)Inverse half-saturation for phytoplankton NO3 uptake KNO3

1/0.5 1/(mMolNm3) (4)Inverse half-saturation for phytoplankton NH4 uptake KNH4
1/0.1 1/(mMolNm3) (⋆)Phytoplankton mortality to small detritus rate tPmort 0.07 d−1 (5)Zooplankton-spe
i�
 maximum grazing rate tZgraze 0.75 d−1 (⋆)Zooplankton assimilation e�
ien
y AE 0.75 −− (2,4,6)Zooplankton gross growth e�
ien
y GGE 0.65 −− (⋆)Zooplankton half-saturation 
onstant for ingestion ZP 1.00 mMol N m3 (2)Zooplankton spe
i�
 ex
retion rate tZbmet 0.10 d−1 (⋆)Zooplankton quadrati
 mortality to detritus tZmort 0.10 d−1(mMol N m3)−1 (2)Small detrital breakdown to NH4 rate tSDremin 0.1 d−1 (⋆)Spe
i�
 (Per unit Phyto+SDet) aggregation rate tcoag 0.005 (mMol N m3)−1d−1 (2)Spe
i�
 rate of large detritus re
y
ling to NH4 tLDremin 0.1 d−1 (⋆)Sinking velo
ity for small detritus wSD 0.1 m d−1 (⋆)Sinking velo
ity for large detritus wLD 10.0 m d−1 (2,5)Sinking velo
ity for phytoplankton wPhyto 0.1 m d−1 (⋆)Sinking velo
ity for 
hlorophyll a wChla 0.1 m d−1 (⋆)Oxidation of NH4 to NO3 (nitri�
ation) tnitri 0.1 d−1 (⋆)Figure 3 shows the net heat �ux obtained from OA�uxdata base. Maximal values (around 150 W/m2) o

urin July-August and minimal negative values o

ur fromNovember to February, leading to winter 
onve
tion, themain fa
tor produ
ing mixed layer deepening.Figure 4 illustrates the annual 
y
le of wind stress fromNCEP reanalysis. Maximum intensities about 0.1 N/m2were rea
hed during summer months due to an in
rease inthe strength of the Trade Winds. As explained in Se
. 5 thestabilizing e�e
t of a maximum positive net heat �ux insummer and the destabilizing e�e
t of wind stress duringthis period leads to the maximal strati�
ation in autumn.Freshwater �ux annual 
y
le (ECMWF reanalysis) isshown in Fig. 5. Values range from 0.065 cm/day in sum-mer to 0.1 cm/day in winter and are weak in 
omparisonwith temperate regions.Sea surfa
e temperature (SST, Fig. 5) is required to 
or-re
t the heat �uxes be
ause of the sensitivity of the surfa
enet heat �ux to the SST (Haney, 1971; Killworth et al.,2000). The maximum is rea
hed in September, after theTrade Winds weaken.
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Fig. 5. Sea Surfa
e Temperature from NOAA OI SST V2 and fresh-water �ux from ECMWF 40 Years Re-Analysis.Table 2Sour
es of reanalyzed data used for model for
ing.Data sour
eSST NOAA optimum interpolation SST V2 (Reynoldset al., 2002)NHFLux Obje
tively Analyzed Air-Sea Fluxes (OAFlux) forthe Global O
eans (Yu et al., 2004; Yu and Weller,2007; Zhang et al., 2004)FWFlux ECMWF 40 Years Re-Analysis (Uppala et al., 2005)WStress CDC Derived NCEP Reanalysis Produ
ts Surfa
eFlux (Kanamitsu et al., 2002)
entrations from the FAX 
ruise (Barton et al., 2004). Ver-ti
al pro�les were averaged within the region of interestand �tted with fourth-order polynomials, in order to haveanalyti
al expressions for input to the model. Higher orderpolynomials were tested but resulted in large os
illationsthat were not physi
ally realisti
. With this averaging, thespatial variability inherent to the zone surveyed during theFAX 
ampaign is removed.

Salinity pro�les (Fig. 6) show the de
rease of salinitywith respe
t to depth below the mixed layer. This nega-tive salinity gradient is 
hara
teristi
 of subtropi
al regions,where evaporation and solar radiation are high throughoutthe year (Figs. 3 and 5). This situation is favorable to dou-ble di�usion through salt-�ngering and therefore enhan
esmixing (Pérez et al., 2001).
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Fig. 6. Pro�les of temperature and salinity used for model initial-ization. Bold lines represent mean values obtained from individualFAX pro�les (thin lines).Oxygen surfa
e 
on
entration is slightly lower than 5
µmol/m3 and rea
hes its maximum around 75 m. Nitratehas very low 
on
entrations (≤ 1 µmol/m3) in the �rst 100m, then qui
kly in
reases to rea
h more than 15 µmol/m3at 500 m.The other physi
al and biologi
al variables are assignedwith 
onstant values over the water 
olumn:� The initial velo
ities were set to zero.� The initial value for the verti
al mixing 
oe�
ient formomentum (KM ) was 0.01 m2/s.� The verti
al mixing 
oe�
ients for salinity (KS) andtemperature (KT ) were taken equal to 0.001 m2/s.� The remaining biologi
al variables were initialized with
onstant values representative of the region (Tab. 3). Inthe 
ase of zooplankton, measured values were 
onvertedinto units 
ompatible with the model (mMol N2m

−3)using 
onversions fa
tors of zooplankton biomass fromHarris et al. (2000). For ammonium, the mean valueobtained from numeri
al simulations (Bahamón andCruzado, 2003) is assigned as the initial 
ondition.5



Table 3Initial values for the biologi
al variables. (⋆) denotes default values. Phytoplankton was initialized using the maximal 
hlorophyll/phytoplanktonratio.Variable Unit Pres
ribed value Sour
eAmmonium mMol N2m−3 0.1 Bahamón and Cruzado (2003)Chlorophyll a mg Chla m−3 0.5 Arístegui et al. (1997)Phytoplankton mMol N2m−3 0.1187 Red�eld (1934)Zooplankton mMol N2m−3 0.06 Hernández-León et al. (2007)Small detritus mMol N2m−3 0.04 (⋆)Large detritus mMol N2m−3 0.02 (⋆)
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Fig. 7. Same as Fig. 6 but for oxygen and nitrates.3.3. Model setupThe simulation parameter values were 
hosen to produ
ean annual 
y
le and to satisfy the numeri
al 
onstraints ofstability. Numerous runs weremade to determinate suitablevalues.The model was run for 6 years to steady state 
onditions,with a time step ∆t = 60s. Results were stored on
e a day,whi
h removes short time s
ale variability.The water 
olumn was limited to the �rst 500 m anddis
retized on a staggered grid. The depth of the ith layeris given by
d(i) = −h

sinh
(

θ N−i
N

)

sinh(θ)
, i = {0, 1, . . . , N},with h the total depth, N the number of layers and θ,a parameter for the adjustment of the grid spa
ing. Thenumber of layers N was 
hosen to be 40. A larger number

of layers in
reased the 
omputational time without givingsigni�
ant di�eren
es in the results. θ was taken equal to 4to have a �ne resolution (≈ 1.5 m) near surfa
e.4. Model testingBefore performing simulations with the for
ing andinitial 
onditions des
ribed in se
tions 3.1 and 3.2, respe
-tively, the KPP model is 
ompared with other mixed layermodels using idealized experiments. These experimentswere not designed to be representative of the 
onditions ofthe region of interest, but to provide 
ommon 
on�gura-tions for evaluating the mixing submodels.4.1. Des
ription of the experimentsIn ea
h experiment, latitude was taken to be 29.91◦ N ,whi
h gives an inertial period 
lose to 24 hours, and allows
omparisons with similar results from other models. Theverti
al resolution is uniform over the water 
olumn with
∆z = 2 m. The velo
ity is initialized with zero value in ea
hdire
tion. The experiments are des
ribed hereinafter.(i) the deepening experiment (Exp.I) was designed to ex-amine the e�e
ts of wind stress on the water 
olumnstability. It 
onsists of a wind with 
onstant dire
tionand intensity (τ = 0.4 N/m2) for 5 days. The initialtemperature was set to 24 ◦C at surfa
e, with a ther-mal strati�
ation of 0.05 ◦C/m. The surfa
e net heat�ux was set to zero.(ii) the 
ooling experiment (Exp.II) showed mixed layerdeepening due to 
onve
tive mixing produ
ed by anegative heat �ux. Initial 
onditions were the sameas the previous experiment; wind stress was assigneda 
onstant value τ = 0.1 N/m2 and surfa
e net heat�ux was taken to be −96.8 W/m2. The experimentwas run for 120 days.(iii) the heating experiment (Exp.III) illustrated mixedlayer shallowing when the o
ean experien
es a pos-itive net heat �ux. The initial 
onditions were thesame as the two previous 
ases, ex
ept that temper-ature was initialized with a 
onstant value of T =6



19 ◦C.The wind stress was equal to τ = 0.1 N/m2and the net heat �ux was 290.4 W/m2.4.2. Des
ription of the modelsThe KPP model is 
ompared with �ve other models: theMellor-Yamada level 2 (MYL 2) and level 2.5 (MYL 2.5)
losures (Mellor and Yamada, 1974), the Niiler (Niiler andKraus, 1977, Nii.), Garwood (Garwood, 1977, Gar.) andPri
e-Weller-Pinkel (Pri
e et al., 1986, PWP) models. The�rst two models belong to the 
ategory of di�erential mod-els, i.e. governing equations in their primitive form are used,while the three other models belong to the 
ategory of inte-grated models, i.e. governing equations are integrated overthe mixed layer depth. Results of the experiments are sum-marized in Tab. 4. For ea
h experiment the MLD 
omputedwith ROMS 1D is 
ompatible with the values obtained withthe other models.Table 4Mixed layer depth (in meters) in di�erent experiments with 6 models.Models MYL2 MYL2.5 Nii. Gar. PWP ROMS 1DExp.I 39 39 54 51 54 42Exp.II 101 103 127 117 101 110Exp.III 14 14 4 14 8 75. Numeri
al results5.1. Physi
sAnnual �elds generated with the for
ing des
ribed in se
-tion 3.1 and with the parameters of se
tion 3.3 are pre-sented.5.1.1. TemperatureTemperature (Fig. 8) rea
hed a maximum from late Au-gust to mid-O
tober with values around 23◦C. The tem-perature maximum does not o

ur when the heat �ux wasmaximum (July-August), but rather in September, afterthe period of peak insulation. This arises be
ause of thedestabilizing e�e
t of TradeWinds, whi
h rea
h their maxi-mal intensity in July-August (Fig. 4). Along with this max-imal temperature, a strong strati�
ation takes pla
e underthe in�uen
e of intense solar heating.From February to May, strong 
onve
tive mixing tookpla
e and generated minimum temperatures around 18◦C.The variability indu
ed by air-sea �uxes a�e
ted only theupper 125 m of the water 
olumn, sin
e temperature isfairly 
onstant below this depth.5.1.2. Mixed layer depthThe MLD is the upper part of the water 
olumn whereproperties are distributed quasi homogeneously. This phys-i
al property does not only a

ounts for the in�uen
e of

Months

D
ep

th
 (

m
)

(°C)

13

14

15
16

17
18

19
19

20 21
22 23

Jan FebMar Apr MayJun Jul AugSep Oct NovDec

−450

−400

−350

−300

−250

−200

−150

−100

−50

14

16

18

20

22

Fig. 8. Annual temperature �eld obtained with ROMS 1D.ea
h for
ing parameter (wind, surfa
e temperature, pre
ip-itation, heat �uxes), but also strongly determines bio
hem-i
al 
y
les.The annual evolution of mixed layer 
omputed withROMS 1D model (Fig. 9, plain line) follows the temper-ature behavior: the mixed layer is deepest in February(> 100 m) after a period of 
onve
tive mixing startingin November. Then shallowing starts as net heat �ux in-
reases and rea
hes a value around 25 m between July andSeptember, despite intense summer Trade Winds (Fig. 4).Deepening starts again after September, under the e�e
tof de
reasing surfa
e net heat �ux.
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riterion from Kara et al. (2000) applied to ROMS 1Dsolution (dashed line with ∇) and to WOD05 
limatology (dashedline with △).7



5.2. Biology5.2.1. PhytoplanktonAs illustrated in Fig. 10, maximal phytoplankton 
on
en-trations appear in February in the �rst 100 m. This maxi-mum is explained by a nutrient inje
tion into the euphoti
zone provoked by the thermo
line erosion indu
ed by win-ter 
onve
tive mixing. From mid-June, a deep maximum,also visible in the 
hlorophyll �eld (Fig. 11), develops.Beyond 150 m, phytoplankton 
on
entrations are verysmall (O(10−4) mMol N2 m−3). From a simple point ofview, phytoplankton needs two ingredients to grow: lightand nutrients. Sin
e light de
reases exponentially withdepth, it be
omes insu�
ient to sustain phytoplanktongrowth, even though a su�
ient amount of nutrients isavailable.
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Fig. 10. Phytoplankton 
on
entration obtained with ROMS 1D.5.2.2. ChlorophyllAmong the numerous variables of the model, it is par-ti
ularly interesting to present 
hlorophyll 
on
entrations,sin
e this variable was initialized with a 
onstant value, al-lowing the model to show its 
apability to reprodu
e realpro�les by itself.Figure 11 shows a homogeneous mixed layer of low
hlorophyll above a deep 
hlorophyll maximum (DCM)developed in spring and summer, with maximal 
on
entra-tions around 1 mg Chla m−3 at 100 m. Surfa
e 
on
entra-tions range from 0.4 mg Chla m−3, when the mixed layeris deepest, to 1 mg Chla m−3 in summer.5.2.3. SummaryIn order to summarize the annual biologi
al 
y
le, 
on-
entrations between surfa
e and a referen
e depth (the eu-photi
 depth) are integrated. The light-depth relationshipused in the model gives an estimated euphoti
 depth of 72.8m.
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Fig. 11. Chlorophyll 
on
entration between surfa
e and 150 m asobtained from ROMS 1D.Zielinski et al. (2002) 
ompared four water light-�eldmodels and found a range for the 1% depth between 81 and139 m in winter, and between 83 and 133 m in spring. The
hoi
e of the range for the integration modi�es quantita-tively the results, but the studied me
hanisms are still thesame.The late-winter bloom is made up of three stages:(i) A peak in nutrients in early February, due to 
onve
-tive mixing.(ii) High phytoplankton 
on
entrations in mid-Februaryaround 25 mMol N2 m−3.(iii) A zooplankton bloom beginning by the end of Mar
h.A

ording to the biologi
al model, zooplankton 
on-
entration is enhan
ed by grazing of phytoplanktonand is diminished by metabolism, death and ex
re-tion. It is then assumed that the origin of the time lagand the longer duration of zooplankton bloom 
omesfrom the quantity of phytoplankton made availableduring the short bloom period.After these three stages, 
on
entrations de
rease as nu-trients be
omes less available while the thermo
line startsto reform. The evolution of detritus 
on
entration is simi-lar to that for the zooplankton, with a maximum betweenMar
h and May and a quasi steady de
rease until the endof De
ember. This similarity arises be
ause the main pro-
esses that drive detritus evolution are mortalities of phy-toplankton and zooplankton along with the part of zoo-plankton that is not assimilated.6. ValidationResults are 
ompared with the following sour
es:� 
limatologi
al �elds extra
ted from the World O
ean At-las 2005 (Lo
arnini et al., 2006, WOA05 herinafter) andaveraged over the area of interest. Using 
limatologi
alvalues is 
ompatible with the general goal of simulatingannual 
y
les. The WOA05 o�ers monthly 
limatology8
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Fig. 12. Con
entrations integrated from euphoti
 depth to surfa
eas obtained from ROMS 1D.for temperature, salinity from 0 to 1500 m on 24 levels,and for oxygen and nitrates from 0 to 500 m on 14 levels;� in situ data extra
ted from the World O
ean Databaseand from 
ampaigns 
arried around Gran Canaria.� measurements from ESTOC station, keeping in mindthat the 
onditions are not exa
tly the same.6.1. Temperature �eldFigures 8 and 13 show the same near-surfa
e stru
ture:intense mixing and low temperatures during winter, for-mation of thermo
line in spring, strong strati�
ation andmaximal temperatures in summer.Di�eren
es between the model results and WOA05 
li-matology are attributed to the use of a one-dimensionalmodel, whi
h prevents the existen
e of verti
al velo
ity andadve
tion. The Canary Islands are in�uen
ed by the 
oolCanary Current, whi
h is not in
luded in the model for
-ing, whi
h results in the modeled temperature maximumbeing higher than values from the WOA05.The numeri
al results are also in agreement with mea-surements at ESTOC station: Neuer et al. (2007):� a surfa
e temperature of 18◦C along with a deep mixingfrom January to Mar
h,� a strati�
ation starting in June and a mixed layer deptharound 40-50 m,� a maximal temperature during September around 24◦C.6.2. Mixed layer depthThere are several ways to 
ompute the MLD, as illus-trated on Fig. 9. A 
omplete review is found in de BoyerMontgut et al. (2004). The MLD 
omputed by ROMS 1Dis based on KPP model. In this formulation (Large et al.,1994, Eq. (21)), the MLD is the smallest depth value thatmakes the bulk Ri
hardson number equal to its 
riti
al
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Fig. 13. Annual temperature �eld from WOA05 Monthly Long TermMean temperature.value Ricr. Hen
e using this de�nition, both strati�
ationand shearing are 
onsidered.The main 
hara
teristi
s of the MLD annual 
y
le 
al
u-lated from the model (plain 
urve with 
ir
les) are 
orre
tlyreprodu
ed: a winter deepening 
aused by 
onve
tive mix-ing and a summer shallowing indu
ed by strong heat �ux.In Neuer et al. (2007), a winter MLD varying from 100m in 1997 to 200 m in 1994 is shown. For 
omparisons withESTOC station, the model MLD was 
omputed followingthe same 
riterion (temperature di�eren
e of 0.5◦C withrespe
t to the value at 10 m). Doing so, the mixed layer isdeepest (around 120 m) from February to Mar
h (Fig. 9).A more sophisti
ated method from Kara et al. (2000)is based on a density di�eren
e 
riterion from a referen
edepth, hen
e it permits the 
onsideration of variable salin-ity. This method was applied on both ROMS 1D results andWOA05 
limatology of temperature and salinity, yieldinga unique 
riterion for 
omparison.Results are very similar from June to De
ember, witha maximal di�eren
e being 
lose to 20 m. In winter andspring, di�eren
es larger than 50 m are en
ountered. Pos-sible explanations are the la
k of resolution of the model atthese depths and the mathemati
al de�nition of MLD.Nevertheless, the four 
urves represent the same physi
alpro
esses, regardless of the sele
ted MLD formulation.6.3. NitratesIn Fig. 14 
limatologi
al (WOA05, Gar
ia et al., 2006b)and in situ (Braun, 1976) data are 
ompared with the an-nual 
y
les of nitrates obtained with the model. In ea
hplot, orders of magnitude are 
lose, suggesting that the 
ou-pled e
osystem model produ
ed 
oherent results.However two main di�eren
es appear: 1. the shape of theiso-NO3: in the numeri
al results, they are 
lose to hori-zontal, while in the 
limatology and in situ data, verti
aldispla
ements o

ur. On
e again, the absen
e of verti
alvelo
ity in the 1D model may justify these observations; 2.9



verti
al gradient of NO3 is larger in the simulations than inthe 
limatology. This may be a 
onsequen
e of the stret
hedgrid (lower resolution as the depth in
reases) or of the in-trinsi
 e�
ien
y of the model.Near surfa
e 
on
entrations are very low (maximum of0.45 mMol N2 m−3 in the �rst 75 m), in agreement withNeuer et al. (2007), who reported undete
tably small mea-surable values (<1 mMol N2 m−3) in the mixed layer.6.4. Phytoplankton and zooplanktonValidation of plankton variables is not as dire
t as fornutrients or oxygen, sin
e no 
limatologies exist for these.Moreover, all the phytoplankton and zooplankton spe
iesare represented by two aggregated state variables([phyto]and [zoo]) in the model, whereas several groups are usu-ally 
onsidered (e.g. pi
o-, nano- phytoplankton, mesozoo-plankton, . . . ). For these reasons, their evolution will bedis
ussed qualitatively.6.4.1. PhytoplanktonArístegui et al. (2001) measured the biomass betweenMar
h 1988 and June 1989, with the 
losest sampling (oneweek) during winter bloom: maxima of integrated 
on
en-tration o

ur in late winter and are 
omposed of two peaks(see their Fig. 3a), one in mid-February and the other inmid-Mar
h. These observations are 
oherent with the nu-meri
al results (Figs. 10 and 15), where two distin
t periodof high phytoplankton 
on
entration in the �rst 20-25 mare present.
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Fig. 15. Integrated phytoplankton 
on
entration obtained with themodel in the 40 �rst m.6.4.2. ZooplanktonIn Fig. 12 the zooplankton bloom takes pla
e with a timelag with respe
t to the phytoplankton bloom, in agreementwith observations from Hernández-León et al. (1984) andArístegui et al. (2001). However, with this ex
eption, the

biologi
al model was not able to reprodu
e the typi
al fea-tures of the zooplankton 
y
le.Hernández-León et al. (2004) measured the average andzooplankton biomasses (their Figs. 3 and 6) and showed a
lear maximum by the end of February, while ROMS 1Dresults show a maximum extending over several days in lateMar
h. They also reported a maximum in July, mentionedin Braun (1976), and attributed it to intense Trade Windsduring these months. This feature was not reprodu
ed bythe model.As stated previously, di�eren
es between model and re-ality originate from the use of a single variable to representzooplankton. The Canary Island waters are 
hara
terizedby a produ
tionmainly driven bymesozooplankton.Adve
-tion of biologi
al properties, through upwelling �lamentsfor example, may also 
ontribute to su
h dis
repan
ies.6.5. Chlorophyll aFigure 11 shows results that are in agreement with mea-surements of Neuer et al. (2007), who showed 
on
entra-tions higher than 0.5 mg Chla m−3 near the euphoti
 depthand Barton et al. (2000) who reported values higher than0.6 mgChla m−3 in the lee region of Gran Canaria. A

ord-ing to Tett et al. (2002), this DCM results from a steady-state balan
e between the limitation of phytoplankton pro-du
tion due to light and losses due to exported produ
tionand lo
al metabolism of mi
roplankton.Simulated surfa
e 
on
entrations agree with the obser-vations of Neuer et al. (2007): highest values (up to 0.4 mg
Chla m−3) when themixed layer is deepest and lower valuesaround 0.05 mg Chla m−3 (1 mg Chla m−3 in simulations)in summer. Arístegui et al. (2001) reported a small 
hloro-phyll bloom, with values larger than the annual mean, butlower than those en
ountered in temperate regions.Comparison with in situ data from the FAX 
ruise (Bar-ton et al., 1998) is made in Fig. 16. Variations from one dayto another 
annot be 
aptured by one-dimensional model,as they may 
ome from the 
omplex 
ir
ulation pattern ofthe region. However, the model shows distributions thatagree in stru
ture and magnitude.Comparisonswith Zielinski et al. (2002) show good agree-ment. The simulated and observed DCM appears at sim-ilar depths. Moreover, ROMS 1D results 
ompare quanti-tatively better to the ESTOC observed values than do thesimulated results presented in Zielinski et al. (2002) (seetheir Fig. 10).6.6. OxygenThe simulated oxygen annual 
y
le (Fig. 17(a)) is 
om-pared with 
limatologi
al �elds (Gar
ia et al. (2006a), Fig.17(b)). Both show similar orders of magnitude and a highnear-surfa
e 
on
entrations above 5 mMol O2 m−3 at theend of winter. Another surfa
e stru
ture with oxygen 
on-
entrations around 5 mMol O2 m−3 o

urs in the summer.10
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) ROMS 1DFig. 14. Annual �eld of nitrate 
on
entration: (a) World O
ean Atlas 2005, (b) measurements 5 miles east o� Tenerife (reprodu
ed fromBraun (1976)), (
) model results.
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SimulationFig. 16. Model results (bold lines) and in situ measurements (Bartonet al., 1998) for the 
hlorophyll 
on
entration between 7th and 9thof August.The di�eren
es seen between the simulated and observednitrate values model are also visible in the oxygen distri-butions.7. Dis
ussionMore than 50 years ago, Sverdrup (1953) developed amodel to explain the spring bloom of phytoplankton andthe 
onditions underlying its formation. His theory statesthat the phytoplankton growth season starts in earlyspring, when the mixed layer depth be
omes shallowerthan the 
riti
al depth. Criti
al depth depth is de�ned asthe depth above whi
h the depth-integrated daily grossprimary produ
tion equals respiration, i.e. the depth abovewhi
h integrated net daily primary produ
tion equals zero(Nybakken, 2001).The assumptions underlying this theory are:(i) phytoplankton 
ells are uniformly distributed in themixed layer,(ii) photosynthesis is assumed to de
rease exponentiallywith depth, as the light does,
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(iii) respiration is 
onsidered to be 
onstant over themixed layer.The 
riti
al depth was 
al
ulated using the average valueof light ĪD penetrating into the euphoti
 zone. This aver-age amount of light is obtained by integrating the relationbetween depth and light intensity
Iλ(z) = Iλ,0 exp(−kλz) (3)from the surfa
e (z = 0) to the depth D, whi
h leads to
ĪD =

Ī0

kD
(1 − e−kD). (4)The previous equation is used to get an expression forthe 
riti
al depth Dcr. Assuming that phytoplankton 
ellsmove up and down in the mixed layer, they re
eive on av-erage a light intensity equal to ĪD. The 
riti
al depth isthen the depth at whi
h ĪD equals to IC , the 
ompensationlight intensity, de�ned as the amount of light that makesprodu
tion and loss equal. The 
ompensation depth is thedepth at whi
h that equality is satis�ed.Combining the previous de�nition with Eq. (3), the 
om-pensation depth is 
al
ulated by

Dc =
ln(I0) − ln(IC)

k
, (5)Finally, the substitution of ĪD by the 
ompensation lightintensity IC in (4) yields

Dcr. =
Ī0

k IC

[1 − exp(−k Dcr.)] (6)The 
ompensation depth depends on the 
larity of waterand thus varies over the world o
eans. However, a

ordingto Nybakken (2001), the euphoti
 depth is a good estimate.Solving Eq. (6) with this approximation, a 
riti
al depthequal to 113 m was found. As the MLD depends on theway it is de�ned (see Fig. 9), interpretation of Sverdrup's
riti
al depth theory is not straightforward.The MLD 
omputed from the ROMS 1D simulation re-sults results in a 
riti
al depth that is deeper than theMLD all year long, whi
h is typi
al for subtropi
al regions(Arístegui et al., 2001). However, if other methods are usedto 
ompute the MLD, there is an interse
tion between 
rit-i
al and mixed layer depths, taking pla
e during April,whi
h disagrees with the observation of a late-winter phy-toplankton bloom.Hen
e it is 
on
luded that the mixed layer depth is a 
on-trol on the timing of the biologi
al 
y
les, even if Sverdrup'stheory 
ould not be applied in the region of interest.8. Con
lusions8.1. Physi
sPhysi
al pro
esses south of Gran Canaria were su

ess-fully simulated using the ROMD 1D model. Maximal sur-fa
e temperatures and strongest strati�
ation were pro-du
ed in late summer�early fall, when the Trade Winds

have started to weaken. The deepest mixed layer of about100 m o

urs in February, under the e�e
t of negative heat�ux, in agreement with observations and with existing 
li-matologies. The 
orre
t representation of this physi
al fea-ture is a �rst step in development of a model to understandthe biogeo
hemi
al pro
esses.The di�eren
es between numeri
al results and data (insitu or 
limatologi
al) are believed to be due to the follow-ing:� The nature of a 1-Dmodel: neither adve
tion nor verti
alvelo
ity exists.� For
ing is 
arried out with monthly values linearly in-terpolated at ea
h time step, thus pro
esses with shortertime s
ale are �ltered out.However, even with these di�eren
es mean seasonal 
y-
les were simulated.8.2. BiologyA strong 
oupling between air-sea �uxes and biologi
al
y
les was observed:� the phytoplankton bloom o

urs in late winter, whensurfa
e temperature is minimum be
ause of 
onve
tivemixing produ
ed by negative heat �ux.� From early spring to late fall, biologi
al 
on
entrationstend to de
rease under the e�e
t of the shallow seasonalthermo
line formed by intense heating.This 
y
le 
ontrasts with what is usually observed intemperate regions, where a phytoplankton bloom o

urs inearly spring, strongest mixing in winter, due to maximalwind velo
ities during this season, and maximal tempera-tures in summer.Primary produ
tion in the Canary Island region isnutrient-limited, as there is a su�
ient amount of lightre
eived by the water 
olumn all year long, while in tem-perate regions, primary produ
tion is light limited, as themixing is strong enough to feed the euphoti
 layer withnew nutrients during most of the year.Numerous biologi
al models have been des
ribed in theliterature and some were primarily designed to work withina pre-determinate domain of the sea. As a model is al-ways an idealization of reality, it has to be a

epted thatsome pro
esses may not be a

urately modeled or wellparametrized. Nevertheless, the e
osystem model 
oupledwith the physi
al model yielded results that 
orrespond toobserved patterns for most of the simulated variables.8.3. Perspe
tivesFurther work should 
on
entrate on the 
omputation ofthe 
riti
al depth with a more detailed model, to test theappli
ability of Sverdup's theory to the Canary Island wa-ters. Some of the parameters in the biologi
al model re-quire modi�
ations that should be based on measurementsand/or experiments 
arried out in the Canary Island re-gion. Additional improvement to the e
osystem model sim-12



ulations would be gained by separating the zooplankton
omponent into several 
ompartments.9. A
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