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Abstract

The Canary Island region is rich in mesoscale phenomena that affect cycles of physical and biological processes. A 1D version
of the Regional Oceanic Modeling System (ROMS) is used south of the Gran Canaria Island to simulate seasonal climatologies
of these cycles. The model is forced with monthly air-sea fluxes averaged from 1993 to 2002 and initialized with mean in situ
profiles of temperature, salinity, oxygen and nitrate concentrations. The K-Profile Parameterization (KPP) mixed-layer submodel
is compared with other submodels using idealized numerical experiments. When forced with realistic air-sea fluxes, the model
correctly reproduces the annual cycle of temperature (mixed layer depth), with minimum surface values of 18°C (maximal depth
> 105 m) in February during convective mixing resulting from a negative heat flux. Maximum temperatures above 23°C (minimal
depth < 20 m) are simulated from September to October after strong summer heating and a decrease in Trade Winds intensity.
A simple ecosystem model is coupled to the physical model, which provides simulated biological cycles that are in agreement with
regional observations. A phytoplankton bloom develops in late winter, driven by the injection of new nutrients into the euphotic
layer. Chlorophyll has a deep maximum fluctuating around 100 m with concentrations around 1 mg C'hl, m ™2, while surface values
are low (around 0.1 mg Chl, m™?) during most of the year. The physical and biological model results are validated by comparisons
with data from regional campaigns, climatological fields and time-series from the ESTOC station.

Key words: Canary Islands, Mixed layer depth, ROMS 1D bio-physical model, biological cycles, KPP model, NPZD model, Latitude
27.5°N, longitude 15.5°W
PACS: 92.60.Aa, 92.10.Lq, 92.60.Cc, 92.05.Fg

Canary Islands (ESTOC, Fig. 1), located 100 km north of
Gran Canaria (Neuer et al., 2007). Satellite imagery from
the region was used to confirm these observations (Barton
et al., 2001; Davenport et al., 2002).

Braun (1976) carried out a survey 5 miles off Tenerife
from 1971 to 1972 between the ocean surface and 1200 me-
ters. Low levels of nutrients along with a clear seasonal vari-
ation of phytoplankton were reported, confirming the olig-
otrophic conditions of Canary Island waters (e.g. De Leon
and Braun, 1973; Aristegui et al., 1997).

Summer is characterized by a sharp seasonal thermocline
that prevents the injection of nutrients into the euphotic
zone, resulting in low phytoplankton concentrations. Maxi-

1. Introduction

The Canary Island Archipelago is composed of seven is-
lands located in the passage of the cool, southwestward Ca-
nary Current (CC), considered as the eastern boundary of
the North Atlantic subtropical gyre. The study of physical
and biological cycles in this region is an important topic
considering the numerous physical processes that influence
these cycles.

Since the 1990’s, many studies were carried out in the Ca-
nary Island area in order to examine interactions between
physical and biological processes (e.g. Aristegui et al., 1994,
1997; Aristegui and Montero, 2005; Barton et al., 2004;

Pelegri et al., 2005a,b). Along with these in situ studies,
time-series data were acquired through mooring stations,
such as the European Station for Time-Series in the Ocean,
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mal phytoplankton concentrations appear in late winter un-
der the effect of convective mixing and thermocline erosion,
which make nutrients available for phytoplankton. These
high concentrations were also observed by Herndndez-Ledn
et al. (1984) in southern Canary waters, Hernandez-Leon
et al. (1984) on the southeastern shelf of the Gran Canaria
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Island, and Aristegui et al. (2001) in coastal waters east of
Gran Canaria.

Despite interest in understanding biological cycles in
this area, only a few coupled physical-biological models
have been developed. Zielinski et al. (2002) used a one-
dimensional model in order to test different parameteri-
zations of the photosynthetically active radiation (PAR)
at ESTOC station. Although their model produced realis-
tic results for temperature and chlorophyll concentration,
there was no validation of the mixed layer depth model,
which is of crucial importance for the modulation of bio-
chemical cycles.

Bahamon and Cruzado (2003) compared the NW
Mediterranean and NE Atlantic using a one-dimensional
model, but their results for the physical variables do not
represent, accurately the seasonal cycles in the second sys-
tem. They showed stratification starting in April, which is
too early, and two maxima for the phytoplankton. The first
maximum was in winter and the second in fall, a situation
that is more typical for higher latitudes.

The first objective of the present work was to simulate
the seasonal cycle of the upper oceanic layer similar to what
was observed in the Canary Island region. To this end, a
one-dimensional physical-biological coupled model forced
with recently developed climatologies for air-sea fluxes (e.g.
OAFluxes for heat, Tab. 2) and initialized with character-
istic conditions of this particular region was used.

A point south of Gran Canaria (Fig. 1) was selected for
model implementation because the biological properties in
this area were more frequently sampled. The model im-
plementation site is located in the transitional zone be-
tween the upwelling rich waters and the oligotrophic inte-
rior ocean. It may be affected by mesoscale variability in-
troduced by the Archipelago, but these effects were filtered
out in the climatological observations. Because of the recog-
nition that dynamics of the ocean upper layer are funda-
mental for the modulation of biochemical fluxes, special at-
tention was paid to the mixed layer seasonal cycle, making
comparisons with other physical model outputs and with
available measurements.

A second objective was the establishment of a seasonal
climatology of biogeochemical properties of the oceanic
upper layer, which will help in implementing a three-
dimensional physical-biogeochemical model currently un-
der development (Mason et al., 2008b,a), as is a coupled
larvae model focused on the same region (Brochier et al.,
2008).

To achieve these goals, the work is divided into five
parts: the first is the description of the different compo-
nents (physics, biology, mixed layer) of the model, as well
as the assumptions behind them (Section 2). Next details
of the model setup are described by outlining forcing and
initialization conditions (Section 3), as these are key to gen-
erating realistic solutions. The model behavior is tested in
idealized experiments (Section 4) and the resulting annual
fields are presented (Section 5) and validated (Section 6).
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Fig. 1. The Canary Archipelago: P = La Palma, H = El Hierro, G =
La Gomera, T = Tenerife, GC = Gran Canaria, F' = Fuerteventura,
L = Lanzarote. The region of interest is located south to Gran
Canaria (square). Circle denotes ESTOC station and triangles are
the locations of the profiles used in the initialization.

2. Model description

Simulations were carried out with the one-dimensional
version of ROMS (Regional Ocean Modeling System,
Shchepetkin and McWilliams, 2005); the mixing closure
sub-model, treatments of vertical advection and diffusion
are compatible between the 3D and the 1D model. A
stretched vertical coordinate system provides an increased
resolution near the surface boundary layer (Penven, 2006).

2.1. Hydrodynamics model

The hydrodynamics model computes velocity compo-
nents (v and v), temperature (T') and salinity (S). Density
is derived from the state equation of Jackett and McDougall
(1995). Hydrostatic and f-plane approximations are made.
Two important consequences arise from the use of a 1-D
model:

(i) the vertical velocity is null everywhere: w = 0,

(ii) advection is not modeled (u- V)X = 0, with u, the
velocity vector, and X, any scalar variable.
Temperature and salinity are both relaxed toward their ini-
tial value with a relaxation time 7 depending of the depth:
T = 2423 exp(z/100). This formula gives a value of T about
5 years below 200 m and up to 25 years at the surface.

2.2. Mixed layer model

Small-scale processes are parametrized with the K-
Profile Parametrization (KPP, Large et al., 1994). With
this scheme, the mixed-layer depth (MLD hereinafter) is
defined as the depth d at which the bulk Richardson num-
ber, which measures the ratio between stratification and
shearing, equals a prescribed critical value:



Rip(d) = [Br BQ(d)]d =
Ve = V(d)|]” + V(d)
where B, and V, are estimates of the average buoyancy
and velocity, respectively, and V; /h is the turbulent velocity
shear.

When buoyancy forcing is stable, the boundary layer
depth is taken as the minimum of the value computed ac-
cording to Eq. (1), the Monin-Obukov length and the Ek-
man depth.

The KPP model enables to take into account mixing
through salt fingering (warm salty water over cool fresh wa-
ter), a typical process in regions with low precipitation and
intense solar radiation.

Ri,, = 0.3, (1)

2.3. Ecosystem model

The box model (Fig. 2) from Fasham et al. (1990) was
designed to simulate annual cycles of plankton dynamics
and nitrogen cycling in the upper oceanic layer. Nitrogen
is generally considered as the limiting nutrient of primary
production, hence its choice as central element of the bio-
logical model. The Fasham et al. (1990) model has been ap-
plied to numerous areas of the ocean (e.g. Sarmiento et al.,
1993; Drange, 1996). The version implemented in ROMS is
an evolution of this model (Gruber et al., 2006), which has
also been applied to another transition zone (California).

It was chosen for its simplicity, according to the objec-
tive of getting mean seasonal cycles. Moreover, the model is
compartmental, so that it permits the distinction between
new production (driven by new nutrients, primarily nitrate,
that originates from outside the euphotic zone) and regen-
erated production (driven by nitrogen recycled within the
euphotic zone, mainly ammonium) (Dugdale and Goering,
1967). Bacteria were eliminated as an explicitly modeled
state variable, and replaced with implicit parametrizations
of remineralization processes (Gruber et al., 2006).

Biological variables are coupled to physics by an
advection-diffusion-reaction equation and through tem-
perature. The latter influences various production terms
of the ecosystem model. This again emphasizes the need
of a correct representation of temperature seasonal cycle.

The model is also forced by the photosynthetically avail-
able radiation (PAR), derived from the shortwave solar ra-
diation (Fig. 3) according to the following steps (Frentzel,
2006):

(i) A linearly interpolated value is calculated for each

time step.

(ii) A diurnal cycle for insulation is superimposed on the
solar shortwave radiation. If the calculated surface
radiation is negative, zero is used instead.

(iii) Starting from the top, the PAR is calculated for each
grid box according to

PAR, =
PAR, 1 exp{(—0.5 (kyw + kchia[Chla),) Az} (2)

with k., and kcpie, the attenuation coefficients for
water and chlorophyll (Tab. 1), [C'hla] the chlorophyll
concentration, Az, the height of the vertical grid layer
and j the cell index, from 1 at the bottom to N at the
top.

As light abundance is an essential factor for primary pro-
duction in pelagic systems, an accurate parametrization of
its variation with depth is required. Zielinski et al. (2002)
tested several PAR parametrizations and showed that the
light model has significant effects on the simulated distri-
bution of chlorophyll, both in space and time. They recom-
mend using a model with an increased value of the attenua-
tion coefficient near the surface, due to absorption at larger
wavelengths, and with a specific chlorophyll attenuation.

Model parameters for the fluxes between compartments
(Tab. 1) are either based on measured values in the region,
or are standard values. When no information was available
for the region of interest, model prescribed values, originally
adapted to California region, were used.
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Fig. 2. Compartments and nitrogen fluxes of the biological model
(reproduced from Frentzel (2006)).

3. Simulations settings
3.1. Forcing

The ROMS 1D is forced by heat fluxes, wind stress and
freshwater flux. These fields were extracted from different
data bases (Tab. 2) and monthly averaged values for the
1993-2002 period were computed at a location south of
Gran Canaria (27.5°N, 15.5°W). The choice of the 10-year
averaged forcing fields was motivated by the desire to ob-
tain a mean seasonal cycle. Shorter time scale processes are
not the target of the study.



Table 1

Parameters of the biological model: (1) Fasham et al. (1990), (2) Gruber et al. (2006), (3) Redfield (1934), (4) Zielinski et al. (2002), (5)
Sarmiento et al. (1993), (6) Dadou et al. (2001); () model default values.

Parameter Symbol Values Unit Source
Light attenuation due to sea water kw 0.04 m~1 (1,2)
Light attenuation by chlorophyll a kchia 0.025 m?2 (mg Chla)~! (2)
Initial slope of the P — I curve a 5.00 mg C(mg ChlaW m~2d)~1 (%)
C : N ratio for phytoplankton TC:Niphyto  6.625 mMol C(mMolN)~1 (3)
Maximum cellular chlorophyll to C' Ratio Om 0.053 mg Chla : mg C (2)
Inverse half-saturation for phytoplankton NO3 uptake Kno, 1/0.5 1/(mMolNm?) (4)
Inverse half-saturation for phytoplankton N Hj4 uptake Knm, 1/0.1 1/(mMolNm?) (%)
Phytoplankton mortality to small detritus rate t Pmort 0.07 d—1 (5)
Zooplankton-specific maximum grazing rate tZgraze 0.75 d-1 (*)
Zooplankton assimilation efficiency AE 0.75 —— (2,4,6)
Zooplankton gross growth efficiency GGE 0.65 —— (%)
Zooplankton half-saturation constant for ingestion Zp 1.00 mMol N m? (2)
Zooplankton specific excretion rate t Zbmet 0.10 d=1 (*)
Zooplankton quadratic mortality to detritus t Zmort 0.10 d=Y(mMol N m3)~1 (2)
Small detrital breakdown to N Hy rate tSDremin 0.1 d-1! (%)
Specific (Per unit Phyto+SDet) aggregation rate teoag 0.005 (mMol N m3)~1d—! (2)
Specific rate of large detritus recycling to N Hy tL Dremin 0.1 d-1 (*)
Sinking velocity for small detritus wsp 0.1 md~! (%)
Sinking velocity for large detritus wrp 10.0 md~1 (2,5)
Sinking velocity for phytoplankton WPhyto 0.1 md~1 (*)
Sinking velocity for chlorophyll a Wehila 0.1 md—1 (%)
Oxidation of NHy4 to NO3 (nitrification) tritri 0.1 d—1 (%)
Figure 3 shows the net heat flux obtained from OAflux 300

data base. Maximal values (around 150 W/m?) occur
in July-August and minimal negative values occur from
November to February, leading to winter convection, the
main factor producing mixed layer deepening.

Figure 4 illustrates the annual cycle of wind stress from
NCEP reanalysis. Maximum intensities about 0.1 N/m?
were reached during summer months due to an increase in
the strength of the Trade Winds. As explained in Sec. 5 the
stabilizing effect of a maximum positive net heat flux in
summer and the destabilizing effect of wind stress during
this period leads to the maximal stratification in autumn.

Freshwater flux annual cycle (ECMWF reanalysis) is
shown in Fig. 5. Values range from 0.065 ¢m/day in sum-
mer to 0.1 ¢em/day in winter and are weak in comparison
with temperate regions.

Sea surface temperature (SST, Fig. 5) is required to cor-
rect the heat fluxes because of the sensitivity of the surface
net heat flux to the SST (Haney, 1971; Killworth et al.,
2000). The maximum is reached in September, after the
Trade Winds weaken.

Heat fluxes (W/m2)

Net heat flux
Solar shortwave radiation
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Fig. 3. Mean cycles (bold line) and individual years from 1993 to 2002
(thin lines) of surface net heat flux (plain lines) and solar shortwave
radiation (dashed lines) from OAflux.

3.2. Initialization

The model was initialized in Mid-August with in situ
profiles of temperature, salinity, nitrate and oxygen con-
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Fig. 4. Same as Fig. 3, but for wind stress from NCEP Reanalysis.
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Fig. 5. Sea Surface Temperature from NOAA OI SST V2 and fresh-
water flux from ECMWF 40 Years Re-Analysis.

Table 2

Sources of reanalyzed data used for model forcing.

Data source

SST NOAA optimum interpolation SST V2 (Reynolds
et al., 2002)

NHFLux Objectively Analyzed Air-Sea Fluxes (OAFlux) for
the Global Oceans (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 Products Surface

Flux (Kanamitsu et al., 2002)

centrations from the FAX cruise (Barton et al., 2004). Ver-
tical profiles were averaged within the region of interest
and fitted with fourth-order polynomials, in order to have
analytical expressions for input to the model. Higher order
polynomials were tested but resulted in large oscillations
that were not physically realistic. With this averaging, the
spatial variability inherent to the zone surveyed during the
FAX campaign is removed.

Salinity profiles (Fig. 6) show the decrease of salinity
with respect to depth below the mixed layer. This nega-
tive salinity gradient is characteristic of subtropical regions,
where evaporation and solar radiation are high throughout
the year (Figs. 3 and 5). This situation is favorable to dou-
ble diffusion through salt-fingering and therefore enhances
mixing (Pérez et al., 2001).
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Fig. 6. Profiles of temperature and salinity used for model initial-
ization. Bold lines represent mean values obtained from individual
FAX profiles (thin lines).

Oxygen surface concentration is slightly lower than 5
pmol /m? and reaches its maximum around 75 m. Nitrate
has very low concentrations (< 1 umol/m3) in the first 100
m, then quickly increases to reach more than 15 umol /m?
at 500 m.

The other physical and biological variables are assigned
with constant values over the water column:

— The initial velocities were set to zero.

— The initial value for the vertical mixing coefficient for
momentum (K s) was 0.01m?/s.

— The vertical mixing coefficients for salinity (Kg) and
temperature (K1) were taken equal to 0.001 m?/s.

— The remaining biological variables were initialized with
constant values representative of the region (Tab. 3). In
the case of zooplankton, measured values were converted
into units compatible with the model (mMol Nom™2)
using conversions factors of zooplankton biomass from
Harris et al. (2000). For ammonium, the mean value
obtained from numerical simulations (Bahamoén and
Cruzado, 2003) is assigned as the initial condition.



Table 3

Initial values for the biological variables. (x) denotes default values. Phytoplankton was initialized using the maximal chlorophyll/phytoplankton

ratio.
Variable Unit Prescribed value Source
Ammonium mMol Nam =3 0.1
Bahamon and Cruzado (2003)
Chlorophyll a mg Chlgm™3 0.5
phy g ita Aristegui et al. (1997)
Phytoplankton mMol Nom =3 0.1187
Redfield (1934)
Zooplankton mMol Nom ™3 0.06
Hernandez-Leon et al. (2007)
Small detritus mMol Nom ™3 0.04 (%)
Large detritus mMol Nom ™3 0.02 (%)
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Fig. 7. Same as Fig. 6 but for oxygen and nitrates.

3.3. Model setup

The simulation parameter values were chosen to produce
an annual cycle and to satisfy the numerical constraints of
stability. Numerous runs were made to determinate suitable
values.

The model was run for 6 years to steady state conditions,
with a time step At = 60s. Results were stored once a day,
which removes short time scale variability.

The water column was limited to the first 500 m and
discretized on a staggered grid. The depth of the i** layer
is given by

sinh (9 ng 1)
sinh(9) ’
with A the total depth, N the number of layers and 6,

a parameter for the adjustment of the grid spacing. The
number of layers NV was chosen to be 40. A larger number

d(i) = — i=1{0,1,...,N},

of layers increased the computational time without giving
significant differences in the results. § was taken equal to 4
to have a fine resolution (&~ 1.5 m) near surface.

4. Model testing

Before performing simulations with the forcing and
initial conditions described in sections 3.1 and 3.2, respec-
tively, the KPP model is compared with other mixed layer
models using idealized experiments. These experiments
were not designed to be representative of the conditions of
the region of interest, but to provide common configura-
tions for evaluating the mixing submodels.

4.1. Description of the experiments

In each experiment, latitude was taken to be 29.91° N,
which gives an inertial period close to 24 hours, and allows
comparisons with similar results from other models. The
vertical resolution is uniform over the water column with
Az = 2m. The velocity is initialized with zero value in each
direction. The experiments are described hereinafter.

(i) the deepening experiment (Exp.I) was designed to ex-
amine the effects of wind stress on the water column
stability. It consists of a wind with constant direction
and intensity (7 = 0.4 N/m?) for 5 days. The initial
temperature was set to 24 °C' at surface, with a ther-
mal stratification of 0.05 °C'/m. The surface net heat
flux was set to zero.

(ii) the cooling experiment (Exp.IT) showed mixed layer
deepening due to convective mixing produced by a
negative heat flux. Initial conditions were the same
as the previous experiment; wind stress was assigned
a constant value 7 = 0.1 N/m? and surface net heat
flux was taken to be —96.8 W/m?2. The experiment
was run for 120 days.

(iii) the heating experiment (Exp.III) illustrated mixed
layer shallowing when the ocean experiences a pos-
itive net heat flux. The initial conditions were the
same as the two previous cases, except that temper-
ature was initialized with a constant value of T' =



19°C.The wind stress was equal to 7 = 0.1 N/m?
and the net heat flux was 290.4 W/m?.

4.2. Description of the models

The KPP model is compared with five other models: the
Mellor-Yamada level 2 (MYL 2) and level 2.5 (MYL 2.5)
closures (Mellor and Yamada, 1974), the Niiler (Niiler and
Kraus, 1977, Nii.), Garwood (Garwood, 1977, Gar.) and
Price-Weller-Pinkel (Price et al., 1986, PWP) models. The
first two models belong to the category of differential mod-
els, i.e. governing equations in their primitive form are used,
while the three other models belong to the category of inte-
grated models, i.e. governing equations are integrated over
the mixed layer depth. Results of the experiments are sum-
marized in Tab. 4. For each experiment the MLD computed
with ROMS 1D is compatible with the values obtained with
the other models.

Table 4
Mixed layer depth (in meters) in different experiments with 6 models.

Models MYL2 MYL2.5 Nii. Gar. PWP ROMS 1D
Exp.I 39 39 54 51 54 42

Exp.II 101 103 127 117 101 110
Exp.II1 14 14 4 14 8 7

5. Numerical results
5.1. Physics

Annual fields generated with the forcing described in sec-
tion 3.1 and with the parameters of section 3.3 are pre-
sented.

5.1.1. Temperature

Temperature (Fig. 8) reached a maximum from late Au-
gust to mid-October with values around 23°C. The tem-
perature maximum does not occur when the heat flux was
maximum (July-August), but rather in September, after
the period of peak insulation. This arises because of the
destabilizing effect of Trade Winds, which reach their maxi-
mal intensity in July-August (Fig. 4). Along with this max-
imal temperature, a strong stratification takes place under
the influence of intense solar heating.

From February to May, strong convective mixing took
place and generated minimum temperatures around 18°C'.
The variability induced by air-sea fluxes affected only the
upper 125 m of the water column, since temperature is
fairly constant below this depth.

5.1.2. Mized layer depth

The MLD is the upper part of the water column where
properties are distributed quasi homogeneously. This phys-
ical property does not only accounts for the influence of

(o

-50
-100
-150
-200¢ 15
~250¢ L
-300f -
-350f 1
-400¢ : '3 2zaaq 14
-450¢ o

16

Depth (m)

Jan FebMar AprMayJun Jul AugSep Oct NovDec
Months

Fig. 8. Annual temperature field obtained with ROMS 1D.

each forcing parameter (wind, surface temperature, precip-
itation, heat fluxes), but also strongly determines biochem-
ical cycles.

The annual evolution of mixed layer computed with
ROMS 1D model (Fig. 9, plain line) follows the temper-
ature behavior: the mixed layer is deepest in February
(> 100 m) after a period of convective mixing starting
in November. Then shallowing starts as net heat flux in-
creases and reaches a value around 25 m between July and
September, despite intense summer Trade Winds (Fig. 4).
Deepening starts again after September, under the effect
of decreasing surface net heat flux.

Mixed Layer Depth (m)

—6— ROMS 1D —- KPP submodel
v, =B =-AT=05Cfrom10m

N  =W~- ' Kara criterion with ROMS1D solution|
+ =A=' Kara criterion with WOA05
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Fig. 9. Mixed layer depth: ROMS 1D — KPP model (plain line),
same temperature criterion as Neuer et al. (2007) (dashed line with
0), density criterion from Kara et al. (2000) applied to ROMS 1D
solution (dashed line with V) and to WODO5 climatology (dashed
line with A).



5.2. Biology

5.2.1. Phytoplankton

Asillustrated in Fig. 10, maximal phytoplankton concen-
trations appear in February in the first 100 m. This maxi-
mum is explained by a nutrient injection into the euphotic
zone provoked by the thermocline erosion induced by win-
ter convective mixing. From mid-June, a deep maximum,
also visible in the chlorophyll field (Fig. 11), develops.

Beyond 150 m, phytoplankton concentrations are very
small (O(10=%) mMol N2 m~2). From a simple point of
view, phytoplankton needs two ingredients to grow: light
and nutrients. Since light decreases exponentially with
depth, it becomes insufficient to sustain phytoplankton
growth, even though a sufficient amount of nutrients is
available.
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Fig. 10. Phytoplankton concentration obtained with ROMS 1D.

5.2.2. Chlorophyll

Among the numerous variables of the model, it is par-
ticularly interesting to present chlorophyll concentrations,
since this variable was initialized with a constant value, al-
lowing the model to show its capability to reproduce real
profiles by itself.

Figure 11 shows a homogeneous mixed layer of low
chlorophyll above a deep chlorophyll maximum (DCM)
developed in spring and summer, with maximal concentra-
tions around 1 mg Chl, m™—2 at 100 m. Surface concentra-
tions range from 0.4 mg Chl, m~3, when the mixed layer
is deepest, to 1 mg Chl, m™2 in summer.

5.2.3. Summary

In order to summarize the annual biological cycle, con-
centrations between surface and a reference depth (the eu-
photic depth) are integrated. The light-depth relationship
used in the model gives an estimated euphotic depth of 72.8
m.

(mg Chl_ m™%)

Depth [m]

50 i
Jan FebMar AprMayJun Jul AugSep Oct NovDec
Time [months]

Fig. 11. Chlorophyll concentration between surface and 150 m as
obtained from ROMS 1D.

Zielinski et al. (2002) compared four water light-field
models and found a range for the 1% depth between 81 and
139 m in winter, and between 83 and 133 m in spring. The
choice of the range for the integration modifies quantita-
tively the results, but the studied mechanisms are still the
same.

The late-winter bloom is made up of three stages:

(i) A peak in nutrients in early February, due to convec-

tive mixing.

(ii) High phytoplankton concentrations in mid-February
around 25 mMol Ny m 3.

(iii) A zooplankton bloom beginning by the end of March.
According to the biological model, zooplankton con-
centration is enhanced by grazing of phytoplankton
and is diminished by metabolism, death and excre-
tion. It is then assumed that the origin of the time lag
and the longer duration of zooplankton bloom comes
from the quantity of phytoplankton made available
during the short bloom period.

After these three stages, concentrations decrease as nu-
trients becomes less available while the thermocline starts
to reform. The evolution of detritus concentration is simi-
lar to that for the zooplankton, with a maximum between
March and May and a quasi steady decrease until the end
of December. This similarity arises because the main pro-
cesses that drive detritus evolution are mortalities of phy-
toplankton and zooplankton along with the part of zoo-
plankton that is not assimilated.

6. Validation

Results are compared with the following sources:

- climatological fields extracted from the World Ocean At-
las 2005 (Locarnini et al., 2006, WOAOQ5 herinafter) and
averaged over the area of interest. Using climatological
values is compatible with the general goal of simulating
annual cycles. The WOAO5 offers monthly climatology
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Fig. 12. Concentrations integrated from euphotic depth to surface
as 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 extracted from the World Ocean Database
and from campaigns carried around Gran Canaria.
— measurements from ESTOC station, keeping in mind
that the conditions are not exactly the same.

6.1. Temperature field

Figures 8 and 13 show the same near-surface structure:
intense mixing and low temperatures during winter, for-
mation of thermocline in spring, strong stratification and
maximal temperatures in summer.

Differences between the model results and WOAO05 cli-
matology are attributed to the use of a one-dimensional
model, which prevents the existence of vertical velocity and
advection. The Canary Islands are influenced by the cool
Canary Current, which is not included in the model forc-
ing, which results in the modeled temperature maximum
being higher than values from the WOAOQ5.

The numerical results are also in agreement with mea-
surements at ESTOC station: Neuer et al. (2007):

— a surface temperature of 18°C' along with a deep mixing
from January to March,
— a stratification starting in June and a mixed layer depth

around 40-50 m,

— a maximal temperature during September around 24°C'.

6.2. Mized layer depth

There are several ways to compute the MLD, as illus-
trated on Fig. 9. A complete review is found in de Boyer
Montgut et al. (2004). The MLD computed by ROMS 1D
is based on KPP model. In this formulation (Large et al.,
1994, Eq. (21)), the MLD is the smallest depth value that
makes the bulk Richardson number equal to its critical
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Fig. 13. Annual temperature field from WOAO05 Monthly Long Term
Mean temperature.

value Ri.,.. Hence using this definition, both stratification
and shearing are considered.

The main characteristics of the MLD annual cycle calcu-
lated from the model (plain curve with circles) are correctly
reproduced: a winter deepening caused by convective mix-
ing and a summer shallowing induced by strong heat flux.

In Neuer et al. (2007), a winter MLD varying from 100
m in 1997 to 200 m in 1994 is shown. For comparisons with
ESTOC station, the model MLD was computed following
the same criterion (temperature difference of 0.5°C' with
respect to the value at 10 m). Doing so, the mixed layer is
deepest (around 120 m) from February to March (Fig. 9).

A more sophisticated method from Kara et al. (2000)
is based on a density difference criterion from a reference
depth, hence it permits the consideration of variable salin-
ity. This method was applied on both ROMS 1D results and
WOAO5 climatology of temperature and salinity, yielding
a unique criterion for comparison.

Results are very similar from June to December, with
a maximal difference being close to 20 m. In winter and
spring, differences larger than 50 m are encountered. Pos-
sible explanations are the lack of resolution of the model at
these depths and the mathematical definition of MLD.

Nevertheless, the four curves represent the same physical
processes, regardless of the selected MLD formulation.

6.3. Nitrates

In Fig. 14 climatological (WOAO05, Garcia et al., 2006b)
and in situ (Braun, 1976) data are compared with the an-
nual cycles of nitrates obtained with the model. In each
plot, orders of magnitude are close, suggesting that the cou-
pled ecosystem model produced coherent results.

However two main differences appear: 1. the shape of the
iso-NOs: in the numerical results, they are close to hori-
zontal, while in the climatology and in situ data, vertical
displacements occur. Once again, the absence of vertical
velocity in the 1D model may justify these observations; 2.



vertical gradient of NOs is larger in the simulations than in
the climatology. This may be a consequence of the stretched
grid (lower resolution as the depth increases) or of the in-
trinsic efficiency of the model.

Near surface concentrations are very low (maximum of
0.45 mMol N? m™2 in the first 75 m), in agreement with
Neuer et al. (2007), who reported undetectably small mea-
surable values (<1 mMol N2 m~3) in the mixed layer.

6.4. Phytoplankton and zooplankton

Validation of plankton variables is not as direct as for
nutrients or oxygen, since no climatologies exist for these.
Moreover, all the phytoplankton and zooplankton species
are represented by two aggregated state variables([phyto]
and [zoo]) in the model, whereas several groups are usu-
ally considered (e.g. pico-, nano- phytoplankton, mesozoo-
plankton, ...). For these reasons, their evolution will be
discussed qualitatively.

6.4.1. Phytoplankton

Aristegui et al. (2001) measured the biomass between
March 1988 and June 1989, with the closest sampling (one
week) during winter bloom: maxima of integrated concen-
tration occur in late winter and are composed of two peaks
(see their Fig. 3a), one in mid-February and the other in
mid-March. These observations are coherent with the nu-
merical results (Figs. 10 and 15), where two distinct period
of high phytoplankton concentration in the first 20-25 m
are present.
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Fig. 15. Integrated phytoplankton concentration obtained with the
model in the 40 first m.

6.4.2. Zooplankton

In Fig. 12 the zooplankton bloom takes place with a time
lag with respect to the phytoplankton bloom, in agreement,
with observations from Hernandez-Leon et al. (1984) and
Aristegui et al. (2001). However, with this exception, the
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biological model was not able to reproduce the typical fea-
tures of the zooplankton cycle.

Hernandez-Leon et al. (2004) measured the average and
zooplankton biomasses (their Figs. 3 and 6) and showed a
clear maximum by the end of February, while ROMS 1D
results show a maximum extending over several days in late
March. They also reported a maximum in July, mentioned
in Braun (1976), and attributed it to intense Trade Winds
during these months. This feature was not reproduced by
the model.

As stated previously, differences between model and re-
ality originate from the use of a single variable to represent
zooplankton. The Canary Island waters are characterized
by a production mainly driven by mesozooplankton. Advec-
tion of biological properties, through upwelling filaments
for example, may also contribute to such discrepancies.

6.5. Chlorophyll a

Figure 11 shows results that are in agreement with mea-
surements of Neuer et al. (2007), who showed concentra-
tions higher than 0.5 mg Chl, m~3 near the euphotic depth
and Barton et al. (2000) who reported values higher than
0.6 mg Chl, m~2 in the lee region of Gran Canaria. Accord-
ing to Tett et al. (2002), this DCM results from a steady-
state balance between the limitation of phytoplankton pro-
duction due to light and losses due to exported production
and local metabolism of microplankton.

Simulated surface concentrations agree with the obser-
vations of Neuer et al. (2007): highest values (up to 0.4 mg
Chl, m~?) when the mixed layer is deepest and lower values
around 0.05 mg Chl, m~3 (1 mg Chl, m~? in simulations)
in summer. Aristegui et al. (2001) reported a small chloro-
phyll bloom, with values larger than the annual mean, but
lower than those encountered in temperate regions.

Comparison with in situ data from the FAX cruise (Bar-
ton et al., 1998) is made in Fig. 16. Variations from one day
to another cannot be captured by one-dimensional model,
as they may come from the complex circulation pattern of
the region. However, the model shows distributions that
agree in structure and magnitude.

Comparisons with Zielinski et al. (2002) show good agree-
ment. The simulated and observed DCM appears at sim-
ilar depths. Moreover, ROMS 1D results compare quanti-
tatively better to the ESTOC observed values than do the
simulated results presented in Zielinski et al. (2002) (see
their Fig. 10).

6.6. Oxygen

The simulated oxygen annual cycle (Fig. 17(a)) is com-
pared with climatological fields (Garcia et al. (2006a), Fig.
17(b)). Both show similar orders of magnitude and a high
near-surface concentrations above 5 mMol Oy m ™ at the
end of winter. Another surface structure with oxygen con-
centrations around 5 mMol O m ™3 occurs in the summer.
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Fig. 16. Model results (bold lines) and in situ measurements (Barton
et al., 1998) for the chlorophyll concentration between 7th and 9th
of August.

The differences seen between the simulated and observed
nitrate values model are also visible in the oxygen distri-
butions.

7. Discussion

More than 50 years ago, Sverdrup (1953) developed a
model to explain the spring bloom of phytoplankton and
the conditions underlying its formation. His theory states
that the phytoplankton growth season starts in early
spring, when the mixed layer depth becomes shallower
than the critical depth. Critical depth depth is defined as
the depth above which the depth-integrated daily gross
primary production equals respiration, i.e. the depth above
which integrated net daily primary production equals zero
(Nybakken, 2001).

The assumptions underlying this theory are:

(i) phytoplankton cells are uniformly distributed in the

mixed layer,

(ii) photosynthesis is assumed to decrease exponentially

with depth, as the light does,

(b) In situ

Jan FebMar AprMayJun Jul AugSep Oct NovDec
Months

(c) ROMS 1D

(a) World Ocean Atlas 2005, (b) measurements 5 miles east off Tenerife (reproduced from
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Fig. 17. Annual field of oxygen concentration: (a) Results from sim-
ulation, (b) WOAUO5.
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(iii) respiration is considered to be constant over the
mixed layer.

The critical depth was calculated using the average value
of light Ip penetrating into the euphotic zone. This aver-
age amount of light is obtained by integrating the relation
between depth and light intensity

In(2) = Iy 0 exp(—kr2) (3)
from the surface (2 = 0) to the depth D, which leads to
o kD
(1 - D), 4

The previous equation is used to get an expression for
the critical depth D.,.. Assuming that phytoplankton cells
move up and down in the mixed layer, they receive on av-
erage a light intensity equal to Ip. The critical depth is
then the depth at which Ip equals to I, the compensation
light intensity, defined as the amount of light that makes
production and loss equal. The compensation depth is the
depth at which that equality is satisfied.

Combining the previous definition with Eq. (3), the com-
pensation depth is calculated by
_ ln(IO) - hl(IC) ’ (5)

Finally, the substitution of Ip by the compensation light
intensity ¢ in (4) yields

Tn =

D.

Iy
Der. = To (6)

The compensation depth depends on the clarity of water
and thus varies over the world oceans. However, according
to Nybakken (2001), the euphotic depth is a good estimate.
Solving Eq. (6) with this approximation, a critical depth
equal to 113 m was found. As the MLD depends on the
way it is defined (see Fig. 9), interpretation of Sverdrup’s
critical depth theory is not straightforward.

The MLD computed from the ROMS 1D simulation re-
sults results in a critical depth that is deeper than the
MLD all year long, which is typical for subtropical regions
(Aristegui et al., 2001). However, if other methods are used
to compute the MLD, there is an intersection between crit-
ical and mixed layer depths, taking place during April,
which disagrees with the observation of a late-winter phy-
toplankton bloom.

Hence it is concluded that the mixed layer depth is a con-
trol on the timing of the biological cycles, even if Sverdrup’s
theory could not be applied in the region of interest.

[1 —exp(—k Der.)]

8. Conclusions
8.1. Physics

Physical processes south of Gran Canaria were success-
fully simulated using the ROMD 1D model. Maximal sur-
face temperatures and strongest stratification were pro-
duced in late summer—early fall, when the Trade Winds
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have started to weaken. The deepest mixed layer of about

100 m occurs in February, under the effect of negative heat

flux, in agreement with observations and with existing cli-

matologies. The correct representation of this physical fea-
ture is a first step in development of a model to understand
the biogeochemical processes.

The differences between numerical results and data (in
situ or climatological) are believed to be due to the follow-
ing:

— The nature of a 1-D model: neither advection nor vertical
velocity exists.

— Forcing is carried out with monthly values linearly in-
terpolated at each time step, thus processes with shorter
time scale are filtered out.

However, even with these differences mean seasonal cy-
cles were simulated.

8.2. Biology

A strong coupling between air-sea fluxes and biological
cycles was observed:
the phytoplankton bloom occurs in late winter, when
surface temperature is minimum because of convective
mixing produced by negative heat flux.

From early spring to late fall, biological concentrations
tend to decrease under the effect of the shallow seasonal
thermocline formed by intense heating.

This cycle contrasts with what is usually observed in
temperate regions, where a phytoplankton bloom occurs in
early spring, strongest mixing in winter, due to maximal
wind velocities during this season, and maximal tempera-
tures in summer.

Primary production in the Canary Island region is
nutrient-limited, as there is a sufficient amount of light
received by the water column all year long, while in tem-
perate regions, primary production is light limited, as the
mixing is strong enough to feed the euphotic layer with
new nutrients during most of the year.

Numerous biological models have been described in the
literature and some were primarily designed to work within
a pre-determinate domain of the sea. As a model is al-
ways an idealization of reality, it has to be accepted that
some processes may not be accurately modeled or well
parametrized. Nevertheless, the ecosystem model coupled
with the physical model yielded results that correspond to
observed patterns for most of the simulated variables.

8.3. Perspectives

Further work should concentrate on the computation of
the critical depth with a more detailed model, to test the
applicability of Sverdup’s theory to the Canary Island wa-
ters. Some of the parameters in the biological model re-
quire modifications that should be based on measurements
and/or experiments carried out in the Canary Island re-
gion. Additional improvement to the ecosystem model sim-



ulations would be gained by separating the zooplankton
component into several compartments.
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