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Abstract. Upward motions are often invoked to explain the high productivity of 
permanent geostrophic fronts in the Western Mediterranean while physical evidence of 
such upward advections is seldom reported. The goal of this study is to define biological 
and chemical criteria, which can be used to localize such upward motions zones. We use a 
one-dimensional, time-dependent model of phytoplankton dynamics to test the effects of 
upward advection on the vertical distribution of phytoplankton biomass, nutrients, and 
dissolved oxygen. Simulations also include the effects of advective motions of the 
phytoplankton cells in the light field on phytoplankton growth. In conformance with the 
continuity equation, boundary conditions were defined to allow horizontal flow of the 
upwelled water within the upper mixed layer. Low upward advections (-<3 m d -•) led to a 
shallowing and sharpening of the nitracline, oxycline, and deep maxima of phytoplankton 
biomass and oxygen and to an increase in phytoplankton biomass. By confining the 
phytoplankton-nutrient system in the surface mixed layer, higher upward advections lead 
to homogeneous phytoplankton biomass and oxygen vertical distributions in the upper 
mixed layer, the nitracline and the oxycline being then at the top of the pycnocline. Data 
collected during the Prolig 2 cruise (May 1985) on the heavy side of the Liguro-Provenqal 
front are interpreted as an illustration of these numerical results. Computed primary 
production rates are compared with measurements conducted in the Almer/a-Oran front 
during the Almofront i cruise (April 1991) in a similar situation. In both fronts, upward 
advections of 1-2 m d-• would be sufficient to account for the observed vertical 
distributions and the increased primary production. Ecological implications for the 
phytoplankton-nutrient system are discussed, particularly the spatial uncoupling of 
phytoplankton biomass and primary production in permanent geostrophic fronts. 

1. Introduction 

The Liguro-Provengal front [B•thoux et Prieur, 1983; Sournia 
et al., 1990] and the Almerfa-Oran front [Cheney and Doblar, 
1982; Tintor• et al., 1988] are permanent geostrophic structures 
in the Western Mediterranean. Both fronts are areas of high- 
plankton biomass, in contrast with two adjacent oligotrophic- 
type systems [Lohrenz et al., 1988; Tintor• et al., 1988; Sournia 
et al., 1990; Prieur et al., 1993; Claustre et al., 1994b], and show 
net change in both the specific composition of the autotrophic 
[Claustre et al., 1994b] and the heterotrophic [Boucher et al., 
1987; Thibault et al., 1994] communities. Several features indi- 
cate that the two fronts are sites of enhanced production in 
response to geostrophic frontal dynamics. In addition to the 
main geostrophic flow, a secondary circulation exists, i.e., the 
ageostrophic flow, which is characterized by enhanced vertical 
advections as shown for example by Dewey et al. [1991] in the 
California Current. It is thought that upward advections in the 
frontal zone upwell nutrients into the photic zone and enhance 
primary production [Lohrenz et al., 1988; Fideau et al., 1994]. 
The resulting high biomass is then downwelled by the conver- 
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gent part of the ageostrophic circulation along the isopycnals 
[Claustre et al., 1994a, b; Fideau et al., 1994]. However, physical 
evidence for upward advection in the two fronts is not well- 
documented (see, however, Tintor• et al. [1991] and l?iudez and 
Tintor• [1996]) and poorly understood. This paper defines cri- 
teria from the vertical distribution of parameters involved in 
primary production, which can be used to localize, with some 
confidence, the upward motions in such frontal zones. 

In a previous modeling study [Zakardjian and Prieur, 1994], 
two types of phytoplankton-nutrient systems resulting from 
high- and low-turbulent regimes (HTR and LTR, respectively) 
were described, with the LTR representing the ecological con- 
ditions in the waters adjacent to the Liguro-Provengal and 
Almerga-Oran fronts, where the vertical structure is controlled 
by diffuse vertical fluxes. We use a modified version of this 
previous one-dimensional vertical model (presented in section 
2) to test the sensitivity of the LTR system when an upward 
advection term is added. In section 3 we describe the steady 
state vertical distribution of phytoplankton biomass, nutrients, 
and dissolved oxygen obtained with upward advection values 
ranging from 0 to 5 m d-•. Effects of upward advection on the 
vertical distribution of primary production, on phytoplankton 
growth, and, finally, on the productivity indexes of the water 
column are detailed. In section 4 we present multiparametric 
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data collected on the Liguro-Provengal front during the Prolig 
2 cruise (May-June 1985) to illustrate the numerical results, 
and we compare the simulated enrichment by upward advec- 
tion with primary production measurements conducted during 
the Almofront 1 cruise (April-May 1991) in the Almeria-Oran 
front. Biological and chemical criteria for upward advection 
are defined and discussed section 5. These results indicate a 

possible spatial uncoupling of phytoplankton biomass and pri- 
mary production at small scales as the consequence of the 
upwelled component of the secondary circulation. 

2. Formulation of the Model 

2.1. Basis 

Assuming stationary physical conditions, light, stratification, 
vertical turbulent mixing and upward advection, the vertical 
distribution of phytoplankton biomass (B), nitrate (NO3), ni- 
trite (NO2), ammonia (NH4) , and dissolved oxygen (02) con- 
centrations are computed from the set of differential equations 
given in the appendix. Physical processes, phytoplankton 
growth rate (/z), and nutrient assimilation by phytoplankton 
(S•iq4, S•o3, and SNO2) are detailed in the following sections. 
Other processes already described by Zakardjian and Prieur 
[1994] are briefly presented here (see appendix and Table 1 for 
formulations and parameters). The grazing pressure (Graz) is 
defined with a modified Ivlev-type function (equation (A8)) 
[Franks et al., 1986b] and a depth- and time-constant biomass 
of herbivorous zooplankton. To take into account the regen- 
eration of nitrogen in the photic layer, a constant fraction (0.6) 
of the grazed phytoplankton nitrogen is regenerated in terms 
of ammonia (equation A4). Following the reasoning of 
Pomeroy and Wiebe [1988], this constant fraction was defined 
assuming a two-step food web (for example, ciliates grazing on 
phytoplankton and copepods grazing on ciliates and phyto- 
plankton) with a growth efficiency of 70% for each step [e.g., 
Frost, 1980; Berggreen et al., 1988; Kiorboe, 1989]. The remain- 
ing fraction of grazed and nonregenerated nitrogen is com- 
puted as a biologically exported matter (BEM) in (A7). The 
fate of this biological matter obeys to processes affecting the 
upper food steps (predator-prey interactions, sedimentation 
and regeneration of detrital matter, etc.) that have no or little 
effects on the local primary production at a short time scale. 
The fate of this biologically exported matter is not considered 
in the model. The model includes ammonia and nitrite oxida- 

tion via nitrification processes (equations A9 and A10) follow- 
ing the formulations of Olson [1981]. In addition, the model 
distinguishes between new and regenerated production, where 
phytoplankton production is sustained by NO3 and NH4-NO2, 
respectively. Using standard stochiometric ratios, the concen- 
tration of dissolved oxygen depends on these biochemical pro- 
cesses (equation A5), and is also subjected to ocean- 
atmosphere exchange at the upper boundary layer (equation 
All). Nutrients and phytoplankton biomass are computed in 
mmol N m -3, and dissolved oxygen concentrations are com- 
puted in mmol 02 m -•. Primary production terms and dis- 
solved oxygen concentrations are converted to mg C m --• d- • 
and mL L -•, respectively, to facilitate comparisons with ob- 
served data. Conversion to units of carbon is made with the 

molar ratio C/N = 106/16 [Redfield et al., 1963]. 

2.2. Physical Processes 

The model is a diagnostic tool which assumes a stationary 
vertical stratification and is used to evaluate the influence of 

upward fluxes of nutrients through isopycnals. This stationary 
hypothesis comes from several coupled, ecological-physical ob- 
servations made on permanent geostrophic fronts of the West- 
ern Mediterranean as discussed in section 5. This hypothesis 
can be interpreted in two ways: (1) The imposed upward ad- 
vection corresponds to a conceptual diapycnal flux, or (2) the 
upward advection of isopycnals is balanced by a negative buoy- 
ancy flux. In general, the hypothesis would be valid as much as 
the stratification changes remain ecologically insignificant. 

The vertical diffusion coefficient (K(z)) is estimated from a 
stationary density field using the following classical formula- 
tions [Osborn, 1980]: 

0.25e(z) 

X(z)= N(z) 2 (1) 
# Op 

N2(z) = (2) 
p• 

20-200 m e(z) = aoN(z) z = 0-19 m •(z) = •(20) (3) 

where •(z) is the turbulent kinetic energy (TKE) dissipation 
rate, N(z) is the buoyancy frequency, g is the acceleration due 
to gravity (g = 9.82 ms-:), 9w is a reference water density 
(1029 kg m -3 for the Western Mediterranean) and 09/Oz is 
the vertical density gradient. The density gradient used in (2) 
was defined with analytical functions [e.g., Zakardjian and 
Prieur, 1994] whose parameters were adjusted to fit density 
profiles observed at selected stations on the heavy side of the 
Liguro-Provengal front (Figure la). The main pycnocline of 
the profile used in the model was fitted to observations, and we 
imposed an upper well-mixed layer (10 m depth), which was 
not found on the observed profiles, for reasons exposed later in 
this section. 

The TKE dissipation rate, which links the turbulent regime 
and stratification of the water column through (1), depended 
linearly on N(z) from the pycnocline to the bottom and was 
assumed constant above the main pycnocline ((3), see Figure 
lb). This leads to a diffusivity K(z), which is inversely related 
to N(z) below the pycnocline and implies turbulent diffusion 
due to internal waves breaking [e.g., Gatgert and Holloway, 
1984]. Above the pycnocline, the source of energy for turbulent 
mixing in the imposed well-mixed layer is more likely to be a 
function of the surface wind stress. The a{i parameter value 
was fixed to have a TKE dissipation rate of 10 -s m 2 s -3 at 
depth (Figure lb). With this depth variation of e, the turbulent 
diffusion coefficient K(z) (Figure lc) reached a maximum 
value of 2000 m 2 d-1 (2.31 102 cm 2 s •) in the upper well- 
mixed layer [e.g., Denman and Ga•:gett, 1983; Lande and Wood, 
1987] and strongly decreased in the main pycnocline to a min- 
imum value of 5 m 2 d -• (0.58 cm 2 s-•). Below the main 
pycnocline, K(z) slightly increased, because of the decreased 
stratification, and reached a maximum value of 45 m 2 d-l (5.2 
cm 2 s-•) at depth. Increasing K(z) below the subsurface pyc- 
nocline is inherent in the parameterization and would be due 
to decreasing buoyancy [e.g., Mourn and Osborn, 1986]. The 
use of such eddy diffusivity parameterization is still under 
discussion (see Gaspar et al. [1988] or Cummins et al. [1990]), 
but similar vertical distributions of K(z) were successfully used 
to simulate the vertical distribution of phytoplankton biomass, 
nutrients, and dissolved oxygen for the same area or in similar 
ecological situations in previous studies [Zakardfian and Prieur, 
1994; Varela et al., 1992, 1994]. In particular, the depth value of 
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Table 1. List of Symbols and Values of Parameters Used in the Simulations 

Value Unit Description 

B var (z, t) mmol N m -3 
NO.• var (z, t) mmol m -3 
NH 4 var (z, t) mmol m -3 
NO,_ var (z, t) mmolm -3 
O2 var (z, t) mmol m -3 
• var (z, t) d-1 
t, var (z, t) d 
SN03 var (z, t) dimensionless 
SNH4 var (z, t) dimensionless 
SN02 var (z, t) dimensionless 
H(B, St,) var (z, t) dimensionless 

BEM var (t) 
F•, var (t) 
F, var (t) 
Nt var (t) 
t•. var (z) 
(E) var (z) 
m var (z) 
e var (z) 
K var (z) 
W 0-5 

E0 80.0 Ein m-2 d- • 
X 0.07 m- • 
t dm,n 0.5 d 
tcr,t 8.4 d 
K e 10.0 Ein m -2 d -• 

Kso 3 1.0 mmol m-3 

KNH 4 0.1 mmol m -3 

2 1.2 mmol N m -3 
rma x 1.0 d- • 
/53 0.75 (mmol N)-• m 3 
S•, 0.05 mmol N m -3 
R •max 48.0 nmol m-3 d- • 
R2max 48.0 nmol m-3 d- • 
KR 0.07 mmol m -3 

Pq• 

Pq2 

Ol 1 

PV 

H 

L 

8t 

8z 

2.0 mol 02 (mol C) -• 

1.25 mol 0 2 (mol C)-• 

1.5 mol 02 (mol N)-• 
2.0 mol 02 (mol N)-• 
10.0 mol O2 (mol N) -• 
2.0md -• 
10m 

0.5 h 

1.0 m 

mmol N m -2 d -• 
mmol N m -2 d-1 
mmol N m -2 d-• 
mmol N m -2 
d 

Ein m-2 d- 1 
S-1 
m 2 s-3 
m 2 d-• 
md-• 

phytoplankton biomass in terms of nitrogen 
nitrate concentration 
ammonia concentration 

nitrite concentration 

dissolved oxygen concentration (converted in mL L-l) 
phytoplankton growth rate 
phytoplankton doubling time in nitrogen biomass 
fraction of phytoplankton growth sustained by nitrate 
fraction of phytoplankton growth sustained by ammonium 
fraction of phytoplankton growth sustained by nitrite 
Haeviside function associated with the feeding threshold of the Ivlev-type 

grazing function 
depth-integrated amount of grazed and nonregenerated nitrogen 
total nitrogen flux across the bottom boundary 
total nitrogen flux across the mixed layer lateral boundary 
total nitrogen amount of the simulated system 
phytoplankton doubling time in carbon biomass 
averaged light conditions experienced by the cells during doubling time t•.(z) 
Brunt-Viiisiilii frequency 
dissipation rate of turbulent kinetic energy 
turbulent diffusivity coefficient 
upward advection velocity 
surface irradiance 

light extinction coefficient 
minimum phytoplankton doubling time 
maximum phytoplankton doubling time 
half-saturation constant for light versus pkotosynthesis relationship [Kiefer and 

Mitchell, 1983] 
half-saturation constant for the Michaelis-Menten kinetics of nitrate or nitrite 

uptake [Eppley et al., 1969] 
half saturation constant for the Michaelis-Menten kinetics of ammonia uptake 

[Eppley et al., 1969] 
mean microzooplankton and mesozooplankton, biomass 
maximum grazing rate for the Ivlev-type function • 
ingestion coefficient for the Ivlev-type grazing function • 
feeding threshold for the Ivlev-type grazing function • 
maximum oxidation rate for ammonia 2 
maximum oxidation rate for nitrite 2 
half-saturation constant for the ammonia and nitrite oxidation kinetics [Olson, 

1981] 
photosynthetic quotient for phytoplankton growth sustained by nitrate or 

nitrite [Williams et al., 1979] 
photosynthetic quotient for phytoplankton growth sustained by ammonia 

[Williams et al., 1979] 
molar ratio for oxygen consumption during ammonia oxidation [Kaplan, 1983] 
molar ratio for oxygen consumption during nitrite oxidation [Kaplan, 1983] 
molar ratio for oxygen consumption during ammonia excretion by zooplankton 3 
piston velocity of the O2 atmosphere/ocean exchange function 
thickness of the imposed upper mixed layer 
horizontal length scale of the upward motions zone 
time step of the Eulerian grid 
spatial increment of the Eulerian grid (Sz = H = 10 m for the single upper 

mixed layer grid point) 

Here var denotes variables by opposition to parameters. 
•Mean values for the Western Mediterranean, e.g.,Andersen and Nival [1988a, b]. 2Highest values in the range observed at the sea, e.g., Kaplan 

[1983] and Ward [1987]. 3Mean values in the range from the literature, e.g.,Alcaraz [1988] and Small e! al. [1983]. 

the TKE dissipation rate and consequently of K(z) scales the 
productivity of the simulated new production system in situa- 
tions with no upward motion [e.g., Zakardjian and Prieur, 1994; 
Sharples and Tett, 1994; Varela et al., 1994; Moisan and Hof- 
mann, 1996; Hood and Olson, 1996]. 

The imposed upward advection was constant with depth and 
varied from 0 to 5 m d-• for six simulations. In keeping with 
the continuity equation, we modified the numerical scheme 
and the boundary conditions to allow the upwelled flows to 
escape laterally throughout the imposed well-mixed layer (see 
Figure 2 and details in section 2.4). This avoids considering a 

real two-dimensional domain. Continuity of the advective flow 
was assumed for a single grid point, which stands for the 
imposed upper well-mixed layer of H = 10 m (Figure 2). We 
stated that below this upper mixed layer W 4= 0 and U = 0, 
while within the upper mixed layer W = 0 and U 4= 0. Thus 
the continuity equation gives 

W U 
= (4) H L 

where L is the characteristic horizontal length scale of the zone 
where upward motions occurs. Equivalence in term of a hori- 
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Figure 1. (a) Observed (crosses) and imposed (solid line) potential density excess profiles (o'0) and (b) 
imposed Brunt-Vfiisfilfi (N) and turbulent kinetic energy dissipation rate (•) used to define (c) the turbulent 
diffusion coefficient (K); observed o- 0 profiles are from conductivity-temperature-depth (CTD) stations 
PRO60, PRO61, PRO62, PRO79, and PRO80 (Prolig 2 cruise), as representative of typical stratified waters 
of the central zone of the Ligurian Sea in May. 

zontal flow (through (4)) is to be defined with regard to the 
upward motion zone length scale. This length scale would be 
approximately equal to or less than the barocline deformation 
radius L d which is -13 km in the Liguro-Provengal front. 
Taking L = L d the upper limit for the equivalent horizontal 
ageostrophic advection (U) ranges between 1.5 cm s i for 
W= lmd-land7.5cms-lforW= 5 md-•.Thisrangeis 
1 order of magnitude lower than the primary circulation (0.5-1 

m s-1) and may effectively be related to a secondary ageostro- 
phic circulation in a frontal system. 

2.3. Phytoplankton Growth Rate 

According to Prieur and Legendre [1988], the phytoplankton 
growth rate /• in equations (1.1)-(4) in the appendix is esti- 
mated from the longest doubling time between the time t•(z), 
which corresponds to the doubling time in terms of carbon 

sea surface 

8z = H= 10 m 

•Jz= 1 m 

8x=L 

Fs = H ,•, UCi,ML = L • WCi,ML 

mixed layer lateral boundary 

W•=O 
U=O 

a bottmn boundary (200 m depth) 

Fb:L• [Kb aCi + WCi,b ] 
Oz b 

Figure 2. Schematical representation of the numerical grid and the advection processes in the simulated 
water column. 
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biomass as the result of light limitation, and the time t,.(z, t), 
which is the doubling time in terms of nitrogen biomass as a 
function of nutrient limitation: 

In (2) 

/x(z, t): max [t,(z), t•(z, t)] (5) 

tr(z) : t d .... 1 + (6) 

tdm•n 

t(z, t): f[v] (7) 
where (E) is the average light received by the cells during their 
doubling time t•.(z) and f[N] is a term for nitrogen limitation 
estimated from the nutrient conditions at depth z and time t. 
The light conditions were defined with a surface photosynthet- 
ically available light of 80 Ein m -2 d-l, which is representative 
of late spring conditions in the Western Mediterranean and 
with a diffuse attenuation coefficient X - 0.07 m -1, a typical 
value for Mediterranean offshore waters (L. Prieur, unpub- 
lished data, 1972). The photosynthetically available radiation 
(PAR) is distributed equally on a 24 hours basis. The depth of 
the euphotic layer (i.e., 1% of surface PAR) is 66 m. The 
formulation of the doubling time to(z) takes into account 
vertical motions of the phytoplankton cells in the light field as 
described later in this section. Vertical motions previously ex- 
perienced by phytoplankton at depth z during a time scale A T 
can be numerically computed from the following implicit equa- 
tion: 

z'(/xr) 1 zxr= (8) 
z 

This equation means that cells were advected from depth 
z' (A T) to z during A T(z positive with depth). Implicit (8) was 
solved numerically for the couple (z, z') with an iterative 
procedure and tabulated for AT -- 0-9 days. Knowing the 
spatial domain explored by the cells between time t = 0 to t = 
to(z), the averaged irradiance {E) was numerically computed 
from 

i fO t'(z) (E) = tc--• Eo exp [-Xz' (t)]St (9) 

and the system of implicit (6) and (9), which links t•(z) and 
(E), was solved numerically by an iterative method. The term 
f[N] used in (7) to estimate the doubling time in nitrogen 
biomass tx(z, t) was computed from the substitutional model 
of O'Neill et al. [1989] as 

[NO3 + NO2]KNH4 + NH4KN03 
fiN]--KNH4XNo3 nt - [NO3 + NO2]KNH4 + NH4XN03 (10) 

where KNO 3 and KNH 4 are different half-saturation constants 
for uptake of nitrate-nitrite and ammonia, respectively, so that 
if KNO 3 >> KNH4, ammonia can be taken up preferentially 
rather than nitrate or nitrite [McCarthy, 1980; Dortch, 1990]. In 
addition, we assumed no phytoplankton production (/• = 0) for 
doubling times greater than tcrit = 8.4 d [Richardson et al., 
1983]. Phytoplankton assimilation of the three nitrogen 
sources in A2-A4 were calculated as the products of/•(z, t) 
(computed from time ts(Z, t) or t•(z)) and the S, ratios (i 
stands for one nitrogen-nutrient source), which resulted from 

the partitioning of the upper term off[N]. For example, using 
NH 4 as an illustration, 

NH4KNo3 

SNH4 = [NO3 + NO2]KNH4 d- NH4KNo 3 + KNH4KNo• (11) 

2.4. Numerical Techniques: Boundary and Initial 
Conditions 

The model extends vertically to a depth of 200 m, and z is 
positive in the downward direction. Except for the mixed layer 
grid point, A1-A5 were rewritten in semi-implicit Crank- 
Nicolson discrete forms using a backward scheme for the ad- 
vection term and a control volume approach derived scheme 
for the diffusion term [see Roach, 1972]. According to Figure 
2, the imposed mixed layer suffers an upward advective flux 
WC1, which escapes through a lateral advective flow UC•4z•, 
where subscripts ML and 1 denote mixed layer and submixed 
layer conditions, respectively (see Figure 2). For the mixed 
layer grid point, the discrete scheme for advection can be 
written as 

0 WC 0 UC WC 1 UCML 
--+ ---- Oz Ox H L 

Taking into account (4), this scheme can be simplified to a 
scheme similar to the underlying grid points except that (Sz = 
H. The boundary conditions at the surface and at the mixed 
layer lateral boundary are no diffusive fluxes (spatial deriva- 
tives set to zero for all variables). Then, the numerical scheme 
for the vertical diffusion terms are not changed except for the 
distance used for the computation of vertical gradients be- 
tween the mixed layer grid point and the first underlying grid 
point: 

OC (C• - CML) 

oz (H + az)/2 
We assumed boundary conditions at the bottom (200 m 

depth) to be an infinite and homogeneous layer with time 
independent concentrations for all variables. The fixed concen- 
trations at this bottom boundary were set to 8.0 mmol m -3 for 
NO3, 200 mmol m -3 (4.5 mL L -1) for dissolved oxygen, and 
zero for phytoplankton biomass, NO2, and NH 4. To check the 
temporal evolution of the total nitrogen in the system, nitrogen 
mass fluxes across the lateral mixed layer boundary (Fx) and 
the bottom boundary (F•,) were computed during the simula- 
tion as 

F•,= L • Xb •z z + WC•,b (14) 
b 

Fs: H • UC•,ML---L • WC•,• (15) 

where subscript b denotes bottom conditions and subscript i 
stands for each nitrogen variable (phytoplankton biomass, 
NO3, NH4, and NO2). Note that the term L steps in the 
expression for BEM, Fx, and F•, in a similar way and can be 
omitted in the computation, as U. A posteriori estimates for U 
and L can be made in view of observations at the sea (see 
section 2.2). 

In order to test the convergence of the final solutions, we 
used two sets of initial conditions. The first set (hereafter Set 
I) was chosen to be representative of late winter conditions in 
the Western Mediterranean, where initial nitrate concentra- 
tions were set to 8.0 mmol m -3 for the whole water column 
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Figure 3. Time evolutions of total nitrogen (N,), biologically exported mater (BEM), nitrogen bottom flux 
(F•,), and nitrogen surface flux (F,) from the simulations with initial conditions (a) Set I and (b) Set II. 
Incoming and outcoming fluxes have positive and negative values, respectively. The light-dotted and contin- 
uous lines are for W = 0 and W = 5 m d-•, respectively; the dotted-dashed lines are darkened as W increases 
from I to 4 m d-•. Note that the three nitrogen mass fluxes (three bottom regions) equilibrate themselves at 
steady state and that the steady-state is independant of the initial conditions. 

and phytoplankton biomass, nitrite, and ammonia were set to 
0.1 mmol m --• in the euphotic zone while zero below. The 
initial dissolved oxygen concentrations were set to 245 mmol 
m -3 (a saturated value for surface temperature and salinity of 
15.5øC and 38.4 practical salinity unit (PSU), respectively) in 
the upper wcll-mixed layer and, below this, were set to the 
bottom concentrations. The second set of initial conditions 

(Set II) defined an initially nutrient-impoverishcd cuphotic 
zone (NO3, NO:, and NH 4 set to 0.1 mmol m •) with a phy- 
toplankton biomass of 0.5 mmol N m • and supcrsaturated 
dissolved oxygen concentrations (110% or 270 mmol m -•). 
Below the euphotic zone, initial concentrations wcrc the same 
as bottom boundary concentrations. Thc systcm of discrete 
equations was then solved numerically with thc method de- 
scribed by Zakardjian and Prieur [1994] for a time step 8t = 
0.5 h and a spatial increment 8z = 1 m below the well-mixed 
layer and 8z = H = 10 m for the well-mixcd laycr grid point. 

3. Numerical Results 

3.1. Steady State and Vertical Distributions 
of Scalar Variables 

Figure 3 shows thc evolution of the total nitrogen (N,), the 
exported nitrogen (BEM) and the advective-diffusive fluxes of 
nitrogen at the bottom boundary (Fz,) and through the upper 
mixed layer lateral boundary (F,). Changes in total nitrogen 
during the simulation depended on the balancing of the two 
nitrogen boundary fluxes and biologically exported matter and 

led to steady states, which were independent of the initial 
conditions used. Running the model without vertical advection 
gave a steady state solution after 120 days of simulation. The 
time needed to achieve the steady state was significantly re- 
duced as the advection velocity was raised. It was 60 days for 
W- 1 md • and reduced to less than 20 days forW= 5 m 
d-1. The vertical distribution of all scalars was also steady and 
independent of the initial conditions when the steady state for 
total nitrogen was achicved. As discussed by Zakardjian and 
Prieur [1994], this time evolution of the simulated ecosystems 
shows two phases. Thc first and rapid reaction phase led to the 
setting up of the primary production system and is particularly 
apparent with initial conditions of Set I. The longer second 
phase led to the cquilibrium of the three nitrogen mass fluxes 
(BEM, F, and Fz,). This second and so-called relaxation phase 
is predominant for thc time needed to achieve the steady state 
and is mainly a function of the rate of the nitrogen loss, i.e., the 
BEM in our model when W = 0. For nonzero upward advec- 
tion, the upwelled waters escaped through the mixed layer 
lateral boundary, carrying along inorganic (NO.•, NO:, and 
NH4) and organic (B) nitrogen. It acted as the BEM and, then, 
reduced the time needed to achieve the steady state. 

The steady state vertical distributions obtained with the ref- 
erence simulation (W = 0) show characteristic features of a 
LTR-type phytoplankton-nutrient system that is representative 
of a stratified water column for late spring conditions in the 
Western Mediterranean (Figure 4). The upper layer is nutri- 
ent-impoverished, and a deep maximum of phytoplankton bio- 
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Figure 4. Potential density excess (or o, left) and steady state vertical distribution of phytoplankton biomass 
(B), nitrate (NO3), nitrite (NO2), and dissolved oxygen (02) with increasing upward advection (W). Note the 
shoaling of the nitracline and maxima of phytoplankton biomass, NO2, and 02 toward the surface for 
increasing W. 

mass (hereafter DBM) of-0.8 mmol N m -3 is present at the 
top of the nitracline (45 m depth). The vertical distribution of 
dissolved oxygen shows saturated values in the upper well- 
mixed layer and a broad and over-saturated maximum (02 = 
6.2 mL L-•) extending from the top of the pycnocline to the 
DBM. A slight nitrite maximum (0.15 mmol m -3) was simu- 
lated 20 m deeper than the biomass maximum. 

The upward advection affected the steady state vertical dis- 

tribution as seen in Figure 4. First, one notes the shallowing of 
the nitracline, the DBM, and the 02 maximum for low upward 
advections (W <- 3 m d-I). The nitracline and DBM shoaled 
to 30 and 20 m when W was set to 1 and 3 m d-•, respectively. 
The broad dissolved oxygen maximum at depth became pro- 
gressively shallower as W was raised while the oxycline re- 
mained at the same depth as the nitracline. Nitrate concentra- 
tions were always extremely low above the DBM, so that all the 



27,856 ZAKARDJIAN AND PRIEUR: UPWARD MOTIONS IN GEOSTROPHIC FRONTS 

W = 0 rn d '1 1 m d -1 2 m d -1 3 m d -1 4 m d -1 5 m d -1 

fl mgC m -3 d -1 mgC m -3 d -1 mgC m -3 d -• 
0 15 30 0 60 120 0 80 160 

0 ' ' I •' ' I ' ' I ' ' ' ' I I'''•.1'''1 '1'''1"•''1 I'' I ,i I 

• 5o 

... 

100• , , • , , I , I , • • • 
0 30 60 0 80 160 0 90 180 

mgC m -3 d -• mgC m -3 d -1 mgC m -3 d -• 

b 

50 

100 

days 
0 3 6 9 

tc-- 

• 0 3 6 9 
days 

tcrit 

days 
0 3 6 9 

! 

! 

, 
: 

days 
0 3 6 9 

1' 

I I I I 

0 3 6 9 

days 

0 3 6 9 

days 

Figure 5. (a) Steady state vertical distribution for primary production rates and (b) doubling times for 
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production rates dramatically increased for increasing W. Doubling times greater than tcrit = 8.4 d, which 
indicate no growth due to either nitrogen (t.•(z, t)) or light (t•.(z)) limitation, are fixed to 8.5 d on graphs. 

LTR characteristics were shallowed with increasing W. Fur- 
thermore, the phytoplankton biomass increased with upward 
advection, reaching a maximum value of 3 mmol N m-3 at the 
DBM and 2.2 mmol N m -3 in the upper well-mixed layer for 
W = 3 m d-i. The nitracline, DBM, and deep O2 maximum 
were progressively sharpened as they approached the upper 
pycnocline. Under conditions of moderate upward advection 
(W • 1-2 m d-l), the NO2 deep maximum was shallower, as 
found for the nitracline and biomass and 02 maxima, and 
increased to 0.3 mmol m -3. 

Second, there was an alteration of the LTR characteristics 
when W was set to 4-5 m d -l. The phytoplankton biomass was 
homogeneous with depth above the pycnocline and rapidly 
decreased below the top few meters of the pycnocline. The 
nitracline and oxycline were at the same depth as the upper 
pycnocline, while the deep nitrite maximum rapidly decreased. 
Such features have been described as a HTR-type situation, 
which reveals another system of new production [Zakardjian 
and Prieur, 1994]. The phytoplankton biomass increased in the 
upper mixed layer, up to 3.4 mmol N m -3 when W = 5 m d-l, 
while NO3 concentrations were -0.5-1.0 mmol m -3. Oxygen 
consistently remained at slightly supersaturated values (105%) 
in the upper mixed layer. Ammonia vertical distributions are 
not described because no data were available to make com- 

parisons with the simulations. Nevertheless, we verified that 
NH 4 concentrations were always lower than NO 2 concentra- 

tions, and that its vertical distribution did not show any signif- 
icant or additional structure. 

3.2. Vertical Distribution of Primary Production 

Figure 5a shows the vertical distribution of new and regen- 
erated production at steady state. A deep maximum of new 
production was always found at the same depth as the nitra- 
cline and the DBM, when the latter was present. The maxi- 
mum for new production at depth was -15 mg C m -3 d -• for 
W = 0 and continuously increased as W was raised, reaching 
165mgCm -•d •when W = 5 md-l. Only in simulations 
when W _> 3 m d • did significant new production rates 
(20-150 mg C m '• d •) occur in the upper well-mixed layer. 
Moreover, for W in thc range of 4-5 m d-•, the deep maxi- 
mum for new production found just above thc top of the 
pycnocline was then clearly disconnected from the homoge- 
neous phytoplankton biomass in the upper layer. Such a spatial 
uncoupling of phytoplankton biomass and the vertical distri- 
bution of new production was described as another character- 
istic feature of the HTR new production system [Zakardjian 
and Prieur, 1994]. For the reference simulation and low upward 
advection (W = 1-3 m d-l), the distribution of regenerated 
production in response to upward advection showed similar 
features to that of new production. The model produced a 
deep maximum for regenerated production that followed the 
shallowing of the DBM (Figure 5a). The regenerated produc- 
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tion at depth increased, as did the new production, from 17 mg 
C m -3 d -l for W = 0 to a maximum value of 100 mg C m -3 
d -•. For higher advection velocities (W > 3 m d-J), the 
regenerated production, along with the phytoplankton bio- 
mass, was confined to the upper mixed layer and did not show 
any deep maximum by contrast with new production. Regen- 
erated production rates were 100-120 mg C m -3 d -•, and the 
proportion of regenerated production to total production de- 
creased slightly. Maximum total primary production rates 
reached 280 mg C m-3 d-l for W = 5 m d-•. This value is in 
the lower range of primary production rates for coastal up- 

--3 
welling conditions, which can be as high as 300-600 mg C m 
d-• [Small and Menzies, 1981' Jones and Halpern, 1981]. 

3.3. Effect of Upward Advection on Phytoplankton 
Doubling Times 

The vertical distribution of doubling times t• (z) and t, (z, t) 
(Figure 5b) gave information on how the upward advection 
affects the vertical distribution of primary production. For the 
reference situation (W = 0), which illustrates the LTR new 
production system, the water column was partitioned in an 
upper nitrogen-limited layer, where phytoplankton growth de- 
pended on t•(z, t), and a deeper light-limited layer, where 
phytoplankton growth rate was related to t c(z ). The change 
from light limitation to nitrogen limitation occurred in the top 
few meters of the nitracline and led to the deep maximum for 
new production at the depth where tc(z) = ix(z, t). The 
development of this LTR new production system is related to 
the depth interval between the K(z) minimum and the bottom 
of the euphotic layer, where the phytoplankton biomass traps 
the upward nitrate flux and limits the nutrient replenishment 
of the upper layer. As a consequence, ix(z, t) strongly in- 
creases just above the DBM and confines new production to 
the deepest part of the photic zone. The coupling of a deep 
new production maximum with the upper nitracline, the DBM, 
and the deep 02 maximum is a characteristic feature of the 
LTR new production system [Zakardjian and Prieur, 1994]. 

The main effect of upward advection was to shallow the 
depth where the nitrate upward flux is balanced by the phyto- 
plankton assimilation. This is illustrated by the shallowing of 
the layer where ix(z, t) increased, the lower values of t,(z, t) 
in the upper well-mixed layer (Figure 5b), as the indication of 
less nutrient limitation and by the increase in the biomass 
needed to trap the nitrate upward flux (Figure 4). As the 
doubling times ix(z, t) decrease, the primary production rates 
increase. For upward advections >3 m d -1, phytoplankton 
growth was only slightly nitrogen-limited in the upper mixed 
layer (ix(z, t) < 1 d). This agreed with higher nitrate con- 
centrations, -0.5 mmol m -3 and greater, and significant new 
production rates observed in the upper layer for the same 
simulations. 

Otherwise, upward advection reduced the "productive 
zone," that is, the upper layer where phytoplankton cells re- 
ceive sufficient amounts of light for growth. According to the 
formulation for t•.(z) (see (6) and (8)-(9)), phytoplankton at 
depth z, which are subjected to an upward advection, must 
come from the deeper layers and thus have experienced lower 
irradiance than at the fixed depth z. This means that moderate 
upward advection modifies the light conditions as "seen" by 
the phytoplankton cells during their doubling time in reference 
to the imposed light field. The timescale for advection through 
one optical depth is to. , - 1/WX, and, for X = 0.07 m -1, it 
ranges from 14 days for W = 1 m d-• to 2.8 days for W = 5 
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Figure 6. Depth-integrated (0-200 m) phytoplankton bio- 
mass (Bt), depth-integrated total production (Pt), depth- 
integrated assimilation ratio (Pt/B t) and depth-integrated f 
ratio at steady state for increasing upward advections (W). 

m d -•. This range of to. , values indicates that the effect of 
upward advection on light limitation for growth is significant at 
the bottom of the euphotic layer, i.e., when t•(z) > to. ,. In 
these simulations, an equivalent of the compensation depth is 
defined through the critical time tcrit = 8.4 d (see section 2.3). 
The depth where tc(z ) = tcrit , which indicates definitive light 
limitation for growth, shallowed from 70 m when W = 0 to 54 
m and when W - 5 m d- • (Figure 5b). By limiting the depth 
of the euphotic zone as seen by the phytoplankton cells, the 
upward advection furthered the shallowing of the LTR char- 
acteristics. 

3.4. Effects of Upward Advection on the Productivity Indexes 
of the Water Column 

The steady state, depth-integrated primary production (new 
plus regenerated production), phytoplankton biomass and f 
ratio, i.e., depth-integrated new production versus total pro- 
duction [Eppley and Peterson, 1979], are showed in Figure 6. 
For low-advection velocities (W = 1-3 m d -1) the depth- 
integrated phytoplankton biomass and primary production in- 
creased, following the higher nutrient enrichment of the eu- 
photic zone. When the upward advection was set to 4-5 m d-•, 
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Figure 7. (a) Locations of THES transect PRO12-PRO19 
(May 18, 1985) conducted across the Liguro-Provengal front 
during the Prolig 2 cruise, and (b) potential density excess (fro) 
along the same THES transect. As two CTDs were mounted 
on the THES system during this transect, we were able to verify 
that density inversions near 40 and 90 m depth for station 
PRO15 were not due to technical artifacts; at present, this 
particular feature has not been clearly elucidated. 

the depth-integrated primary production still increased while 
the biomass decreased significantly. As a result, the depth- 
integrated production versus phytoplankton biomass continu- 
ously increased with increasing upward advection, from 15 mg 
C (mmol N)-• d-• for W = 0 to 75 mg C (mmol N)-• d-• for 
W = 5 m d -•. These changes in the depth-integrated assimi- 
lation ratio of the water column are related to the fate of the 

phytoplankton biomass due to the upward advection. The in- 
crease in phytoplankton biomass in the upper mixed layer for 
W > 2 m d-• (Figure 4) indicated that a significant amount of 
the biomass produced locally by the increased new production 
was advected throughout the upper mixed layer and rapidly 
carried out of the local water column. Furthermore, as the 
thickness of the biomass-rich layer decreased for W -> 3 m d-• 
(Figure 4), the depth-integrated biomass continuously de- 
creased for higher-upward advections (Figure 6). 

The depth-integrated f ratio showed only slight changes in 
the six simulations. For the reference simulation (W = 0), it 
was -0.55, a value representative of late spring bloom condi- 
tions in the north Western Mediterranean. It slightly decreased 

to 0.45 for low-upward advection (1-2 m d -•) and showed its 
higher value of -0.6 for the highest-upward advection. In this 
model, the source of regenerated nutrients was directly linked 
with the concentration of biomass at depth through the grazing 
function (see A3). The slight decrease in the f ratio for low- 
upward advection can be explained by a greater retention of 
regenerated nitrogen in the euphotic layer due to a reduced 
deep mixing of phytoplankton biomass. For higher-upward 
advection, an increased amount of regenerated nutrients were 
advected throughout the mixed layer, as the phytoplankton 
biomass, leading to a relative decrease in regenerated produc- 
tion as a proportion of total production. 

4. Comparisons With Observations 
4.1. THES Data in the Liguro-Provengal Front 

During the Prolig 2 cruise (May-June 1985), we used a 
towed hydroelectric system (THES) to evaluate the possible 
influence of vertical advective and turbulent motions on the 

spatial distribution of variables involved in primary production 
in the Liguro-Provengal front. The prototype THES has been 
previously described by Prieur [1985] and ?rieur et al. [1993]. 
The THES provides simultaneous and quasi-continuous mea- 
surements of physical parameters (pressure, temperature, and 
conductivity) and biological variables (in vivo Chl a fluores- 
cence, nutrients, dissolved oxygen, pH, and pCO2) with a spa- 
tial resolution of 0.3 m down to 200 m depth for vertical 
profiles or 50 m for horizontal transects. In this section we will 
present vertical distributions from three THES stations 
(PROi6, PRO17, and PRO18), which show similar features 
when compared with the simulations described in section 3. 
The positions of the three stations along with the underlying 
density structure are shown in Figure 7. Stations PRO18 and 
PRO17 were outside of the frontal structure, on the heavy side 
of the density gradient, while station PRO16 was just inside the 
limit of the front (Figure 7b). Vertical profiles from stations 
further than the frontal zone (stations 12-15) are not described 
here because they show special patterns (such as double max- 
ima of Chl a and NO2 and localized minima/maxima for 02 
and NO3 at depth), which may be the results of oblique, 
sheared downward/upward motions. Such complex motions 
cannot be simulated in a quasi-vertical one-dimensional 
model. 

Except for the higher pigment concentrations (Chl a • 0.5 
mg m--•) in the upper 30 m, the vertical distributions of Chl a, 
NO3, and 02 at station PRO18 (Figure 8) showed similar 
patterns to the reference simulation (Figure 4, W = 0). A 
deep Chl a maximum (hereafter DCM) of -0.8 mg Chl a m -3 
was found at a depth of 50 m. The upper layer was nutrient 
depleted and the nitracline was in the vicinity of the DCM. The 
vertical distribution of dissolved oxygen displayed supersatu- 
rated values (110%) at the sea surface (-6.0 mL L -•) and a 
broad maximum (5.9 mL L -• _< 02 -< 6.05 mL L -l) that 
extended from a depth of 15 m to the upper part of the 
nitracline. Below this depth, 02 concentrations decreased 
slightly to a nearly constant value of -4.8 mL L-1 at 150 m 
deep. Concentrations of NO2 were very low in the surface layer 
and at depth but showed a deep maximum of -1.0 mmol m -3 
15 m deeper than the DCM. By comparison, stations PRO17 
and PRO16 showed similar but shallower and more marked 

patterns. For station PRO17 (Figure 8), the DCM was near 
36 m and reached 1.0 mg m -3. The nitracline and maximum 
NO 2 concentration (1.18 mmol m -3) were near 36 m and 53 m, 
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Figure 8. Vertical distribution of potential temperature (0), salinity (Sal.), potential density excess (Cro), 
chlorophyll a (Chl a), nitrate (NO3), nitrite (NO2) , and dissolved oxygen (O2) for THES stations PRO16-18. 

respectively. The surface layer contained slightly higher 02 
concentrations than at station PRO18, -6.06 mL L -1 or 112% 
of saturation. The 02 subsurface maximum was also higher 
(02 -> 6.15 mL L -1) and was again depth-limited by the upper 
nitracline. The 02 concentration at depth was lower than at 
station PRO18 (4.60 mL L -• at 150 m). Station PRO16 (Fig- 
ure 8) showed the shallowest nitracline, oxycline, and deep 
maxima for Chl a and NO 2. The DCM was near 30 m, always 
in the vicinity of the upper part of the nitracline (33 m depth), 
and reached two-fold higher concentrations (1.6 mg m-3) than 
station PRO18. The deep maximum for nitrite was near 43 m 
depth, which was 10 m deeper than the Chl a maximum and 
showed slightly lower NO 2 concentrations (0.90 mmol m -3) 

when compared with station PRO17. The dissolved oxygen 
concentrations were-6.05 mL L -1 (110% of saturation) in the 
surface layer and 6.05-6.2 mL L-• in the subsurface maximum. 
The depth of the oxycline was again in the vicinity of the 
nitracline and the Chl a maximum. Oxygen concentration at 
depth was significantly lower than at station PRO18 and 
PRO17 (4.53 mL L -• near 150 m). 

In an analogy with the results of our simulations, the shal- 
lower and sharpened nitracline and Chl a and 02 maxima at 
stations PRO16 and PRO17 with regards to station PRO18 
(Figure 8) may be interpreted as resulting from low-upward 
advection (W = 1-2 m d -1, see Figure 4) at these two sta- 
tions. The doubling of the maximum Chl a concentration from 
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station PRO18 to PRO16 may also support the assumption of 
such upward motions at station PRO17 and PRO16 even if 
depth variations of the Chl a versus carbon and nitrogen bio- 
mass ratios has long been identified as a problem when esti- 
mating the phytoplankton biomass from Chl a data [Cullen, 
1981; Longhurst and Harrison, 1989]. In fact, both ratios vary 
strongly according to the light and the nutrient histories of the 
phytoplankton population [Laws and Bannister, 1980; 
Falkowski et al., 1985; Claustre and Gostan, 1987] as well as 
from its specific composition [Claustre and Gostan, 1987; 
Claustre et al., 1994b]. Nonetheless, the main trend remains 
that the Chl a versus phytoplankton biomass ratio would in- 
crease with depth due to photoadaptation, so that a doubling 
of the Chl a concentration when the deep Chl a maxima is 
shallowed is more likely to reflect an increase in phytoplankton 
biomass. Despite the high maximum rates of ammonia oxida- 
tion used (Table 1), the low-simulated NO 2 concentrations 
(0.15-0.30 mmol m -3) contrasted with the high values (0.9-1.2 
mmol m -3) in the THES data. Although the origin of the 
high-NO2 concentrations in the THES data can not be ex- 
plained at this time, such a discrepancy can be accounted for. 
In natural conditions, nitrite excretion by the phytoplankton 
biomass in conditions of high nitrate enrichment can account 
for a large part of the deep NO 2 maximum [Wada and Hattori, 
1971; Collos, 1982; Collos and Slawyk, 1983]. This process is not 
taken into account in the simulations, and it is likely that 
ammonia oxidation cannot be the unique process to be con- 
sidered in the Prolig 2 nitrite distributions. Nevertheless, .the 

increased NO 2 concentrations in the simulation with low- 
upward advection agreed with the hypothesis of moderate up- 
ward motion at station PRO17. By comparison, the slightly 
decreased NO 2 concentration at station PRO16 may show the 
results of higher-upward motions than for station PRO17, in 
agreement with the other biochemical variables and the simu- 
lations (Figure 4). 

In addition to upward advection, several other physical pro- 
cesses may affect vertical distributions of phytoplankton bio- 
mass, dissolved oxygen, and nutrients, such as different light 
conditions, an increase in turbulent mixing at depth [Varela et 
al., 1992; Zakardjian and Prieur, 1994], or internal waves 
[Fasham and Pugh, 1976; Pingtee and Mardell, 1985]. Internal 
waves are weak in the north Western Mediterranean Sea and 

are not likely to account for 20 m depth variations of the Chl 
a maximum. Moreover, the deep Chl a maxima of the three 
THES stations are not on the same isopycnal (Figure 9). Al- 
though this density difference is weak (-0.06 kg m -3 between 
station PRO16 and PRO18), Chl a concentrations show two- 
fold variations on isopycnals, a feature which is not compatible 
with being the result of the sole effect of internal waves. In- 
creasing the turbulent mixing at depth, through the TKE dis- 
sipation rate for example (see (1)), can lead to a shallowing of 
the nitracline, the deep Chl a, and 02 maxima and to an 
increase in the biomass level in response to the higher nitrate 
supply in the photic zone [Varela et al., 1992; Zakardjian and 
Prieur, 1994; Moisan and Hofmann, 1996]. However, high val- 
ues of the eddy diffusivity affect the shapes of the nitracline 
and Chl a maximum in a contrasted way with the sharpening of 
the observed nitraclines and vertical distributions of Chl a at 

station PRO16 and PRO17 [e.g., Moisan and Hofmann, 1996]. 
Likewise, changes in the stratification of the water columns 
between station PRO18 and PRO16 and 17 are not likely to 
explain the depth-variability of the nitracline and maxima of 
Chl a and 02. The density field is almost horizontal between 
station PRO19 and PRO16 despite slight variation of the 
isopycnal depths (Figure 7). The temperature-salinity diagrams 
of these stations do not exhibit strong differences, despite of 
some variations at fixed depth as evidenced on Figure 8. At 
last, the three THES stations were not spaced far apart (<15 
km, see Figure 7) and were investigated in a short time (<6 
hours), so that variations in the daily surface irradiance be- 
tween the three stations can be excluded. In offshore waters, 
the main factor which would affect the light penetration at 
depth is the pigment content of the water column [e.g., Prieur 
and Sathyendranath, 1981]. Using the averaged diffuse attenu- 
ation coefficient for sea water and Chl a given by Morel [1988], 
we estimated the light attenuation due to Chl a for the three 
THES stations (Figure 10). The depth for the 1% light level, 
which classically defincs the depth limit for the cuphotic zone, 
was not significantly different between the three THES sta- 
tions. This was because the higher Chl a concentrations at 
stations PRO16 and PRO17 did not extend over a sufficient 

depth interval to affect the light penetration at depth. Thus 
changes in the light conditions cannot be invoked to explain 
the changes in the vertical distribution of Chl a, nutrients, and 
dissolved oxygen from the THES data. 

Upward advections appeared then to be a good candidate to 
account for the differences in the vertical distribution of Chl a, 
NO3, and 02 from stations PRO18, PRO16, and PROiT Fur- 
thermore, the subsurface temperature and salinity contrast 
between stations PRO16 and PRO17 and the other stations of 

the transect (Figure 11) may corroborate the hypothesis of 
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upward motions at these two stations. In addition, both sta- 
tions PRO16 and PROI7 show greater values for NO3 and 
salinity and lower 02 concentrations at depth than at station 
PRO18 (Figure 8). This indicates the intrusion of a deep water 
mass at those two stations and strengthens the hypothesis of an 
upwelled flow. 

4.2. Primary Production Measurements in Permanent 
Geostrophic Fronts of the Western Mediterranean 

Unfortunately, primary production was not measured during 
the Prolig 2 cruise, and thus computed primary production will 
be compared here to primary production measurements con- 
ducted in the Almer/a-Oran front during the Almofront 1 
cruise (May 1992) and by Hecq et al. [1986] for productivity 
values off the corsican part of the Ligurian Current. Although 
the Almerfa-Oran frontal structure differs slightly from the 
Liguro-Provengal front [Prieur et al., 1993]; the adjacent eco- 
systems are comparable [Claustre et al., 1994b; Fiala et al., 
1994; Thibault et al., 1994]. Moreover, the chemical character- 
istic (mainly the nutrient concentrations) of the water masses 
at depth are similar. Thus it can be assumed that the effects of 
upward advection on these adjacent ecosystems would be similar. 

Depth-integrated primary productions estimated by Videau 
et al. [1994] in the Mediterranean and modified Atlantic waters 
adjacent to the Almeria-Oran front range between 0.5-0.7 g C 
m -2 d-•, which are close to the computed primary production 
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Figure 11. Potential temperature (0) and salinity (Sal.) in 
subsurface (5 m depth) for THES transect PRO12-19. 
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Figure 10. Light penetration at depth as a function of diffuse 
attenuation by sea water and chlorophyll a concentrations. We 
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used averaged diffuse attenuation coefficients Xw = 0.05 m 
for sea water and Xc = 0.0518 (Chl a) -ø'572 m -• for chloro- 
phyll a from Morel [1988]. 

for W = 0 (Figure 6). Inside the frontal zone, daily integrated 
productions are significantly higher and reach a maximum 
value of 2 g C m -2 d-1 at site 6 in the left limit of the jet (heavy 
side of the front). Note that the distance between the sites of 
higher and lower primary production is less than the typical 
space scale of the frontal zone, i.e., the barocline deformation 
radius, which is 15-20 km for the Almerfa-Oran front 
(L. Prieur, unpublished data, 1990). Several features indicating 
upward motion were observed at site 6, particularly a shallow- 
ing of the nitracline, and significant increases were observed in 
the deep Chl a maximum and depth-integrated nitrate assim- 
ilation [L'Helguen et al., 1992; Prieur et al., 1993; [rideau et al., 
1994], which did not alter the LTR characteristics. In compar- 
ison with the simulations, upward advections of 1-2 m d -• 
would be sufficient to explain the three-fold increase in depth- 
integrated primary production at site 6. 

The deep maxima for total primary production of 100-150 
mg C m -3 d -• computed for such upward advections (Figure 
5a) are greater than maximum primary production rates esti- 
mated by [rideau et al. [1994] in the Almerfa-Oran front (60 mg 
C m -3 d -1 at site 6) or values reported by Hecq et al. [1986] in 
the Liguro-Provengal front off the Corsica coast (up to 70 mg 
C m -3 d-•). This discrepancy between the computed and 
observed primary production rates may arise from several rea- 
sons. The first is inherent to the simplification of the model 
which cannot take into account the full complexity of a natural 
situation. Indeed, the model mainly considers the new produc- 
tion dominated phytoplankton population, mainly diatoms, 
which is generally found at depth or during the spring bloom. 
The phytoplankton population involved in regenerated pro- 
duction, which dominates in near surface waters and during the 
oligotrophic phase of the seasonal cycle, should have different 
physiological characteristics so that its response to an in- 
creased upward nitrate flux would be different. In that sense, 
the regenerated production may be slightly underestimated by 
the model. Certainly, a more complex model including two 
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different phytoplankton populations would give a better sim- 
ulated f ratio. Particularly, changes in the specific composition 
of the phytoplankton population, i.e., change in the relative 
abundance of diatoms versus flagellates, in response to the 
increased upward flux of nitrate would have some effects on 
the productivity by affecting the balance between new and 
regenerated production. Diatoms are mainly responsible of the 
large Chl a variations observed in the two geostrophic fronts 
described in our paper, and the chemical signs we describe are 
related to new production involved variables (Chl a, NO3, and 
02). Note also that the two communities (new versus regener- 
ated production communities) are encountered in geostrophic 
fronts while, generally, only the diatoms population is involved 
in the highest productivity of the area [e.g., Claustre et al., 
1994b]. Likewise, a more complex biological model should 
permit to identify the processes that lead to the high observed 
nitrite concentration, but we believe those unidentified pro- 
cesses would not have a more pronounced effect on new pro- 
duction than has the upward advection of nitrate. Then, we 
think a more complex model would change results on f ratio, 
by changing the regenerated production amount, but not the 
new production one nor the distribution of associated chemical 
tracers (NO 3 and 02) or the increase of Chl a. 

Second, estimations of primary production by in situ deck 
incubations are conducted from bottle-cast samples and such 
discrete sampling may easily miss maxima of primary produc- 
tion and biomass as sharp as those computed by the model. Chl 
a concentrations in the incubation experiments of Fideau et al. 
[1994] never exceed 1 mg m -3 while Chl a concentrations 
estimated from fluorescence-cast vertical profiles on the same 
sites, as during all the cruise, showed DCM of --•2-3 mg m -• in 
the frontal zone [Prieur and Sournia, 1994; Claustre et al., 
1994a, b]. Moreover, in situ deck incubations isolate a fraction 
of the phytoplankton population in a confined volume, while in 
natural conditions when upward motions occur, this phyto- 
plankton biomass will receive a continuous upward flux of 
nutrients. Note that the maximum primary production rate in 
the data from Fideau et al. [1994] and Hecq et al. [1986] was 
found at depth and close to the deep Chl a maximum and the 
nitracline (see site 6 in the data from Fideau et al. [1994] in 
contrast to sites 2, 4, and 5). Except for their lower intensity, 
these deep maxima for primary production are thercforc in 
qualitative agreement with the simulations. Assuming a C/Chl 
a ratio of 40, the assimilation index for the simulated dccp 
production maximum ranges between 30 and 70 mg C (mg Chl 
a)- • d- • and arc close to the values reported by I/ideatt et al. 
[1994] and Hc'cq el al. [1986]. Likewise, changes in thc !'ela- 
tionship bctwccn thc dcpth-intcgrated phytoplankton biomass 
and primary production wcrc also observed by I/'idCtlll el 
[1994] in thc Almcr/a-Oran front, which is consistcnt with the 
simulations. Thc daily-intcgratcd assimilation number at sitc 6 
of 56 mg C (mg Chl a) • d • contrasts with the constant and 
lower values at the othcr sites (30-35 mg C (rag Chl a) • d •). 
Claustre et al. [1994a, b] discussed the relationships between 
measured primary production and phytoplankton biomass 
from the same data and also noted the peculiarity of site 6. 
Again, a C/Chl a ratio of 40 will give a good agreement be- 
tween the modeled and observed productivity. It can be con- 
cluded that the model givcs realistic values for depth- 
integrated production and phytoplankton productivity by 
comparisons with similar conditions in the Almerfa-Oran and 
Liguro-Provengal front. 

5. Discussion 

Ecological interpretations of the simulations presented here 
are first subject to the hypothesis of stationary physical forc- 
ings, i.e., light, vertical turbulent mixing (through vertical strat- 
ification) and upward advection, during the time needed for 
the ecosystem to achieve a steady state. Given the rapid reac- 
tion of the simulated ecosystem under conditions of moderate 
upward advection (<30 days, see Figure 3), the seasonal vari- 
ations of the light field can be excluded. Moreover, in such 
simulations, the timescale needed to achieve a steady state is 
probably overestimated, owing to the crude biological model 
[Zakardjian and P•ieur, 1994]. While diurnal variations of light 
modify the photosynthetic capability of the phytoplankton 
cells, we stated it would not affect population dynamics. It is 
likely that diurnal variations of light affect the physiology of 
the cells at short timescales (less than a day), while the pro- 
ductivity of the population depends on processes whose time- 
scales are greater than the doubling time of the phytoplankton 
cells (one day or more). In our simulations, production per unit 
of biomass, as the unit of the population growth, and photo- 
synthesis, as the basis for cell growth, are linked through the 
timescale tc(z ). Previous modeling studies have shown that 
the diurnal light cycle has little effect on simulations over 
periods of some tens of days [Taylor et al., 1986; Franks et al., 
1986a; Pribble et al., 1994]. This assumption is also valid for 
short-time variations of light due to the upward motions of the 
cells. Finally, the model supposes a uniform physiological ad- 
aptation of the phytoplankton cells during the simulations and 
focuses on processes affecting population dynamics and pro- 
ductions. 

Second, it is unlikely that the stratification of the water 
column will remain constant under conditions of upward ad- 
vection, which is supposed to shift the isopycnals toward the 
surface. Vertical motions in front, and more generally second- 
ary circulations, are related to frontogenesis [Mooers, 1977; 
Hoskins, 1982], because of large-scale geostrophic forcings 
[e.g., Woods, 1988; Bleck et al., 1988; Pollard and Regier, 1992] 
or wave-like instabilities of the geostrophic jet [e.g., Onken, 
1992; Wang, 1993; Barth, 1994]. All these processes imply rapid 
time evolution of the density, velocity, and vorticity of the 
front. Curiously, the frontal structure observed during the Pro- 
lig 2 cruise was quite stablc on a 10 day timescale, despite 
biological and chemical cvidcncc for upward motions at station 
PRO16 and PRO17 (see scction 4.1), as for several transects 
during the same cruise [Zakardjia•, 1994]. The same paradox 
occurred during the Almofront I (1991) cruise. Biological ev- 
idence for vertical advcctivc-likc motions are described in sev- 

eral Almofront 1 related studies [?•iettr et al., 1993; Claustre et 
al., 1994a, b; Fideau et al., 1994], while the thermohaline and 
dynamic characteristics of the frontal structures were stable 
along the jet and during this 6 week cruise [Prieur and Sournia, 
1994; Zakardjian, 1994]. Mooe•, [1977] and F•dorov [1986] 
suggested that dissipation proccsscs can lead to stationary den- 
sity and velocity fields in fronts. The dissipation processes are 
not fully considered in models of oceanic frontogenesis while 
Williams [1974] described a model of a steady state atmo- 
spheric front in which turbulent mixing balances frontogenesis. 
Identifying the physical processes that would have advective- 
like signatures without altering the density field is not within 
the scope of this study, which only defines biological and chem- 
ical criteria that reveal such upward motion on the heavy side 
of both the Liguro-Provengal and Almerfa-Oran fronts. Nev- 
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ertheless, a recent study by Pelegr[ and Csanady [1994] de- 
scribes and analyzes the possible existence of advective-like 
motions across isopycnal surfaces on the heavy side of the Gulf 
Stream. Lohrenz et al. [1993] found consistently higher phyto- 
plankton biomass and production on the slope water side 
(heavy side) of the Gulf Stream, both in the case of a mean- 
dering flow or a more linear stream. Such observations may 
support the results obtained here and raises the possibility of 
small-scale instabilities (see the density inversions at station 
PRO15 in Figure 7b and at station PRO16 in Figure 8), which 
would have advective-like signatures on biogeochemical trac- 
ers or would induce very localized upward velocities. 

More critical is the fact that oceanic flows and particularly 
the secondary circulation of geostrophic fronts are fundamen- 
tally three-dimensional. Thus the upwelled advective flow can 
not remain constant over the whole water column and simply 
escapes in a 10 m thick mixed layer as in our simulations. In 
natural situations, lateral advective flows can export the phy- 
toplankton biomass and nutrients out of the local water col- 
umn from a large part of the water column. Pribble et al. [1994] 
and Moisan and Holmann [1996] also used quasi-vertical, bio- 
physical models to study the effect of vertical advection with 
vertical variations of W that are compensated by divergence or 
convergence terms. While more realistic, such divergence 
terms require assumptions about horizontal gradients of phy- 
toplankton and nutrients concentrations [e.g., Pribble et al., 
1996]. Given the short spatial scale of the upward motion zones 
in the Liguro-Provengal and Almerfa-Oran fronts (less than 
the barocline deformation radius, see section 4.1 and 4.2) and 
the strong, cross-front, spatial heterogeneity observed during 
both the Prolig 2 and the Almofront 1 cruises [e.g., Prieur and 
Sournia, 1994; Claustre et al., 1994b; Zakardjian, 1994], defining 
horizontal gradients would be difficult and, overall, subject to 
serious restrictions. For the present simulations, the most im- 
portant factor affecting the dynamics of the phytoplankton- 
nutrient system is the upward flux of nitrate. Only the upward 
velocity in the euphotic layer is important for the shallowing of 
the phytoplankton-nutrient system of new production. That is 
to say that higher upward velocity at depth will be compen- 
sated by horizontal flow before it reaches the euphotic depth 
and may not induce higher upward nutrients fluxes in the 
biologically active upper layer. In that sense, the upward ve- 
locities deduced from the response of the simulated phyto- 
plankton-nutrients system are lower bounds of the true dynam- 
ically induced upward velocities, which act on the entire water 
column. 

The results of the simulations showed that low upward ad- 
vections (W < 4 m d -1) carried the phytoplankton-nutrients 
system of new production toward the surface without altering 
its main characteristics, i.e., the DBM coupled with the nitra- 
cline, but with an increase in phytoplankton biomass. Such 
features agree with previous modeling studies by Wroblewski 
[1977], Franks et al. [1986a], Pribble et al. [1994], or Moisan and 
Hofmann [1996]. The results of our simulations highlighted 
several additional features, mainly the shallowing of the O2 
and nitrite maxima and the sharpening of the nitracline, oxy- 
cline, and deep maxima for phytoplankton biomass, oxygen, 
and nitrite. These patterns are illustrated here by observations 
from a unique set of multiparametric and quasi-continuous 
data gathered in the Liguro-Provengal front. Higher upward 
advection can lead to a complete alteration of the LTR system 
for new production, as it confines the phytoplankton biomass 
to the upper mixed layer and leads to a breakdown of the 

DBM. The effects of high upward advection on oligotrophic- 
type ecosystems have been similarly described by Wolf and 
Woods [1988] using their nonsteady Lagrangian model, al- 
though the mathematical and physical approaches between our 
model and their model are different. Referring to the simula- 
tions (Figure 4), upward advections of 1-2 m d -I would be 
sufficient to account for the shallowing of the nitracline and 
Chl a and 02, maxima observed at stations PRO16 and 
PRO17. Such upward advections may also explain the two-fold 
increase in Chl a in going from station PRO18 to PRO16 as 
the deep Chl a maximum becomes shallower. By comparing 
the simulated primary production and measurements made in 
the Almerfa-Oran front, upward advections of 1-2 m d -• 
would explain the three-fold increase in primary production 
observed on the heavy side of the front as described by kideau 
et al. [1994]. Since the model did not include sinking of phy- 
toplankton cells, estimations of these upward advections may 
be slightly underestimated. Nevertheless, sinking rates for 
nonsenescent diatom cells are <2 m d-• [Smayda, 1970] and 
would decrease in conditions of high-nutrient enrichment [e.g., 
Bienfang, 1981; Bienfang et al., 1982]. Pribble et al. [1994] 
showed that the response of a phytoplankton-nutrient system 
to upward motion is insensitive to high sinking rates of phyto- 
plankton aggregates. 

In addition to the physical and biochemical signs discussed 
in the previous paragraph, an increase in the daily integrated 
assimilation ratio may be an indicator of enhanced new pro- 
duction resulting from upward motions in permanent geostro- 
phic frontal zones. We have seen that this increase in the daily 
integrated assimilation ratio is due to the horizontal transport 
of a part of the newly produced phytoplankton biomass out of 
the local water column. This horizontal flux of phytoplankton 
biomass is -6% of the computed new production for W = 1 
m d -• and reaches 54% for W = 5 m d -•. By contrast, the 
BEM tends to be limited by the local amount of phytoplankton 
biomass (see Figure 3). This means that it can be a shift from 
a biological loss term (BEM) to an hydrodynamic one (Fs) to 
balance the increased new production in a one-dimensional 
vertical approach. This shift finally depends on the ability of 
the local ecosystem to exploit the phytoplankton biomass. In 
that sense, the use of a time-constant zooplankton biomass 
may introduce a bias in this interpretation, but the food-level 
acclimation that is inherent to the Franks et al. [1986b] grazing 
formulation may partly compensate this problem in our model. 
Moreover, as the residence time of the phytoplankton in the 
water column will decrease for increasing W, the advection loss 
term would tend to be more predominant. This implies that a 
significant amount of the newly produced phytoplankton bio- 
mass will accumulate in nearby waters. Hence the hypothesis of 
some front-induced enhancement of primary production is not 
contradictory with the accumulation hypothesis for the high 
biomass observed in frontal zones as defined by Franks [1992], 
which may prevail in tidal stirring induced fronts. In contrast 
with situations of enhanced primary production, accumulation 
zones are characterized by a decrease in the daily integrated 
assimilation number [e.g., Pingtee et al., 1975; Fideau, 1987]. 
Indeed, the interpretation of the higher biomass observed in 
frontal zones ultimately depends on the spatial scale being 
investigated. The higher mean levels of phytoplankton biomass 
observed in the Liguro-Proven•al and Almerfa-Oran frontal 
zones indicate a front-induced enhancement of primary pro- 
duction. In addition, the strong spatial heterogeneity of the 
integrated phytoplankton biomass inside the frontal zones 
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[e.g., Prieur et al., 1993; Claustre et al., 1994b] may result from 
spatially alternating upward and downward motion zones in Ot 
which the two hypotheses of enhanced new production or 
biomass accumulation prevail, respectively. A main conse- 
quence is that the zones of higher new production and higher 0NO2 
phytoplankton biomass may be spatially uncoupled at small Ot 
scales in such frontal zones. This hypothesis also limits the 
applicability of quasi-vertical models for studying the effect of 
downward motions in frontal zones, as the biological and 0NH4 
chemical characteristics of the downwelled waters result from 

Ot 
an adjacent phytoplankton-nutrient system which has its own 
dynamics. By contrast, the response of the phytoplankton- 
nutrient system to an upward motion depends mainly on the 
nutrient concentrations at depth which are generally well- 002 --+ 
known and invariant with time. Ot 

6. Concluding Remarks 
The simple model described here uses only the vertical strat- 

ification and the ecological response of a simulated, phyto- 
plankton-nutrient system of primary production in order to 
evaluate and localize low upward motions by comparisons with 
observations. We used this diagnostic tool to evaluate the up- 
ward advections that are needed to explain the high biomass 
and primary production observed in both the Liguro-Provengal 
and the Almeria-Oran fronts [Hecq et al., 1986; Soumia et al., 
1990; Prieur et al., 1993; Fideau et al., 1994; Claustre et al., 
1994a, b], as in other geostrophic fronts of the Western Med- 
iterranean [e.g., Johnson et al., 1989; Raimbault et al., 1993]. As 
can be seen from our results, the upward motions in such 
frontal zones would lead to small scale spatial variabilities in 
the depth of the nitracline, the oxycline, the deep maxima of 
Chl a, 02 and NO2, and phytoplankton population productiv- 
ity. Such small-scale variabilities were observed in both the 
Liguro-Provengal (examples presented in this study) and the 
Almerfa-Oran fronts, when an adequate sample strategy was 
employed [Soumia et al., 1990; Prieur et al., 1993; Fideau et al., 
1994]. Low upward advections (1-2 rn d -1) in the euphotic 
layer would be sufficient to account for both these spatial 
variations and the observed increase in primary production in 
the Almerfa-Oran front, suggesting a great sensitivity for oli- 
gotrophic-type or LTR-type systems to upward motions. Such 
low upward motions can also be associated with wind induced 
Ekman pumping at mesoscale (atmospheric perturbations 
scale) in nonfrontal zones, as described by V. Andersen and L. 
Prieur (High frequency time series observations in the open 
northwestern Mediterranean Sea and effects of winds events 

(Dynaproc Study, May 1995), submitted to Deep Sea Research, 
1997). This study also underlines the importance of advective 
flows that can spatially uncouple zones of high phytoplankton 
biomass and new production at small scales. Such an uncou- 
pling may call into question again the notion of vertical station 
for frontal studies and strengthens the necessity for frontal- 
adapted, fine-scale sampling. 

Appendix 
System of differential equations and formulation of biolog- 

ical processes used for the spatial and temporal evolution of 
the state variables are shown 

OB OWB 0 I OB] -- -- = K + /xB - Graz(B) (A1) O t + O z O z •zz 

ONO3 OWNO3 O [ ONO31 _ • Oz =• K Oz I SNo3txB + R2(NO2) 

(A2) 

OWNO2 O [ ONO2] = K - Sso2•B 
Oz Oz Oz ] 

+/•(NH4) - 12(NO2) 

0 W NH4 0 
Oz Oz 0NH4] K Oz - SNH4/'•B 

(A3) 

+ 0.6Graz(B) - R•(NH4) 

O W 02 O [ 002] = o z K -bT j 
+ [pql(1 - SNH4) --[-pq2SNH4]•B -- &0.6Graz(B) 
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(A7) 

Graz(B) = ;•rmax(/3B)[1 - exp (-/3(B - S•))]H(B, S•) 
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NH4 

R l[Nm4] = R lmax NH4 + KR (m9) 
NO2 

R2[NO2]: R2max NO,_ + KR (A10) 
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