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1-D and 3-D models of plankton production in the Barents Sea are described and a few simulations
presented. The 1-D model has two compartments for phytoplankton (diatoms and P. pouchetii), three for
limiting nutrients (nitrate, ammonia and silicic acid), and one compartment called “sinking phytoplankton™.
This model is coupled to a submodel of the important herbivores in the area and calculates the vertical
distribution in a water column. Simulations with the 3-D model indicatc a total annual primary production
of 90-120g C m~? yr™! in Atlantic Water and 20-50g C m~2 yr! in Arctic Water, depending on the
persistence of the ice cover during the summer.

The 3-D model takes current velocities, vertical mixing, ice cover, and temperature from a 3-D
hydrodynamical model. Input data are atmospheric wind, solar radiation, and sensible as well as latent heat
flux for the year 1983. The model produces a dynamic picture of the spatial distribution of phytoplankton
throughout the spring and summer. Integrated primary production from March to July indicates that the
most productive area is Spitsbergenbanken and the western entrance to the Barents Sea. i.e. on the

northern slope of Tromseflaket.
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Introduction

The growth of phytoplankton depends strongly
on physical factors such as light and the vertical
stability of the water column. These processes
have a strong seasonal and spatial variability in
the Barents Sea. A necessary condition for the
start of a phytoplankton bloom is that the depth
of surface mixing is less than the critical depth
(i.e. where depth-integrated losses equal growth,
Sverdrup 1953). On the other hand, if the water
column is too stable, the supply of nutrients from
deeper water masses is inhibited and the post-
bloom production becomes very low.

The Barents Sea is well north of the Arctic
Circle where the sun is always below the horizon
during mid-winter but constantly above the hori-
zon during the summer. Clouds and fog reduce
incident light to about half of that on cloudless
days (Sakshaug & Slagstad 1991 this volume).

The Norwegian Coastal Current enters the Bar-
ents Sea near the coast of Norway and may stabil-
ise due to the fresh water runoff. In the northern
part, melting of ice releases freshwater and cre-
ates a stable water column. Between these two
water masses, Atlantic Water enters the Barents
Sea from the west. This water has a high salinity
and is little affected by fresh water input. The

main stabilisation factor here is the heating of the
surface layer.

The main herbivores are Calanus finmarchicus
in the Atlantic part and C. glacialis in the Arctic
part of the Barents Sea. C. finmarchicus has a
one-year life cycle whereas C. glacialis requires
two years to complete one life cycle (Tande et
al. 1985). Because the zooplankton models have
been described elsewhere (Slagstad & Tande
1990; Tande & Slagstad 1991), we will concentrate
on the dynamics of phytoplankton and nutrients
here.

The phytoplankton community is dominated by
one or several species of diatoms (Chaetoceros
socialis, C. furcellatus, Nitzschia grunowii and
Thalassiosira nordenskioeldii) and solitary cells
or colonies of the prymnesiophyte Phaeocystis
pouchetii. These algae may accumulate in the
upper water mass in concentration reaching
> 10 mg Chl a m~3 during the peak of the blooms
(Bamsted et al. 1991, this volume).

The mathematical modelling of the Barents Sea
ecosystem started in 1976 (Balchen 1980; Slagstad
1981). These early efforts were based on data
from published studies which were not always
easy to apply to a subarctic ecosystem. During
the Pro Mare programme, far more biological
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data became available, some of which have been
incorporated into the model. There are, however,
still important parts of the ecosystem (for example
krili, the microbial loop, and ciliates) which have
not yet been implemented into the model.

The purpose of this paper is to describe the
plankton mode! and to show simulations that
illustrate the overall features of the plankton pro-
duction in different regions of the Barents Sea.
A 1-D model is used for simulation of typical
situations in the Atlantic and Arctic regions of
the Barents Sea, whereas a 3-D model with partly
realistic input (wind, atmospheric pressure, and
solar radiation) is used to simulate the spatial
distribution of phytoplankton during the spring
and summer.

The 1-D model is comprehensive and includes
many features which are beyond the main purpose
of this paper and, thus, not demonstrated by
simulations here. The dynamics of diatoms and
P. pouchetii populations are shown in Bdmstedt
et al. (1991 this volume).

Model formulation
1-D model

A 1-D model is based on the assumption that
horizontal gradients of biological and physical
variables are small enough to be neglected. The
important hydrodynamical processes are vertical
turbulent mixing and vertical advection:
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where 6(t,z) is the concentration of a constituent
(phytoplankton, nutrients or temperature) at the
depth z and time t; w is the vertical velocity
(usually sinking velocity); K,(z,t) is the vertical
turbulent mixing coefficient; and fg,, is a function
that determines the rate of local production of a
constituent, usually as a consequence of biological
or chemical activity, here called the “biological
term”.

This model contains one coefficient that is
determined by hydrodynamics alone (K,) and one
as a resuit of combined biological and hydro-
dynamical processes {w). The vertical sinking vel-
ocity of phytoplankton is taken to be a function
of the ambient concentration of limiting nutrient
(Slagstad 1981). Maximum sinking rates at low

nutrient concentration for diatoms and P. pou-
chetii were taken equal to 2.0 and 0.5md"!,
respectively. The corresponding sinking rates at
high nutrient concentrations were 0.1 and zero.
The model has six state variables which are
described by equation (1). These are “diatoms”
(Di), “P. pouchetii (Ph), “nitrate” (N),
“ammonium” (A), “silicic acid” (Si), and a con-
stituent called “'sinking phytoplankton” (Sp). The
biological term for diatoms has the form

foo = P (T.1,,1,) GP' (N, A, 8i) Di — ¢ Di
- g% (Di) — 2, (N, A, Si) Di  (2)

The first term on the right hand side of the
equation represents growth, the second term res-
piration, the third term losses due to grazing by
zooplankton and the last term changes in the
physiological status of phytoplankton which is
transformed from growing into a sinking state.
fP' (T, 1,) is the functional relationship between
growth rate, temperature and light

| ' ¢
P = Pp, (T) (1 — exp (2 3
P = Poy (1) (1~ exp (1) ©
and
Pp; (T) = PSoexp (0.0582 T) (4)

where P, is the maximum carbon-specific
growth rate [h™!] at temperature T = 0°C and
af; is the carbon-specific photosynthetic
efficiency [h™! (umolm™2s7')"']. The upper
bound on the growth rate follows an equation
proposed by Eppley (1972), but parameter values
are modified by data obtained from field studies
(Sakshaug 1977) and field dialysis cultures (Heg-
seth & Sakshaug 1982) of Skeletonema. The
photosynthetic efficiency and the Chlorophyll:
Carbon ratio is a function of the photo-adap-
tational status of the algal cells (Slagstad 1982;
Falkowski & Owens 1980; Falkowski 1980):

c _at alogl,
ap = ———~ —
|
40 <1, <500 umolm=2s~! (5)
Chl a3 —agogl,
c I,
40 <1, < S00 umolm 25! (6)

where I, is the irradiance to which the phyto-
plankton is adapted; a,, a,, a; and a, are par-
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ameters. The allowed range for photo-adaptation
is 40-500 pmol m~2 s~ 1,

The rate of adaptation is assumed to be pro-
portional to the difference between the present
level of light adaptation and the irradiance or, if
the irradiance is low, proportional to the
irradiance (Slagstad 1982; Falkowski 1980)

dI, .

Chl
5 = Mmin {—g, —C—Iz, g0 (I, — I,)}

where g; and g, are parameters. With the par-
ameters used (Table 1), the range of of; is 0.0002
to 0.0013 {h~! (umol m~2 s~!)~'} for light- and
shade-adapted cells respectively, and the cor-
responding Chl:C-ratios are 0.013 and 0.04. For
P. pouchetii the range of aF;, is 0.00017 to 0.00075
for light and shade adapted cells respectively,
and the corresponding Chl:C-ratios are 0.007 and
0.02. These values are in the range found for
phytoplankton from the Barents Sea (Verity et
al. 1991 this volume). Reduction in growth by
depletion of silicate, nitrate or ammonia is cal-

Table 1. Parameters used in the 1-D model simulations.

culated by
. Si N
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where Si, N, and A are concentrations of silicic
acid, nitrate, and ammonia, respectively. Kkg;, ky,
and k, are the corresponding half saturation con-
stants. In accordance with Droop (1974),
equation (7) expresses that the limiting nutrient
is the one that predicts the lowest growth rate.
The expression e ¥# describes that uptake of
nitrate is suppressed by the presence of ammonia
(Walsh & Dugdale 1972). v is a parameter.

The transition rate of diatoms into the state
called “sinking phytoplankton” is a function of
the limiting nutrient:

fg,‘d (N, A,S)=dp, + (dmy — dmn)

x exp(-i—:) ®)

Symbol Value Value Unit Meaning
Diatoms P. pouchetii

PS 0.68 0.48 h-! Maximum carbon specific photosynthetic
rate at 0°C

kn 0.5 0.5 mmol m™? Half saturation constant of nitrate

ka 0.5 0.5 mmol m™3 Half saturation constant of ammonium

ks; 0.5 0.5 mmol m~? Half saturation constant of silicate

Y 1.4 1.4 (mmol m=%)~! Parameter concerning depression of
nitrate uptake in presence of ammonium

a; 0.034 0.02 h! } Parameters describing the relationship

a; 0.001 0.001 h-! between af and level of light adaptation

a; 0.081 0.026 Parameters describing the relationship

a, 0.026 0.012 between the Chl:C-ratio and level of
photo adaptation

Bo 0.006 0.006 h-! Rate of adaptation at medium and high
irradiance

' 0.093 0.093 h-! Rate of adaptation per unit Chl:C-ratio
at low irradiance

donn 0.0004 0.0008 h Parameters describing the relationship

donx 0.008 0.008 h between the rate of sedimentation and

dg 0.2 0.3 — concentration of the limiting nutrient

N 0.159 0.159 — atomic N:C-ratio

C

2 0.08 — — atomic Si:C-ratio

C

[o3 0.002 0.003 h™! Rate of respiration

Woo 0.0028 0 - Sinking rat.e at high nutrient
concentration

w, 0.08 0.02 . Sinking rate at low nutrient

concentration
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where d,,, and d,,, are minimum and maximum
rates of transition, respectively; dg is a parameter.
The transition rate increases rapidly when the
nutrients become depleted. Observations from
the Barents Sea indicate that diatoms and P.
pouchetii may, during certain conditions, sink out
of the euphotic zone at a high rate depending on
the physiological conditions of the algal cells.
Sinking diatoms are represented mainly by resting
spores, whereas P. pouchetii consists of colonies
usually infected by bacteria (Wassmann et al.
1990). “Sinking phytoplankton™ has been given
relatively high velocity (24 md™') out of the
euphotic zone (Table 1).

The biological terms for the other state vari-
ables are similar to the description above. The
chemical composition (except for chlorophyll con-
tent) of the phytoplankton is assumed to be con-
stant (Table 1). Following are the biological terms
for each state variable, i.e. right hand side of
equation (1):

Diatoms, Di
fRo = P (T.1,. I,) GP' (N. A, Si)

x Di — ¢ Di — q* (Di) — {24 (N, A, Si) Di
Phaeocystis pouchetii, Ph
fo = /" (T.1,. L) GR' (N. A)

X Ph — ¢f" Ph — q? (Ph) — fIf (N, A, Si) Ph
Nitrate, N

_GP N
oo = = DI G i a N
D o
X e ¥ A_th;’hkPNh_}_Ne wPhA
Ammonium, A
ffo = E?
GPA A
—(DpifPi — 2 4 pRfP )
( ATy N ALy

Silicic acid, Si

) S
fs») = _D‘ fDl __GD\

biol L N
Sinking phytoplankton, Sp
fgﬁ)l = D‘ f?cld + Ph fsehd

where E? is the rate of ammonium excretion from
the mesozooplankton. C. finmarchicus and C.

PREDATORS
C C. Small
finmarchicud glacialis copepods
]
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T
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DIATOM P. Sinking
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Fig. 1. Trophic levels and biological interactions represented in
the 1-D model.

glacialis; Gy(N,A) is the relative reduction in
growth rate due to low ammonium and nitrate
concentration if no other nutrient is limiting
+ A

ks + A’

N —yA
Gy (N A) = — e ¥
N

Si
N is the atomic Si:N-ratio. See Table 1 for par-

ameter values.

The box labelled “small copepods” in Fig. 1
represents mesozooplankton such as Pseudo-
calanus spp. and Qithona spp. We do not model
dynamic growth of these species, but assume a
linear increase in total biomass from 1 April
(0.05¢ C m?) to 1 October (0.35g C m™%;
Norrbin pers. commun.). In order to simulate the
relatively high turnover rate for these animals,
we assume a 25% loss of biomass d~! which
has to be compensated for by grazing and an
assimilation efficiency of 80% which has been
found for the much larger copepod C. fin-
marchicus from this area (Tande & Slagstad
1985). The mesozooplankton is moreover
assumed to feed only in the upper 50 m of the
water column and the nitrogen fraction of all
losses ends up as ammonium at the same depth it
was grazed.

Photosynthetically active irradiance (PAR) at
the surface is calculated from the theoretical
height of the sun at a latitude of 75°N. The average
reduction of insolation due to clouds is assumed
to be 50% according to data obtained at Bjgrnaya
by the Norwegian Meteorological Institute
(DNMI). Half of this is assumed to constitute
PAR. Reflection loss from the surface is 5-10%,
depending on the solar elevation.
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The attenuation coefficient, k, of light in the
water column is described by Parsons et al. (1983):

k = {k,, + 0.0088 Chl + 0.054 (Chl)*}/ix 9)

where k,, (m~!) represents the attenuation coef-
ficient for pure seawater (Smith & Baker 1981),
Chl is the concentration of chlorophyll g; |1 is the
average cosine of the light field and equals 0.6
(Kirk 1983).

The initial conditions of nitrate, silicic acid and
ammonia were set at 11; 5.5 and 0.1 mmol m~3,
respectively, which are average values for the
Barents Sea in winter. Concentrations of diatoms
and P. pouchetii were set at 0.07 and 0.05 mg Chl
m™2, respectively, at the start of the simulation 1
March.

The equations are solved by a finite difference
method by dividing the water column into 5m
layers. Each layer is assumed to be well mixed
and the exchange between them is determined by
the vertical turbulent mixing coefficients. The
time step is 1 hour and the simulations were
performed on a MicroVax computer.

3-D Model

Due to limited computer capacity, the 3-D phy-
toplankton model is a simplified version of the
1-D model. The state variables are phytoplankton
(P) and nitrate (N). Their distribution is described
by

@ 90 096 00 4 a0
—+ + — (K;—)
ot ax ay

dz oz Jz
%0 96
- KHO-’XQ - KHW = fori (10)

where 6 (X, y, z, t) is the concentration of phyto-
plankton or nitrate and x,y and z are the two
horizontal and the vertical coordinates, while u,
v and w are the corresponding velocities. K, and
Ky are the horizontal and vertical turbulent
mixing coefficients. The biological term, f3k, is
described by

iR =Py (1) {1 - ex"(;:(%;))}

— 43D
X g NP ¢P (11)
and
Pp(T) = P§,exp (0.0582T). (12)

177

The variable definition is the same as for
equations (3) and (4). The relationship between
irradiance and growth rate is a formulation similar
to one by Platt & Jassby (1976). The parameters
a* [= 0.0005h~! (umol m~2 s™1)~1] and P§, [=
0.028 h™!] at 0°C, corresponding to a maximum
growth rate of 0.67 d~! (continuous light), are the
initial slope and the maximum growth rate of the
growth-irradiance relationship. The maximum
growth rate is a function of the temperature
according to Eppley (1972). The half saturation
constant of nitrate ky is equal to 0.5 mmol m™3.

¢ is the loss rate due to respiration, grazing
and sedimentation. We have chosen the value
0.1d7! for this rate, when the nitrate con-
centration is >0.5mmol m~% To simulate
increases in loss due to sedimentation, @0 is set
equal to 0.2 d! for nitrate concentrations below
0.5 mmol m~3. The Chl:C ratios is kept constant
at 0.04 (w/w).

Irradiance in the water column has been cal-
culated in the same way as for the 1-D model.

In order to solve equation (10) it is necessary
to know five hydrodynamical variables (u,v, w,
K,, Ky). These variables are taken from a 3-D
hydrodynamical model which calculates velocities
and turbulent mixing coefficients as a dynamic
function of bottom topography, density (tem-
perature and salinity), wind and atmospheric
pressure (Stple-Hansen & Slagstad 1991 this
volume).

Initial concentrations of nitrate and chlorophyll
were set at 11 mmol N m™* and 0.1 mg Chl m™3.

The 3D-model is divided into 12 layers. The
upper 5 layers have a depth of 10 m; the next two
layers depths of 20 and 30 m. The depth between
100 and 200 m is divided into two layers of 50 m
each, and below 200 m there are three layers
of 100 m each. The maximum depth is 500 m.
Horizontal grid spacing is 20 km and the time step
is 1 hour. Since the model domain (Fig. 2) covers
an area of 1600 X 1400 km, there are 5600 grid
points. The simulations were performed on a
SUN SPARC 2 work station.

Results and discussion

Production dynamics in Atlantic Water

The vertical turbulent mixing coefficient is the
most important physical parameter in a 1-D
model. This parameter is a dynamic function of
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#Station 1

Fig. 2. Bottom topography of the model area. Isobath distance
is 50m. Station 1 and 2 indicate positions from where input
data are taken for the “Atlantic” and “Arctic” simulations,
respectively. Station 3 gives the position of the time series
shown from the 3-D simulation run.

water density structure and wind speed. The den-
sity strongly depends on heat flux through the air-
sea interface and on supply of fresh water from
land run-off or melting ice. There are not enough
data on thermodynamic energy exchange between
sea surface and atmosphere available to
implement one of the existing vertical turbulent
mixing models (Denman & Miyake 1973; Kraus
1977). Surface temperature measurements
obtained by DNMI through satellites usually
exhibit a slow increase in temperature during the
spring and a rapid increase in May or June (Fig.
3). We interpret this time response as follows:
The surface temperature increases slowly when
the wind-mixed layer is deep. After formation of
a thermocline, the upper mixed water column is

10 ————
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Fig. 3. Surface temperatures during the spring and summer

obtained through satellites at position 73°30'N 30°30’E for the
years 1981-1983.
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Fig. 4. A. Variations in K, with depth in spring (solid line) and
summer (broken line). B. Average measured (broken line) and
simulated (solid line) temperature profile at 7 June 1983.

shallow and needs less energy input to increase
its temperature. We therefore assume the date of
thermocline formation to be the same as that
when the first sign of rapid increase in sea surface
temperature is observed. The input data for this
station are taken from position 72°30'N 30°00'E.

Atlantic Water can be mixed down to the bot-
tom or more than 200 m during the winter. Based
on available data (Rey & Loeng 1985; Loeng
1989), an average mixed depth of 75 m is assumed
during the early spring (April-May), decreasing
to about 30 m after the thermocline is formed.
The depth-dependent variation of K, is calibrated
by allowing the measured sea surface tem-
peratures to mix downward in the water column
and subsequent comparison with the hydro-
graphic data (Fig. 4).

As the surface irradiance increases during the
spring, there is a steady increase in primary pro-
duction (Fig. 5A). The sedimentation at 75m
does increase when the biomass increases, but
sinking of phytoplankton does not become pro-
nounced until the nutrients are depleted. Grazing
by C. finmarchicus is low in the spring when most
of the population consists of nauplii and small
copepodites, but increases in June as the biomass
of the new generation increases (Tande & Slag-
stad 1992). The mixing becomes shallower in early
June. This reduces the respiration losses and
causes an increase in the average irradiance in the
upper mixed layer. This in turn results in higher
primary production until the advent of nutrient
exhaustion (Fig. 5B).

According to surface temperature data, a ther-
mocline was formed quite early in 1981 compared
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Fig. 5. A. Simulated daily primary production, rate of sedi-
mentation through a level at 75m, and grazing by the main
herbivore (C. finmarchicus) in Atlantic water. B. Surface con-
centration of nitrate and silicic acid as a function of time.

with 1982 and 1983. This year had a cold winter
and the ice border was more southerly distributed
than normal (Midttun & Loeng 1987). The early
formation of a thermocline in 1981 was therefore
caused by the release of meltwater into areas
usually characterised by Atlantic Water. The year
1983, which had a winter with less ice than normal,
probably experienced a late formation of thermo-
cline. High production lasted according to these
simulations three weeks longer in 1983 than in
1981 (Fig. 6).
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Fig. 6. A. Simulated primary production (g Cm~2d ") in a
vertical water column of Atlantic Water. B. Surface con-
centration of chlorophyll (mg m™3) using surface temperature
for three different years as input.
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Fig. 7. Simulated concentration of chlorphyll (mg m™>) as a
function of depth and time in Atlantic Water. Input data from
1983.

Gross integrated primary production during the
spring and summer is 80-100g C m~2 yr~!, dep-
ending on the date for thermocline formation.
New production (based on nitrate) is about 50—
60g C m~2 yr~!. This is somewhat higher than
calculated on the basis of P-I curves (Rey et
al. 1987). The concentration of phytoplankton
increases slowly during April and May, but more
rapidly near the surface when the thermocline
forms (Figs. 6 and 7). After the surface chloro-
phyll concentration has decreased by grazing and
sedimentation, light can penetrate below the ther-
mocline so that the primary production increases
again. This results in a chlorophyll maximum near
the nutricline. Simulated vertical profiles of
nitrate correspond reasonably well with measure-
ments (Fig. 8), indicating that the vertical mixing
coefficients are of the right order of magnitude.

Massive reduction in the silicic acid con-
centration below the nitracline is common over
extensive areas of the Barents Sea (Rey & Skjol-
dal 1987; Rey & Loeng 1985). Consumption of
silicic acid below the euphotic zone by sedi-
menting diatom blooms has been suggested as a
mechanism to explain this (Rey & Skjoldal 1987).
Model simulations that do not include this mech-
anism may show a similar vertical distribution of
nitrate and silicic acid (Fig. 9). This is due to
reduced uptake of nitrate with increasing con-
centration of ammonium. Diatoms are able to
almost deplete a 70m deep water column for
silicic acid while the nitrate level exceeds 3 mmol
m™3, When the thermocline is formed, the nitrate
in the upper 30 m is depleted by the P. pouchetii
within a few days and we obtain a silicacline which
is considerable deeper than the nitracline (Fig.
9).

A typical feature of the vertical structure of
the Barents Sea phytoplankton community is the
formation of a chlorophyll maximum below the
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Fig. 8. Measurcd (broken lines) and simulated (solid lines)
vertical profiles of nitrate. The data are based on averages for
Atlantic waters (Skjoldal et al. 1987: Rev & Locng 1985).
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wind-mixed layer. Necessary conditions for cre-
ating a maximum are strong vertical stability and
nutrient depletion in the surface waters. In the
meltwater zone south of the ice border, the
chlorophyll maximum may be well-established in
early June (Skjoldal et al. 1987). In Atlantic
Water, this takes place in June or July depending
on the date of thermocline formation (Fig. 7).
When estimating chlorophyll concentrations on
the basis of surface chlorophyll by means of
remote sensing, one should be aware of this.
Annual production of C. finmarchicusis 7-12 g
C m™?, depending on the abundance of over-
wintering females (Tande & Slagstad 1992).

Production dynamics in Arctic Water

Arctic Water masses are usually covered by ice
during the spring. Before melting takes place, the
water column is mixed to 60-70 m depth or more.
Melting of ice releases freshwater and establishes
a pycnocline at 10-15 m depth after the ice has
gone. There is a gradient in salinity below the
pynocline (Fig. 10) indicating a low value of the
vertical eddy diffusion mixing coefficient.

The most pronounced effect of ice on phyto-
plankton growth is the strong attenuation of light
caused by ice thickness and snow cover. This will
of course vary during the spring and with the
distance from the ice edge. Open water (leads) is
more or less a constant feature of the area. Since
there is a nonlinear relationship between light and

mmol m™2
0 4 8 12
Q 4+ttt

Nitrate

Fig. 9. A. Measured
vertical structure of nitrate
and silicic acid at a late
phase of the spring bloom
(75°20'N 36°00'E. 7 June
1984, from Rey & Skjoldal
1987). B-C. Simulated
vertical structures before
and after formation of a

F thermocline at 30 m.



Plankton Growth in the Barents Sea: model studies 181
Salinity
IR < SN XTI s SOV - N < ST < JUUPI L
2 0 2 40,2 0 2 4 oc 2 0 2 4 o0
oft— 5+ A P S T+ .
: ' ' Temp.
4 1 4
1 ‘ i
E 4 14
i ) /
1r stn130 1 snie 4/ smni7s
= | 77°55' N | 77°01' N ' 76°36' N i
E L awwe Saiinity |1 3308 E Sainty {! 32°88' E Salinity
< | k ,
g o 50 50t
= ; ' .
I T T
4 + Temp.
, K Tomp. . emp
' ! / T -
1+ + N 4 '
10p—:  Temp. w04 100 + N
v g \ 4 .
Fig. 10. Typical vertical 1 1 ' i /
profiles of temperature i ' 1 ,
and salinity at selected ‘ . .
stations in ice-covered 7 1 1 ‘
areas of the Barents Sea 150+ 150 + 150 + '
(Lance cruise. June 1983). }

algal growth, the average irradiance cannot be
used to calculate primary production. If we
assume that horizontal mixing is sufficiently high
to smear out horizontal gradients, the following
relationship between diatom growth and light at
a depth z can be employed

fgi)l = {f})l (T, 1,, L)(1- Tc)
+£,(T, I, 1)1 }JGP
x (N, A, §i) — ¢, Di — q* (Di)
—fDL (N, A, Si)Di

sed

(13)

Irradiance at depth z is

[ =11, (14)
where 1 is the relative fraction of the ice-covered
area, T. is the average transmission coefficient of
irradiance through the ice. Other variables are

Fig. 11. Simulated primary production (g Cm~%d"~")in a vertical
water column of Arctic Water.

the same as in equation (2). The input data (ice
cover and surface temperature) have been taken
from position 78°40'N 33°30'E.

Daily simulated primary production increases
rapidly as the ice cover becomes less compact and
until the nutrients are exhausted (Fig. 11). This
takes place before the ice is completely meited.
A second maximum in production is observed
when the concentration of phytoplankton in the
mixed layer has decreased because of grazing and
sinking/sedimentation so that light can penetrate
into the nutrient-rich waters below the pycno-
cline.

Because the mixed layer in Arctic Water is
usually more shallow and vertical stability more
pronounced than in the Atlantic Water, the chlo-
rophyl maximum usually becomes much more
pronounced. The maximum concentration is
gradually shifted into deeper water when the
nutrients are depleted (Fig. 12). Simulations indi-

Depth (m)

May T N T T T aueT T Tsep
Fig. 12. Simulated concentration of chlorophyll (mg m™3) as a
function of depth and time in Arctic Water. Input data from

1983.
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Fig. 13. Simulated surface concentration ot chlorophyll {mg m™*) at sclected dates. The atmospheric input data (wind and
radiation) were from 1983,
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Fig. 14. Integrated primary production (g C m~2) from March to July.
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cate a sinking velocity of the chlorophyll maxi-
mum of about 0.5 m d~!. As the surface irradiance
becomes lower in late summer and the chlorophyll
maximum deeper, a limit is reached where the
maximum cannot longer be sustained. Besides,
grazing may also reduce the chlorophyll
maximum. Still a maximum in chlorophyll some-
where below the pycnocline is a most pronounced
feature of the summer phytoplankton community
in the very stable Arctic waters.

Simulations indicate that areas which become
ice-free in May may have an annual primary pro-
duction of >40 g C m~>, whereas areas further
north that become ice-free in August probably
have a production of <25g C m™2.

The main secondary producer in Arctic Water
is C. glacialis. Simulation and sensitivity analysis
indicate that the annual production is probably
about the same as for C. finmarchicus in Atlantic
waters {Slagstad & Tande 1990). However. the
dynamics of these two species are quite different.
When C. finmarchicus females die after spawning.
the zooplankton biomass is reduced to a very low
level before the individuals of the new generation
become big enough to contribute to the biomass.
When C. glacialis females disappear after spawn-
ing, the one-vear-old animals (Stage I'V) have
already been growing for a while and the popu-
lation biomass will not decrease.

3-D model

Temperature and salinity distributions are impor-
tant initial conditions for a baroclinic. hydro-
dynamical model (Stgle-Hansen & Slagstad
1991). These distributions are not available for
the whole Barents Sea during the season when
most of the phvtoplankton production takes
place. The best synoptic data are from the
autumn. On the basis of one data set (autumn
1988). the air temperature was set far below zero
(—25°C) in order to simulate winter conditions in
the Barents Sea. No wind was applied. After
a few months of simulations. the northern and
castern parts of the model area were covered with
ice. This ice distribution is similar to that observed
in early spring 1983. These simulated distributions
of temperature, salinity and ice were therefore
used as initial conditions for the combined hydro-
dvnamical and biological simulations which were
started 1 March.

The input data were simulated wind and
atmospheric pressure fields from 1983 ( performed

by DNMI), air temperature, relative humidity
and solar radiation at Bjgérnsya. The vertical tur-
bulent mixing coefficient was calculated as a
dynamic function of wind and heat transport
through the air/sea interface by using the Rich-
ardson number (Stgle-Hansen & Slagstad 1991).

The wind stress moves the ice border south of
the Polar Front, causing the ice to melt in the
Atlantic Water. This creates a shallow layer of
meltwater which allows growth of phytoplankton
as soon as light becomes available in early spring
(Fig. 13). The bloom reaches its maximum con-
centration in early May and is terminated due to
nutrient limitation. The maximum concentration
in Atlantic Water is, however, reached one month
later, during a calm period at the end of May. A
reduced growth rate due to nutrient depletion
and losses soon turns the surface layer into “blue
water'.

High integrated primary production on Spits-
bergenbanken (Fig. 14) is partly due to the restric-
ted depth. which keeps the average irradiance
high enough to allow early growth of phyto-
plankton. and partly due to the transport of nutri-
ent-rich water from the ice-covered areas. This
water has not been exposed to light and is there-
fore a continuous source of nutrients for areas
where the current direction is off the ice edge.
Southeast of Bjgrngya, there is an area which
shows relatively high integrated primary produc-
tion. The reason for this is mixing and small
transports of Arctic Water at the surface into an
eddy in Bjgrngyrenna (Stgle-Hansen & Slagstad
1991). Since the Arctic Water has a lower density
than the Atlantic Water, the water column
becomes slightly more stable than the surrounding
areas. This is most pronounced in the early spring
(Fig. 13). Areas which have been covered by ice
experienced the lowest integrated primary pro-
duction due to light limitation.

The 1-D model produces results that can be
regarded as an average for an area. Since there
is no atmospheric forcing, all time series look
smooth. The 3-D simulations, however, produce
results that illustrate the spatial and temporal
variability in primary production. Total inte-
grated primary production is 90-120g C m > yr™!
whereas new production is 70-90g Cm™2yrl.
This is 40-509% higher than the production esti-
mates from the 1-D model. Time series of primary
production and nitrate concentration at the sur-
face (Fig. 15) show that wind events can increase
the supply of nutrients through increased vertical
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Fig. 15. Simulated daily depth integrated gross primary pro-
duction (A). concentration of nitratc at the surface (B) and
wind speed (C) at Station 3.

mixing. The wind event on 20 June brought nitrate
into the surface layer and caused a second bloom
(Fig. 13) on 28 June. These resulits illustrate the
importance of possessing a knowledge of the his-
tory of atmospheric episodes when data from an
area like the Barents Sea is being analysed.
Integrated carbon flow (Fig. 16) simulated by
the 1-D model indicates that most of the primary
production is exported from the euphotic zone.
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Low temperatures do not seem to be a limiting
factor for primary production in the Barents Sea.
However, low temperatures slow down the
growth of herbivores which then cannot utilise
the large spring bloom stocks.

The present models seem to produce an overall
picture of the phytoplankton dynamics which is
in accordance with observations in the Barents
Sea. The models, however, need to be verified
with spatial data sets. In order to do this, more
accurate input data such as thermal energy
exchange between the air/sea interface, cloud
cover and water density data during the spring
from the whole model domain is needed.

During the spring, when grazing is low, the
primary production is mainly a function of surface
light and depth of mixing. Knowledge of this
physical environment allows this production to
easily be simulated within acceptable limits. In
order to make a more reliable assessment of the
dynamics of phytoplankton production, the
hydrodynamical model and its input data should
be improved. However, when questions are raised
about species composition, for example the
relation between P. pouchetii and diatoms, the
model has very low predictive value: improve-
ments here would call for more biological knowl-
edge of each species and their trophic inter-
actions.
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