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ABSTRACT

In this paper, we study the consumption of carbon, nitrogen and phosphate in the upper layer
of the Nordic seas. It is found that the biological draw-down of nutrient concentrations and
dissolved inorganic carbonate concentration, Cy, during summer cannot be explained in terms
of the common Redfield ratio (C:N:P=106:16:1) for organic material. According to Bersheim
and Myklestad, the seasonal variation of dissolved organic carbon, DOC, concentration is of
order 20 umol/kg. Based on these measurements, we argue that production of DOC with a
high carbon content (C:N=/15) is the main cause of the high consumption of C;. Further,
there are indications that we need a C: N =9 ratio for organic material to complete the upper
ocean carbon budget at station M. However, the uncertainty in the gas exchange formulation,
which is of order 30%, makes this kind of interpretation of data vulnerable. The flux of CO,
from the atmosphere happens to cancel the influence of DOC on the Cy. Thus, an interpretation
of data, without considering the air-sea gas exchange, will falsely reveal that the production

follows the Redfield ratio.

1. Introduction

New measuring techniques for chemical vari-
ables have lead to new results about the oceanic
carbon cycle. Simultaneous measurements of total
dissolved inorganic carbonate concentration, Cr,
and nitrate concentration, NOj, reveal that the
draw-down of C; relative NO; during periods of
biological production does not follow the Redfield
ratio (Codispoti et al., 1982, 1986; Sambrotto
et al, 1993; Sambrotto and Langdon, 1994;
Michaels et al., 1994; Bates et al., 1996; Marchal
et al., 1996).

Sambrotto et al. (1993) concluded that the
Redfield ratio (in this work used for a C:N:P=
106:16:1 ratio) may underestimate the Cy draw-
down by a factor 2 during the North Atlantic
spring bloom. Sambrotto and Langdon (1994)
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studied the water column budget of the George
Bank spring bloom and attributed the large
removal of Cy to production of organic material
rich in carbon. Chen et al. (1996) showed that the
dissolved organic carbon, DOC, concentration has
a strong vertical gradient at the George Bank
spring bloom. Production of DOC (without the
corresponding production of dissolved organic
nitrogen) may enhance the draw-down of C;
explaining part of the carbon budget at George
Bank.

An extreme example of the imbalance in the
upper ocean carbon cycle is found at the Bermuda
Atlantic Time Serie (BATS). Although the position
of the time serie was chosen at a previously well
studied position (Mentzel and Ryther, 1960) there
is a significant decrease in Cy during the summer
months that, presently, cannot be accounted for
(Michaels et al., 1994; Toggweiler, 1994; Bates
et al., 1996; Marchal et al., 1996). There have been
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speculations that advection of water with low Cr
may be a part of the explanation (Toggweiler,
1994; Follows et al., 1996). However, recent results
indicate that the summer decrease in Ct probably
is the result of biological processes (Bates et al.,
1996). Although the production of DOC cannot
explain the carbon imbalance at BATS it is dynam-
ically very important as it may dominate the flux
of carbon from the euphotic zone to the winter
mixed layer (Carlson et al., 1994; Guo et al., 1995).

Takahashi et al. (1985) suggested, from
observations along isopycnal surfaces in the deep
water, that the C: N ratio of organic material that
degenerates in the deep water is between 103:16
and 140:16. The lower value was estimated from
Cr measurements and the upper value was based
on the oxygen utilization. However, the oxygen
content of organic material may still involve some
uncertainties (Anderson & Sarmiento, 1994;
Anderson, 1995) and the latter number may be
unsure. Nevertheless, Takahashi et al. suggested
that P:N:C=1:16:122(+18) for the Atlantic
and Indian Oceans.

In this work we intend to study the signature
of the biological cycle in the Nordic seas. For a
precise interpretation of C; data we need a full
history of the gas flux through the sea surface,
mixed layer depth, mixing with deeper waters,
lateral advection and a history of the biological
production (Codispoti et al., 1982, 1986;
Takahashi et al., 1985, 1993; Peng et al., 1987).
We do not have the data necessary to perform
such calculations and we will compare available
data with some results from a physical-biological-
chemical model described in Section 2. By that we
may find how different assumption on the carbon
dynamics compares with data.

Data we use in this study are NO;, C; and
DOC concentrations at station M (66°N, 2°E)
(F. Rey, personal communication; Gislefoss, 1994;
Borsheim and Myklestad, 1997), we also consider
some stations from the TTO/NAS expedition and
measurements from the Mosby cruise in 1991
(Brewer et al., 1986; Lundberg et al., 1995). The
positions of the stations are shown in Fig. 1.
Station 158 in the TTO/NAS expedition has not
been used as its surface values of C; and total
alkalinity concentration are much lower than the
surrounding stations.

In Section 2 we will describe the model including
a section for the physical model, a section for the
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Fig. 1. A map showing the position of station M, the
TTO/NAS stations and the Mosby 1991 cruise stations
that have been used in this study. The TTO/NAS expedi-
tion was in the Norwegian sea between 25 July and
6 August 1981. The Mosby cruise was in the Norwegian
sea from 14 August through 8 September 1991. Stations
143-145 from the TTO/NAS expedition are numbered
in the figure. The dashed lines show the stations that are
included in this study.

biological model, a section for the DOC dynamics
and, finally, a section for the chemical model.
Some results from the model are presented in
Section 3 where we also compare model results
with measurements. Finally, we end with a
discussion of the results in Section 4.

2. The model

2.1. Short summary of the model

The model is built from a one-dimensional k-¢
turbulence model (Rodi, 1980, 1987) that is forced
by meteorological observations taken at station
M. To fit observations of temperature we have
modified the turbulence scheme to include
mixing in the thermocline (Gargett, 1984) and
added an internal heat source interpreted as large
scale advection of heat.

The biological model contains 4 variables,
namely, nutrient and phytoplankton concentra-
tions, the total amount of zooplankton in the
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upper water column and the detritus concentra-
tion. At station M there is only a minor phyto-
plankton spring bloom, possibly, it is zooplankton
grazing that limits the phytoplankton bloom
(Bathmann et al., 1990). Ostvedt (1955) showed
that the major copepods (i.e., Calanus finmarchius
and Pseudocalanus) at station M may overwinter
in the deep water and we describe the exchange
of zooplankton between deep water and the
upper layer.

One of the aims with this study is to investigate
the role of DOC in the upper ocean carbon
budget. Thus, we need to describe the DOC
dynamics and the features of the microbial loop
(Taylor and Joint, 1990). We rely on a simple
model that only contains the labile DOC concen-
tration and the model is easy to tune to data. The
model is, however, based on the properties of the
microbial loop which basic features are described
in Appendix A.

The chemical variables that we consider are Cy,
and the total alkalinity concentration, A1, which
both are normalized to 35 psu. Cy is coupled to
the biological model by a material dependent C: N
ratios. The production/destruction of DOC is also
important for the C;. We neglect all effects from
Calciumcarbonates producing organisms (Peng
et al, 1987) an assumption that is verified by
measurements from the TTO/NAS and Mosby
expeditions. Accordingly variations in Ay are fully
determined by variations in the dissolved nitrate
concentration.

2.2. Physical model

2.2.1. Basic equations. We consider a one-
dimensional model where the turbulent mixing is
described according to the eddy viscosity concept
(Rodi, 1980, 1987). The conservation equations
for momentum, heat and salt become,

(la—d)
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where u and v are the velocity components in the
x and y directions, respectively, v, is the eddy
viscosity (the same for all variables except for the
turbulent kinetic energy, k, and its dissipation rate,
¢), f is the Coriolis parameter, T and S are
temperature and salinity, I is the solar radiation,
p is the density of water, cp is the specific heat of
water and Q,,, is an internal heat source interpreted
as large scale advection in combination with a
temperature gradient.

2.2.2. Boundary and initial conditions. The
boundary conditions to egs. (1) are:

ou v o 7S
" 0z’ 07" 0z’ oz

=[3, v 2 S(E—P)} atz=0,  (2a-d)
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where -H is the bottom of the model domain. (z,,
7,) is the wind stress vector, Q is the heat flux at
the sea surface and E—P is the net evaporation.
Large and Pond (1981) presented a relation
between wind at 10 m height and the stress at the
sea surface and we use this. Q is calculated from
air temperature, sea surface temperature, wind
speed and humidity using the formulas presented
by Hékkinen and Cavalieri (1989). E—P is given
as:

E—P=Acos(mt),

where A= —0.35-2n m/year and w=2n year !.

The formula is based on the fresh water content
in the upper 100 m during the summer months.

The initial conditions for temperature and salin-
ity are: T=8°C in the upper 200 m, then decreas-
ing linearly to 0°C at 500 m, S=35.2 psu in the
upper 200 m, then decreasing linearly to 35 psu
at 500 m.

2.2.3. Solar radiation. Hikkinen and Cavalieri
(1989) described a formula for the solar radiation
given as,

st-direcl = (1 - a)a*QO 5
where Qgy.girect 1S the direct incoming solar
radiation and a=0.1 is the albedo. To complete
the upper ocean heat budget for station M we
prescribe that 25% of the scattered light reaches

(3a)
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the sea surface,

st-scatter = ( 1 - (1)( 1 - a*)oszO N

where Qg ccarier 18 the light that reaches the sea
surface as diffusive light. In the above formulas
we have the following quantities: a*=1—0.6C° is
cloud correction where C is the fraction of
cloud cover; Q,=S, cos®z/(1.085 cos z+(2.7+
cos z)e, * 1073 +0.1) where S,=1353 W/m? is the
solar constant and e, is the water vapor pressure
at 10 m; z is the sun zenith angle given by cos z=
sin ¢ sin 0 + cos ¢ cos 6 cos HA where ¢ is the latit-
ude, 0=23.44° cos[(172-day of year)n/180] and
HA=12-local time is the local solar time. Further,
we assume that 50% of the solar radiation is long
wave radiation that is captured in the
uppermost cms of the ocean.

The remaining 50% is considered as photosyn-
thetically active radiation and it is distributed in
the ocean as,

(3b)

Q)‘ =5}
N ~

=(ko+kp P)I/G, 4)

where k, is the extinction coefficient for pure sea
water and kp is a constant such that kpP is the
extinction coefficient caused by the phytoplank-
ton. G is a geometrical factor given by
(Sathyendranath and Platt, 1988),

G {\/1—(003(),)/1.33)2 direct light,
~los7 diffusive light,

where 1 is the solar altitude and is given from
sin A=cos z.

2.24. Turbulence  model. The  turbulent
exchange coeflicient is calculated according to the
k—e¢ model (Rodi, 1980, 1987). Variables in the
k—e model are the turbulent kinetic energy, k,
and its dissipation rate, ¢, and v, is related to these.
The model equations are,

G Llull pip
ot 0z| o, 0z sTEBTE
Og 0 | v Oe &
Py |:* T} + 7 (CPs+ C3,Pp—Cppe),
ot 0z|o,0z k
kz
b=C, (6a-0)

where,

ou\? ov\?
Pg=v, 2 + P R
oT Q}

S 0.
oz oz

(6d, €)

C,,Cy,,Cy,, Cs,, 0 and g, are empirical constants
in the model, g is gravity, Pg is the production of
turbulence due to shear, Py is the production or
destruction due to buoyancy effects. Finally, « and
p are constants in the linearized equation for
density,

(T, §)=po(1—o(T—To)+ B(S —5So)), (7)

where p,, Ty and S, are reference density, temper-
ature and salinity, respectively.

With a stable stratification, the k-¢ model
requires a velocity shear to produce mixing, the
model formulation implies that only small
amounts of the momentum slip through the
bottom of the mixed layer. Therefore, the model
produces very weak mixing in, e.g., the thermoc-
line. The mixing in these regions may be forced
by internal waves etc. that are not described in
the k-¢ model and we need an alternative turbu-
lence scheme to describe the mixing. Gargett
(1984) proposed that mixing below the bottom of
the mixed layer can be described as:

Ao

b=, (8a)
where,

g op
N?=— ;E (8b)

and q, is a constant. Gargett suggested that a,=
11077 m?/s?, however, with this value the mixing
in the thermocline is too small to reproduce data
and we use ay=4-10""7 m?/s%.

We have two formulations of the turbulent
exchange coefficient, the k-¢ model and the Gargett
(1984) formulation. We can only use one descrip-
tion at each depth and use whichever model that
produces the largest mixing.

With boundary conditions for k and ¢ (Rodi,
1980), eqgs. (1)—(8) form a closed set of equations.
The equations are solved with the numerical
method implemented in the PROBE routine,
developed at SMHI (Swedish Meteorological and
Hydrological Institute; Svensson, 1986). PROBE

Tellus 50B (1998), 1
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Table 1. Numerical values of constants involved in the physical model

Constant Meaning Value
C, constant in turbulence model 0.09

Cy, constant in turbulence model 1.44

C,, constant in turbulence model 1.92

Cs, constant in turbulence model 0.8

oy Prandtl/Schmidt number for k 1.4

g, Prandtl/Schmidt number for ¢ 1.3

ao strength of thermocline mixing 4:107"m?s72
Po reference density 1027 kgm 3
T, reference temperature 10°C

So reference salinity 35 psu

o temperature expansion coefficient 1.5-1074°C!
p salinity expansion coefficient 8:10~4 psu~?
f Coriolis parameter 1.32:1074s71
Cp heat capacity of water 4.18-10° J/kg
ko light extinction coefficient for pure water 0.05m™!

kp Parameter in light extinction coefficient 0.05 (umol/kg m)~!

uses a finite difference scheme based on an implicit
code. Maximum depth is 500 m and we use 200
grid points. The grid is non-uniform and has 1
meter resolution at the sea surface and about 15 m
at the bottom. To integrate the model forward in
time we use 300 s time steps. Numerical values of
the constants in the physical model are presented
in Table 1.

2.3. Biological model

The 4 variables in the biological model are the
concentrations of nutrient, N, and phytoplankton,
P, the total amount of zooplankton, Z,,, and
detritus concentration, D. Nitrate and ammonia
may easily be distinguished in the model, however,
that will add complexity to the model without
adding any further information of the carbon
system.

2.3.1. The mathematical formulation. The math-
ematical formulation of the biological model are
given as,

,%(N): _GP+MP+MZ+MD+F9

_ Owp P
F(P)= —— +Gp—Mp—Gy,
leot 0
ot (G,—E,—M,) dz+S,
dr Cw
owpD
F(D)= 6—‘: +E,— My, (9a—d)
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The variables N, P, Z,,, and D are measures of
the nitrogen content in the different states.
Furthermore, Gp is the growth of phytoplankton,
M, is the metabolism for phytoplankton, M, is
the metabolism for zooplankton, My, is the bac-
terial metabolism of detritus, G, is the growth of
zooplankton, E, is the zooplankton egestion rate,
S describes movements of zooplankton between
deeper layers and the upper ocean, finally, wp and
wp are the sinking velocities for phytoplankton
and detritus, respectively.

F is the flux of nutrient according to the DOC
model and will be described in Subsection 2.4.

The fluxes between the variables in the biolo-
gical model are given by:

N
Gp=7pg(T) Iy (I) <KN+N>P’

Mp=upg(T)P,

PZ
Gz=7,8(T) <w>2,
E;=¢;Gy,
M;=g(T)('uz+>1,2)Z,

Mp=pupD, (10a-1)
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where,
g(T)=eT =10,
Lim (I)=1—¢",
P .
Z= Ziot, (10g-)

0
J P dz

where the constants are described in subsections
2.3.3-2.3.5. Eq. (101) describes how the zooplank-
ton biomass is distributed. The assumption is that
zooplankton distribute themselves instantaneously
according to the phytoplankton concentration.

The flux of zooplankton between deep waters
and the surface layer is described as:

S* 100<t<130

S=(—85% 210<t<240 (11)

0 otherwise,

where S* denotes the upward motion and S¢ the
downward motion.

Bathmann et al. (1990) reported, for February
1987, a deep water zooplankton population of
1.5 gC/m?, if we assume that all these zooplankton
move to the surface in 30 days we have that S*=
0.67 pmol m/(kg day). It may be interesting to
consider an equation for the deep dwelling
zooplankton, however, since we run the model for
one year we see no point in considering this

complication of the model. To account for the loss
of zooplankton in the winter deep water, we
prescribe somewhat arbitrarily S9=3S".
The numerical values of constants
biological model are described in Table 2.

in the

2.3.2. Boundary and initial conditions. As
boundary conditions for the biological compon-
ents we apply zero flux conditions,

ON 0P 0D
U\ A +(0> WPPa WDD)

0z’ 0z’ 0z
0 atz=0,
= (12a—c)
0 atz=-—H.
This condition implies an accumulation of

nutrients in the bottom water. However, as — H
is well below the winter mixed layer depth the
accumulation of nutrients in the lowest part of the
grid will only have negligible influence on the
modeled annual cycle.

As initial conditions we prescribe,

(N, P, D)=(12, 0.03, 0) pmol/kg, (13a—)

Zot=10 pmol m/kg. (13d)

2.3.3. Details of phytoplankton equation. The
growth of phytoplankton, Gp, involves a rate
constant, yp, a temperature dependence, g(T),
governed by the parameter b, the light intensity

Table 2. Numerical values of constants involved in the biological model

Constant Meaning Value

Vp phytoplankton growth rate 1.1 day !

b phytoplankton growth, temperature dependence 0.06°C 1

K phytoplankton growth, light dependence 10 Wm ™2

kn phytoplankton growth, nutrient dependence 0.1 pmol/kg

Up phytoplankton metabolism 0.03 day !

Wp sinking velocity for phytoplankton 1 m/day

Yz zooplankton growth rate 1.1 (umol/kg day) !

Kp half-saturation constant for zooplankton feeding on phytoplankton 1.5 umol/kg

& description of zooplankton sloppy feeding 0.2

Yy linear zooplankton metabolism 0.05 day !

21y, quadratic zooplankton metabolism 0.15 (umol/kg day)*

Up bacterial degradation of detritus 0.3 day !

Wp sinking velocity for detritus 10 m/day

N parameter that describes the flux of zooplankton between deep 0.67 umol m/kg day
water and surface water

N parameter that describes the flux of zooplankton between deep 2 umol m/kg day

water and surface water

Tellus 50B (1998), 1
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dependence, I, (), governed by the parameter
K, the nutrient concentration according to the
Michaelis-Menton function and, finally, it is
proportional to P. Mp, the metabolism for phyto-
plankton describes the metabolic cost and natural
death, it includes a rate constant y, and is propor-
tional to g(T) and P. Values of the constants are
given in Table 2 and are taken from Eppley (1972),
Sakshaug and Slagstad (1991) and Brostrom
(1997).

2.34. Details of zooplankton equation. G, the
growth of zooplankton includes a rate constant,
vz, a temperature dependence g(T), the phyto-
plankton concentration according to a Holling
type I equation (Steele and Henderson, 1992) and
the zooplankton concentration Z. The egestion
term for zooplankton, E,, includes inefficiency of
eating and the production of fecal pellets by
zooplankton. We assume that the egestion is
proportional to G;.

The zooplankton metabolism, M, involves a
temperature dependence, g(T), and a “rate con-
stant” (‘uz + 2z Z). The first term describes direct
metabolic cost for zooplankton and the second
term represent losses connected to internal grazing
within the zooplankton community (Steele and
Henderson, 1992). The values of the constants y,,
Kp, &, and 2u, are strongly related to the phyto-
plankton, zooplankton and nitrate concentrations
in spring and early summer (Brostrom, 1997).
Thus, the parameters have been set to values that
allow the model to reproduce these quantities.

2.4. DOC model

The purpose of this section is to build a model
that describes buildup and degradation of DOC
that are compatible with data and the present
knowledge of the DOC/microbial loop (Taylor
and Joint, 1990). We start by giving a short review
of some important aspects of the DOC dynamics,
e.g., its residual time scale and concentration in
sea water.

The strategies we use to build the model are:
(1) select the variables needed to describe the basic
properties of the DOC cycle; (2) find a model
structure and parameter setup that allow the
model to reproduce data from station M. We use
a simple model formulation to describe the DOC
dynamics. The model is, however, built on a more
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basic model structure for the microbial loop
(Appendix A).

2.4.1. General description of DOC. DOC may be
classified into at least two different categories with
respect to its residual timescales (Amon and
Benner, 1994; Carlson et al., 1994; Guo et al.,
1995; Hansell et al., 1995). One portion is highly
stable and has a residual timescale of approxi-
mately 4000 years and its concentration is about
50—-60 pmol/kg. Deep water contains mainly this
form of DOC.

The other pool is more labile, it corresponds to
20-30 umol/kg and is mainly found in the upper
ocean. The residual timescale of the labile pool is
more uncertain and estimates range between days/
months to decades. The labile pool may also be
divided into several categories with different char-
acteristic residual timescales. The concentration of
the labile pool may be important for the upper
ocean carbon cycle on an annual basis and it is
included in the model as ADOC.

Kirchman et al. (1991) made some experiments
to study the turnover time of DOC. They showed
that parts of the DOC may have decay rates as
high as 0.25-0.36 day ! during the first day of
incubation although most values were about 0.05
day~'. Amon and Benner (1994) studied low- and
high-molecular-weight material and concluded
that the former had a turnover time of 26 days
whereas the latter turned over in 6 days. Hansell
et al. (1995) measured an increase in Cy corres-
ponding to a timescale of approximately 10 days
for the labile DOC pool.

24.2. ADOC model. Let us write the model for
ADOC as,

f(ADOC)=PAD0C_MADOC> (14)

where P,poc is the production of labile DOC,

determined by the production of phytoplankton.

M xpoc is the bacterial degradation of labile DOC

and depends on: (1) the bacterial growth rate;

(2) the extent to which bacteria can utilize labile

DOGC; (3) the size of the bacterial population.
The fluxes in eq. (14) are described by,

X
PAD0C=¢GP ;,

ADOC

M = EEEE———— 15a, b
ADOC = HADOC KAD0C+ADOC, (15a, b)
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where ¢ is the fraction of ADOC that is produced
for each mol of organic carbon that is produced,
Uapoc 1s the rate of the bacterial degradation of
ADOC and kpoc is the half saturation constant
for bacterial consumption of ADOC (see
Appendix A).

The flux of nutrients, F, involved in the DOC
model is given by,

Fe_ Ypoc

(Pooc—Mpoc), (16)

Xpoc
where Xpoc: Vpoc 18 the C: N ratio for DOC. We
use Xpoc: Ypoc=15.

2.4.3. Analyzing the ADOC equation. Although
we have fair knowledge of the microbial loop, it
does not necessarily mean that we reproduce
measurements from station M. Since we introduce
the DOC dynamics and the microbial loop to
reduce some uncertainties in the carbon cycle, it
is necessary to reproduce measurements for a
further comparison.

Let us first consider the production of DOC.
Taylor and Joint (1990) used ¢ =0.1 to link the
production of DOC to the production of organic
material, however, they also prescribed that a
certain amount of, e.g., zooplankton grazing, con-
tributes to the DOC production. Myklestad et al.
(1989) stated that under rapid growth conditions
about 5-10% of the total photosynthetic carbon
production is released as extracellur material
whereas it can be as high as 60% under nutrient
depletion. The portion released as extracellur mat-
erial can change considerably between species and
depend on light and nutrient conditions with
values as high as 50-100%. However, the most
common values are in the range 3-10%
(Sakshaug, 1993 and references therein). Sloppy
feeding by zooplankton is also a source of ADOC
although an estimate of its importance is difficult
to obtain. To describe both processes we assume
that 0.15 mol of ADOC is produced for each mol
of planktonic organic carbon that is produced,
thus, we use ¢=0.15.

Running the model without the ADOC con-
sumption we end up with a maximum ADOC
value of 45 umol/kg about 100 days after the start
of the spring bloom. Observations according to
Borsheim and Myklestad (1997) show that the
maximum value is about 20 pmol/kg, implying
that there should be a bacterial degradation of
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approximately 0.25 umol/(kg day). Thus, if

ADOC> K poc We have that,

tapoc =0.25 pmol/(kg day).

According to Appendix A, papoc is related to
the potential bacterial consumption of ADOC
times the bacteria concentration. If the microbial
loop is in an quasi-steady state, the bacteria
concentration can be related to the parameters of
the zooplankton equation. We have,

Hmz
Hapoc=7"B [m - Ps} >

where vy is the bacterial growth rate, vy,,, is the
growth rate for microzooplankton, ¢, is the eges-
tion for microzooplankton, y,,, is the metabolism
for microzooplankton and pg is a prescribed
picoplankton concentration.

If we solve eq. (17) for pg and insert the values
in Table 3, we have that pg~0.4 umol C/kg. If we
compare the strength of ppoc With and without
the picoplankton we see that the bacterial con-
sumption of DOC is reduced by 80% if we allow
a picoplankton concentration of the size suggested
above. This number is highly sensitive to the
values of the constants involved and should be
viewed with some caution. Nevertheless, we con-
clude that the picoplankton may affect the DOC
dynamics.

(17)

2.5. Chemical model

2.5.1. Basic assumptions. The basic assumption
in the chemical model is that the carbon system
follows changes in the biological system according
to a C: N ratio for biological material. The carbon
cycle is related to organic material as,

xCO,+yNOj3 +zH;PO,+yH™* +(x+y)H,O
<(CH,),(NH3), (H3PO,). +(x+2y)O,,  (18)

where (x:y:z)=(106:16:1) for N, P, Z,,, and D,
for ADOC we use (x:y:z)=(240:16:1).

The partial pressure of CO, in water, pCOY, is
calculated from T, S, Cr and Ay (UNESCO, 1987,
Peng et al., 1987). However, the C data from the
TTO/NAS cruise were calculated from alkalinity
and pCOY measurements. To have our chemical
model consistently with these measurements we
use the same constants in our routine to calculate
pCOY as was used by Brewer et al. (1986).

Tellus 50B (1998), 1
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2.5.2. Basic equations. With the nutrient flow
structure described in egs. (9) and the DOC cycle
in eq. (14) we have,

X
F(Cr)=— ;(GP_MP_MZ_MD)

_(PDOC_MDOC)’

F(Ar)=Gp—Mp—M;— Mp. (19a, b)

2.5.3. Boundary conditions. The boundary con-
ditions for C and Ay are given by flux conditions,

Cy 4r\  [(Qc,0)
"\ oz 0z ) T (0,0)
(20a—d)

where Qc, is the flux of CO, at the sea surface.
We consider variables normalized to 35 psu,
implying that we can neglect the influence of the
freshwater flux on the chemical variables.

According to Liss and Merlivat (1986) the flux
of CO, may be written as,

QCT = kw-c02 OCCOZ(pCO;V - PCOQ), (21)
where ky.co, is the transfer velocity for CO,,
tco, 1S the gas solubility for CO, and pCO% is the
partial pressure of CO, in the atmosphere. A
formula for pCO% at station M is obtained by a
harmonic fit,

pCO3 (t)=336.2+ 1.6t +0.72 cos(2nt’)
+6.1 sin(2nt")+0.98 cos(4nt’)
— 1.7 sin(4nt"), (22)

where t'=t—1979, given in years and pCO% is
given in ppm of atmospheric pressure (Drange,
1994).

kw.co, may be described in terms of the wind
speed at 10 m height, W;,, and the Schmidt
number for CO,, Scco, (the ratio of molecular
viscosity to molecular diffusivity for CO,).
Wanninkhof (1992) proposed the function,

660 \'/?
kW_C02:0.31< > Wi,

Cco,

at z=0,

atz=—H,

(23)

where kw.co, is given in cm/h. It should be noted
that other estimates of the exchange coefficient
(Liss and Merlivat, 1986; Woolf and Thorpe, 1991)
have different Sc dependencies for low wind speeds
and are ~30% weaker at high wind speeds.
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To calculate Scco,, we use the temperature
dependent viscosity from CRC Handbook of
Chemistry and Physics 1983—-1984 and the temper-
ature dependent diffusion coefficients for CO, by
Holmén and Liss (1984). The solubility of CO, is
taken from Weiss (1974).

2.5.4. Initial conditions. The initial conditions
are given by: C;=2120 pmol/kg in the upper
200 m and decreases linearly from 2145 umol/kg
at 200m to 2125 pumol/kg at 500m. A;=
2310 pmol/kg for all depths. These numbers are
taken from measurements before the production
starts.

3. Model results and comparison with
measurements

3.1. Station M

The model is run for the year 1991 and the
resulting N, ADOC and Cy at 10 m depth together
with measurement are shown in Fig. 2. The
modeled N describes the observed NO; very well
on the annual basis (Fig.2a). However, con-
sidering that there is some ammonium in summer,
it is possible that the model underestimates N
in summer.

The ADOC agrees well with the measurements
recalculated from Bersheim and Myklestad (1997)
(Fig. 2b), especially when taking into account that
the DOC concentration usually is higher at the
2-10m depth as compared with the 25-50 m
depth (Bersheim and Myklestad, 1997). In 1992,
the DOC concentrations are much higher than
the other years implying that our interpretation
of ADOC may be uncertain. Neglecting the meas-
urements from 1992, the model, possibly,
underestimates the ADOC in the autumn.

The Cr is shown in Fig. 2c and the inclusion of
DOC in the model improves the model-
measurement comparison although the model still
produces too high values of C;. The remaining
deviation may be the result of: (1) a faulty ADOC
dynamics; (2) an erroneous in the C: N ratio for
organic material; (3) an incorrect description of
air—sea flux of CO,.

The formulation of the air-sea gas exchange is
one of the major uncertainties in the model and
the formulation according to Wanninkhof (1992)
is at the higher end of the gas exchange coefficients
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Fig. 2. Model and observations of (a) NO;, (b) ADOC
and (c) Cy at station M. The nitrate observations are
obtained from F. Rey (personal communication), the
ADOC observations are recalculated from measurements
presented in Borsheim and Myklestad (1997). We have
taken the mean value of observations from depth 2, 10,
25 and 50 m minus the mean of observations at the 100
and 200 m depth. The measurements of C; are from
Gislefoss (1994).

(Liss and Merlivat, 1986; Woolf and Thorpe, 1991).
If we use the gas exchange coefficient described by
Liss and Merlivat (1986), the model produces
results that are close to measurements. The final
interpretation is thus sensitive to the choice of
formulation for the gas exchange coefficient.
Assuming that the air-sea gas exchange is
described correctly we may tune the C: N ratio for
organic material to fit measurements. Experiments
with a C: N =9 ratio for organic material decreases
the modeled surface C; by approximately
20 pmol/kg in summer which gives a close agree-
ment with data. However, such detailed interpreta-
tion of the data is vulnerable considering the
uncertainties in the air-sea gas exchange.

3.2. Three profiles from TTO/N AS expedition

There are 3 stations from the TTO/NAS expedi-
tion that are relatively close to station M, namely
stations 143, 144 and 145 (Fig. 1). The temperature
is 3°C lower at the TTO/NAS stations as com-
pared to station M implying that the forcing and
initial conditions must be modified if we use data
from station M to force the model. By setting
0i, =0°C/year, the initial condition 3°C lower and
using a 3°C lower air temperature we reproduce
the temperature profile at the TTO/NAS stations.
The modeled N, ADOC and C; for day 207 on
year 1981 are shown in Fig. 3 with measurements
from the TTO/NAS expedition.

It is notable that the model underestimates the
NOj; concentration in the upper layer, especially
taking into account that the NH, concentration
may be high in summer. Apart from the low values
in the upper layer, the modeled N reproduces the
measurements well.

The modeled C; is, however, again higher than
measurements. Further, the concentrations in the
thermocline are too high. Accordingly, the turbu-
lent diffusion of C; from these levels may be too
high giving too high concentrations in the mixed
layer. The Cy are, however, too high in the upper
100 m which suggests that the main explanation
must be sought in the air—sea gas exchange formu-
lation or in the C:N ratio for organic material.

3.3. Stations in the Nordic seas

How can we analyze the C: N ratio of biological
production from data taken at different locations

Tellus 50B (1998), 1
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from the TTO/NAS stations 143—145. The inclusion of ADOC in the model significantly improves the model results.
The disagreement between model and measurements is within the uncertainty of the description of the air-sea gas

exchange of CO,.

in the Nordic seas? One possibility is to run the
model for each location and interpret data locally.
However, because of the uncertainties introduced
when extracting forcing from atmospheric models,
we have abandoned this possibility at the
present stage.

Another possibility is to investigate the observed
chemical signature, e.g., the property-property plot
of depletion of NO; versus depletion of Cy, with
the signatures of the model. We prefer to work
with depletion of nutrient concentrations and Cy
to remove the spatial variability. The depletion,
denoted with A, is defined differently for measure-
ments and model. For measurements it is defined
as the difference between the observed value minus
the mean value of the measurements between 100—
400 m depth. This calculation is performed for
each individual station. For the model, A is defined
as the modeled value minus the value at 200 m
depth (the figures show the modeled values for
the upper 100 m). The model values are derived
from the profiles in Fig. 3a and some additional
experiments. Note that we treat the model variable
N as NO; which is somewhat incorrect since there
may be some ammonium present as well.
Furthermore, to avoid the low salinity water from
the Greenland current that have a different water
composition (Takahashi et al. 1985) we only use
measurements with salinity greater than 34 psu.

Fig.4a show ANO; versus AC; for the
measurements taken at the TTO/NAS expedition
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together with model results. Observe that the
modeled depletion of Cy is too small below the
30 m level. The case without the air-sea exchange
shows too strong depletion of C; showing that
the final interpretation of data depends on the
strength of the air-sea gas exchange.

To check that the production of CaCO; from
shell building organisms can be neglected, we
show AAr versus ANOj; in Fig. 4b. There are no
major deviations between the model and measure-
ments. The good agreement between data and
model shows that the Greenland current water,
which has a different Ar and C; signature, has
not influenced the surface water in an important
way. Thus, we may conclude that the low salinity
that appears at some of the TTO/NAS stations
probably are the result of melting ice.

Figure 4c shows AC; versus APO, for the
Mosby cruise from 1991. APO, for the model is
defined from ANO; according to the Redfield
ratio. The scatters in the measurements from the
Mosby cruise are significantly higher than the
measurements from the TTO/NAS expedition but
the pattern is similar to that in Fig. (4 a).

The modeled deviations from the Redfield ratio
in Figs. 4a, ¢ are due to, (1) production of ADOC
and (2) air-sea gas exchange of CO,. The present
model configuration indicates that the gas
exchange is somewhat stronger than the consump-
tion of C; from DOC production. However, the
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processes are of similar strength and the produc-
tion seemingly follows the Redfield ratio making
it easy to misinterpretate data.

4. Results and discussion

In this study, we investigate the biological con-
sumption of total dissolved inorganic carbonate
concentration versus consumption of nitrate and
phosphate concentrations in the Nordic seas.
Borsheim and Myklestad (1997) showed that the
DOC concentration may change significantly on
both seasonal and annual timescales at station M.
We conclude that DOC with a high carbon content
must be included into models of the carbon cycle
to explain the draw-down of C; in summer.

The main tool that we use to interpret data
is a physical-biological-chemical model that
is described in Section 2. Furthermore, in
Appendix A, we discuss a simple model for the
labile DOC concentration based on a model for
the DOC cycle and the microbial loop (Taylor
and Joint, 1990).

An important feature of the DOC model is that
microzooplankton can graze on picoplankton. The
presence of picoplankton implies that the micro-
zooplankton can become abundant enough to
significantly reduce the bacterial concentration.
The picoplankton concentration, denoted as ps,
was calculated from the requirement that the
model should reproduce measurements of ADOC.
From the calculation we obtain, pg~0.4 pmol
C/kg and an associated 80% reduction of the
bacterial consumption of labile DOC. The labile
DOC concentration for different values of the
stipulated pg concentration is shown in Fig. 5. The
case with ps=0.5 umol C/kg represent the situ-
ation when bacterial consumption of labile DOC
is zero and the case with pg=0pmol C/kg
describes the bacterial degradation of labile DOC
if microzooplankton can only use bacteria as a
food source. Obviously, the possibility that micro-
zooplankton has an additional food source is very
important for the modeled ADOC, possibly
explaining the high DOC concentrations that are

model with the air-sea exchange shut off. Phosphate
measurements have been used from the Mosby cruise as
there were only few nitrate measurements.
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Fig. 5. The modeled ADOC for different values of the stipulated picoplankton concentration, pg. We see that the
presence of picoplankton can have a dramatic influence on the labile DOC concentration.

found in the summer mixed layer at station M.
However, the fraction, ¢, of the phytoplankton
production that is released as DOC, is also an
important parameter in the ADOC model.
Although not shown, the levels of the ADOC in
Fig. 5 depend almost linearly on the value of ¢.
The inclusion of DOC in the carbon cycle
improves the comparison between the modeled
Cr and measurements. However, there are some
indications, although not conclusive, that there is
an additional draw-down of the C; that we cannot
account for. Possibly, it may be export of particles
with high carbon content that is the result of
(1) selective mineralization or (2) the production
of organic material with high C:N ratio.
Assuming that the gas exchange formulation is
correct (Wanninkhof, 1992) we may perform some
experiments with different C: N ratios for organic
material (Fig. 6). Notably, the experiment with
the C:N=9 ratio is closest to measurements.
However, there are great uncertainties in the for-
mulation of the gas exchange coefficient ham-
pering the comparison between data and model.
With the gas exchange coefficient described by
Liss and Merlivat (1986) no such conclusions on
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the C: N ratio for organic material can be drawn.
Albeit that, a C:N ratio of 9 is commonly found
in the material caught by sediment traps in the
North Atlantic confirming our interpretation of
data (Honjo, 1980; Bathmann et al, 1991;
Buesseler et al, 1992; Honjo and Manganini,
1993). Further, data from the TTO/NAS expedi-
tion shows that the thermocline water in the “Gulf
Stream” part of the North Atlantic have a
AC:AN =9 ratio (Brostréom, 1997).

It is notable that the ADOC in the model decays
faster than measurements suggest. Possibly,
ADOC should be described by two different cat-
egories with different production and consumption
rates. In this study of the upper layer and on a
seasonal timescale the present model works satis-
factorily (we are mainly interested in the accumula-
tion of labile DOC during the summer). However,
if we turn the interest to the annual dynamics and
the possibility that labile DOC may be exported
to the deep water with the winter convection, a
more detailed description of the different ADOC
pools should be introduced.

It has been suggested that the buildup of DOC
in the upper waters during summer can lead to a
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strong transport of organic carbon to deeper
waters during the winter convection (Christensen
et al., 1989; Copin-Montégut and Avril, 1993;
Carlson et al., 1994; Chen et al., 1996). However,
if the convection is not deep enough, say more
than 300 m, the DOC influence is trapped in the
near-surface region that is in contact with the
atmosphere. Of course, there can be some down-
ward diffusion of labile DOC but, probably, it can
never significantly influence the carbon budget
below, say 500 m. In areas of deep water convec-
tion (e.g, the Nordic seas, parts of the
Mediterranean and around the Antarctic) the
summer production of labile DOC may have a
strong influence on the deep water concentration
of DOC (Christensen et al., 1989; Copin-Montégut
and Avril, 1993). With the mineralization of labile
DOC the bottom water total dissolved inorganic
carbonate concentration will inevitably be influ-
enced and by that the global carbon budget.

The chemical composition of deep water suggests
that mineralization of organic material deviates from
the Redfield ratio (Takahashi et al, 1985;
Christensen et al., 1989) although the deviation is
not as large as it is in the upper water column
(Sambrotto et al.,, 1993; Michaels et al., 1994). Thus,
the processes responsible for the non-Redfield

behavior in the upper ocean do not fully penetrate
into the deeper layers. Possibly, DOC production
may be important in the upper ocean but it is only
important for the deep-water Cp in regions with
deep water formation. How mineralization of labile
DOC will influence the C: N: P ratios of deep waters
is, however, not yet clarified.
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Appendix A

In this appendix, we attempt to discuss some
properties of the bacterial consumption of
dissolved organic carbon, DOC. The main point
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is to highlight the importance of picoplankton on
the bacteria abundance.

The DOC and microbial loop model include
the labile DOC concentration, ADOC, bacteria,
B, picoplankton, p, and microzooplankton, mz.
Bacteria utilize ADOC and the microzooplankton
consume bacteria and picoplankton. We include
picoplankton in the model as it is an important
food source for the microzooplankton population.
The microzooplankton population is very import-
ant for the bacteria population which in turn use
the DOC. We do not consider a coupling of the
microzooplankton to the zooplankton in the bio-
logical model, Subsection 2.3, although there
certainly is such a coupling. However, the model
behavior for DOC is not particularly sensitive to
the exact model formulation in this case.

Let us write the following equation for the
change in ADOC,

ADOC

X
F(ADOC)=$Gp >~ —py — "~ B,
( J=00e =8 ADOC

(A1)

where ¢ is the fraction of ADOC produced for each
mol of organic carbon that is produced, Gp is the
production of phytoplankton in nitrogen units,
x:y=106:16 represents the carbon to nitrogen con-
tent of the phytoplankton, yp is the rate at which
bacteria can utilize ADOC, kpoc is the half satura-
tion constant for bacterial utilization of ADOC.
Thus, to describe the bacterial breakdown of ADOC
we must find the bacterial concentration. The bac-
teria concentration can be found from the equation
that describes the microzooplankton population,

(A2)
where 7y, is the microzooplankton grazing rate,
&m, reflects the microzooplankton egestion, we

assume that the grazing rate is proportional to
both bacteria and picoplankton, finally, u,,, is

f(mz) = ( - gmz)ymz (B + p) mz— pp,,MZ,

the metabolic and grazing losses from the
microzooplankton population.

We may assume that the microbial loop is in a
quasi-stationary state during the productive
season (Taylor and Joint, 1990), i.e., a state where
one or more of the time derivatives in the model
equations have lost their influence. An example is
provided by the early summer after the initial part
of the spring bloom. During this phase the biolo-
gical model presented in Subsection 2.3 has fairly
constant phyto- and zooplankton concentrations
while the nitrate concentration decreases mono-
tonously. In the quasi-steady state, the phyto- and
zooplankton concentrations are set by internal
relations in the equations and are unaffected by
the history.

If the biological model is in a quasi-steady state
it is reasonable to assume that the microbial loop
is in a quasi-steady state as well. To find how the
abundance of picoplankton may influence the
predicted bacterial concentration we consider
the picoplankton concentration as an externally
described parameter with concentration pg.
Accordingly we drop the time derivative in egs.
(A2) and put p=pg. Then solving the equation
for B,

Hmz

B= —tmz
(1 _sz)ymz

—Ds- (A3)

Obviously, B is very critical to the stipulated
picoplankton concentration. The possibility to
graze on picoplankton can make the zooplankton
abundant enough to reduce the bacterial pool.
With low bacterial concentrations, the consump-
tion of DOC will be small allowing a buildup of
DOC in the water.

If B is known according to eq. (A3), we also
know the bacterial consumption of DOC whereby
the model for DOC is complete.

Table 3. Constants in the DOC and microbial loop model

Constant Meaning Value

¢ fraction of DOC produced for each unit of organic C that is produced 0.15

HUaDOC bacterial degradation of DOC 0.25 pmol/kg day
VB growth rate for bacteria 2 day~!

kpoc half-saturation constant for bacteria growth on DOC 1 umol/kg

Vmz microzooplankton growth rate 2 day!

Emz efficiency of microzooplankton feeding on bacteria and picoplankton 0.5

Lmg microzooplankton metabolism and grazing 0.5 day !
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