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[1] We used a physical-biogeochemical model to examine the sensitivity of biogenic

carbon export to ocean climate in the Labrador Sea, a subpolar, deep-water formation
region. Documented changes in winter mixed layer depth between the late 1960s
and the mid-1990s were used to construct scenarios of weak, moderate, and strong
winter convection that drive the biogeochemical model. The model simulations suggest
that the total biogenic carbon export (particle sinking flux + DOC export) is higher
under strong winter convection (e.g., during the early 1990s) than under weak winter
convection (e.g., during the late 1960s), by 70% axcross the 200-m isobath and nearly
double at 500 m and 1000 m depth. These large variations in total biogenic carbon export
are essentially due to the response of DOC export to ocean climate conditions. Sensitivity
analyses indicate that the variations in DOC export from the euphotic zone are due to
the impact of the convection regime on the development of the microbial food web and on
the bacterial consumption of DOC in surface waters. Although DOC downward fluxes
within the mesopelagic zone (below 500 m) are largely controlled by physical
processes, the effect of convection on microbial dynamics can potentially amplify the
year-to-year variations in the transport of DOC to the deep ocean due to
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1. Introduction
[2] In subpolar oceans such as the Labrador Sea, dissolved and particulate biogenic carbon is transported to the
deep ocean during deep convection in winter [Hansell and
Carlson, 1998; Le Quéré et al., 2000]. Simulation models
and field studies suggest that the Labrador Sea is an
important sink of anthropogenic CO2 [Tans et al., 1990;
Takahashi et al., 1995], accounting for 8 – 19% of the global
deep carbon sequestration [Tait et al., 2000]. Energetic
vertical mixing in subpolar oceans during winter can advect
nutrients to surface waters, leading to high rates of biological productivity and subsequent downward transport of
1
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organic carbon [Moore et al., 2002]. However, the intensity
of wintertime deep convection is subject to climate variations, which can subsequently generate variability in biological production and biogenic carbon export [Gruder et
al., 2002].
[3] The climatic conditions over the Labrador Sea are
strongly linked with the North Atlantic Oscillation (NAO),
an atmospheric mode of variability which is generally
described by the winter NAO index based on the difference
of normalized atmospheric pressures between Lisbon, Portugal, and Stykkisholmur, Iceland [Hurell, 1995]. Warmer
weather over the Labrador Sea and the northwest Atlantic
occurred during the late 1960s when the mean value of the
NAO index was 1.78, whereas cold weather prevailed this
region for the period 1990– 1995 with an average NAO
index of approximately +3 [Hurrell, 1995; Dickson et al.,
1996]. The warm weather in the late 1960s was associated
with the Great Salinity Anomaly over the subpolar gyre in
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the North Atlantic, representing 1.4 m of fresh water at the
ocean surface [Dickson, 1995]. The warm weather, combined with the Great Salinity Anomaly, completely changed
the hydrodynamics of the water column [Dickson, 1997].
The winter convection depth in the Labrador Sea was
restricted to the upper 200 m during three consecutive
years, 1969 – 1971 [Lazier, 1980], whereas it penetrated to
2300 m in the winter of 1992 [Lazier, 1995] and 1750 m in
1995 [Lilly et al., 1999].
[4] We take advantage of this natural variability to force a
model of ecosystem and biogeochemical flows to investigate
the sensitivity of the downward export of biogenic carbon to
changes in winter convection and surface water temperature.
This modeling analysis was conducted with physical data
collected at Ocean Station BRAVO in the central Labrador
Sea (56300N, 52300W) during warm (1966 – 1973) and
cold (1991 – 1995) periods. The simulations were verified
against biological/chemical data collected over both periods.
The detailed methodology, the relative importance of various
biogenic carbon export fluxes, and their stoichiometric
characteristics are presented in a related paper [Tian et al.,
2003]. We focus here on the interannual and interdecadal
variations in particle sinking flux and DOC detrainment and
their sensitivity to changes in ocean climate.

2. Methods
2.1. General Structure of the Model
[5] The structure, parameterization and parameter values
of the model have been described in detail in previous papers
[Tian et al., 2000, 2001]. The model consists of ten state
variables and explicitly integrates the microbial food web
(bacteria, small, i.e. <5 mm phytoplankton, microzooplankton, dissolved organic matter (DOM) and suspended detritus) with the mesoplankton food web (large, i.e. >5 mm
phytoplankton, mesozooplankton >200 mm and large sinking
particles). The growth rates of both large and small phytoplankton are controlled by photosynthetically active radiation (PAR), temperature and the concentration of inorganic
nitrogenous nutrients (i.e. nitrate and ammonium), and
phytoplankton losses are controlled by grazing, exudation
of DOM, senescence, aggregation and sinking. Carbon
export fluxes include both the sinking of particles as well
as the export of dissolved organic carbon by convective
mixing.
2.2. DOM-Bacteria Interactions
[6] Parameterization of bacterial uptake of DOM was
based on work by Bissett et al. [1999]. The C:N ratio has
been suggested as an indicator of the freshness and bioavailability of particulate organic matter [Newton et al.,
1994; Loh and Bauer, 2000; Nodder and Northcote, 2001].
Accordingly, we linked the half saturation concentration
(HDOM) to the C:N ratio to capture the bioavailability of
labile, semi-labile and refractory DOM through an exponential relationship,
HDOM ¼ HDOM 0 eaHCN C:NDOM ;

ð1Þ

where HDOM0 is a constant representing the Y-intercept of
this exponential function (0.1 mmol C m3) and aHCN is the

exponential slope between the half saturation concentration
and the C:N ratio of DOM (0.3, dimensionless). These
parameter values were determined to provide reasonable
end-points to the bioavailability of DOM as a function of
the molar C:N ratio. At a molar C:N of 6.6 and with these
parameter choices, equation (1) results in a half-saturation
constant of 0.7 mmol C m3, implying very fast bacterial
utilization of the DOM. At a molar C:N ratio of
27.5, equation (1) gives a half-saturation concentration of
383 mmol C m3, which inhibits the uptake of DOM in the
model. This C:N ratio is typical of the refractory DOM
observed to accumulate in deep water across decadal
timescales at HOTS (Hawaii Ocean Time series Station
[Church et al., 2002]).
[7] In the model, DOM is produced from phytoplankton
exudation and zooplankton feeding losses (e.g., sloppy
feeding and excretion). The DOM released from phytoplankton was assumed to have the same C:N ratio as their
originating biological pools (i.e., Redfield ratio [Ogawa et
al., 1999; Carlson et al., 2000]). This can be a simplification
because DOC and DON may be uncoupled during their
release [Søndergaard et al., 2000]. Owing to the high
bioreactivity of the newly released dissolved organic matter
which is rapidly recycled in surface waters, these short-term
variations in the C:N ratio have little impact on the C:N ratios
of exported materials [Bury et al., 2001; Kahler and Koeve,
2001]. On seasonal and annual timescales and particularly
with respect to vertical fluxes, our assumption is plausible.
[8] The C:N in DOM from zooplankton feeding losses
depends on the C:N ratio of prey, the C:N ratio of predator,
and the gross growth efficiency of zooplankton. On the
basis of nitrogen balance, the C:N ratio of DOM from
zooplankton feeding losses is computed as the inverse of
N:C ratio,
ðN : C Þloss ¼



ð N : C Þprey eð N : C Þpred
;
1e

ð2Þ

where e is the carbon gross growth efficiency of meso- or
microzooplankton and the subscripts indicate the N:C ratios
of feeding losses, prey and predators [Landry, 1993]. After
formation, the C:N ratio of DOM changes with time through
selective remineralization by bacterial uptake and respiration [Legendre and Rassoulzadegan, 1995; Hoch and
Kirchman, 1995; Benner et al., 1997; Libby and Wheeler,
1997]. On the basis of work by Bissett et al. [1999], when
DON can satisfy the N demand of bacteria (deduced from
the C:N ratio of DOM), the ratio of bacterial remineralization between DOC and DON is the same as the bacterial
C:N ratio (5.1 in moles, lower than that of DOM). As
relatively more DON is remineralized than DOC, the C:N of
DOM increases and bioavailability decreases as a function
of bacterial activity and time. When DON cannot satisfy the
N demand of bacteria, NH4+ is taken up and the ratio of
bacterial remineralization between DOC and DON is
between the C:N of bacteria and that of DOM, which still
leads to a reduction in bio-availability, albeit more slowly.
2.3. Physical Forcing
[9] The biological model was driven by hourly solar
radiation (computed [Tian et al., 2000]), by surface water
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early 1990s. The buoyancy flux was calculated from mean,
monthly, net heat fluxes at the sea surface for each simulated
year (http://ingrid.ldgo.columbia.edu). This model only
represents a first approximation to the level of vertical
convection. However, we applied the model in a diagnostic
mode with field CTD data that included the effects of salinity
fluctuations, and the influence of horizontal advection and
precipitation (i.e., incorporated in the determination of h
from temperature and salinity profiles).

Figure 1. Winter (January through March) sea-air net heat
flux anomaly (positive from the ocean to the atmosphere)
from 1966 through 1973 and the average between 1990 and
1995. Intermediate heat flux anomaly from 1966 to 1968
and in 1973 (70 to 75 W) corresponds to moderate
convection (mixed layer depth MLD = 310– 1000 m). Low
heat flux anomaly from 1969 to 1971 (108 to 63 W)
generated weak convection (MLD = 150– 200 m) and high
heat flux anomaly in 1972 and during the early 1990s (90 to
156 W) created strong convection (MLD = 1500 –2300 m).
Net heat flux was downloaded from http://ingrid.ldgo.
columbia.edu, and the mixed layer depth was determined
from CTD profiles [Shuhy, 1969, 1974].
temperature (field measurements), and by vertical mixing.
The vertical mixing coefficient (K(z)) for the surface mixed
layer was computed by a diagnostic model,
K ð zÞ ¼ að BhÞ1=3 ;

ð3Þ

where a is a constant, B is the buoyancy flux at the sea
surface, and h is the surface mixed layer depth [Raach and
Etling, 1998; Steffen and D’Asaro, 2002]. The surface
mixed layer depth h was defined as the depth over which
temperature and salinity were essentially constant [Lazier,
1980]. By setting a to 1, we were able to generate vertical
mixing coefficients of 1700– 2300 m2 d1 during weakconvection periods and 4400 – 6600 m2 d1 during strong
convection periods which fall within the range of field
observations (i.e., 2000 – 8000 m2 d1 [Lilly et al., 1999]).
The buoyancy flux at the sea surface was determined by
B¼

g @r
ga
¼ 2 Q;
rs @t rs Cp

ð4Þ

where g is gravitational force (9.8 m s2), rs is surface water
density, s is the thermal expansion coefficient of
seawater (0.23 kg m3 C1), Cp is the specific heat
of seawater (4.088  103 J kg1 C1), and Q is net heat
flux at the sea surface (Figure 1). Because of the limited
number of vertical profiles available over the early 1990s
(i.e., 44, versus 776 profiles from 1966 to 1973 [Shuhy,
1969, 1974]), we constructed an ‘‘average’’ scenario of
mixed layer depth and surface water temperature for the

2.4. Simulation Verification With Field Observations
[10] Vertical profiles of chlorophyll concentrations (n = 11),
mesozooplankton (n = 3), nitrate (n = 11), ammonium (n = 2),
bacteria (n = 8), and DOC (n = 2) and estimates of phytoplankton biomass based upon Continuous Plankton Recorder
(CPR) data, were used to verify the biological model (Figure
2). Profiles of chlorophyll, nitrate, bacteria, and DOC were
collected during the late 1990s ( W. K. W. Li, personal
communication, 2002). Ammonium and CPR data were
extracted from the literature [Maclaren Atlantic Ltd., 1976;
Irwin et al., 1986, 1989, 1990; Myers et al., 1994]. The 2
DOC profiles from Station Bravo (Figures 2i and 2j;
P. Kepkay, personal communication) allowed us only to
verify the shape and magnitude of the simulated DOC
concentration profile.
[11] The seasonal cycle of DOC vertical distribution was
also compared to 11 DOC profiles collected at Station
DYFAMED located in the Western Mediterranean (Figure 3
[Copin-Montegut and Avril, 1993]). The DYFAMED data
set is the only time series data of DOC available for deepwater formation regions. Given the diversity of the biological data, collected from the late 1960s (e.g., CPR data) to
the late 1990s (e.g., DOC and bacteria data), the constructed
seasonal pattern in biological dynamics only represent an
averaged scenario over a multiyear timescale. However, the
model was forced by physical data specific to each period.
Our primary goal here is to analyze the sensitivity
of biogenic carbon export to changes in ocean-climate
conditions.
[12] The model broadly reproduced both the observed
seasonal cycle of phytoplankton biomass (Figure 2a), and
the vertical structures of bacteria (Figures 2b– 2h) and DOC
(Figures 2i and 2j). The bloom lasted from May until July
with the maximum biomass of 19 g C m2 during late June
(equivalent to 380 mg Chl m2; Figure 2a), Apparently, the
model overestimated bacterial biomass in deep layers.
Owing to low temperature year round in deep waters, the
model generated low bacterial activity in deep layers so that
the overestimated bacterial biomass unlikely resulted in
important bias in DOC distribution. Although the observed
distribution of DOC in the water column appears more
complex than that simulated, the general patterns of seasonal cycles in DOC distribution are comparable between
observations and simulations (Figure 3). Observations made
in the Mediterranean Sea and our simulations both show
DOC production and an accumulation during spring and
summer, a reduction through bacterial remineralization in
autumn and the export of the residual DOC during winter
convection. In the central Labrador Sea region, DOC
concentration in the top 10 m generally varies between 48
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Figure 2. (a) Measured (symbols) and simulated (lines) phytoplankton biomass integrated over the
euphotic zone. Simulations are total, large (>5 mm) and small (<5 mm) phytoplankton biomass, and data
are total phytoplankton biomass from recent (1990 – 1998) cruises (open circles; W. K. W. Li, personal
communication, 2002), Continuous Plankton Recorder (CPR; points) [Myers et al., 1994], and previous
studies (stars [Maclaren Atlantic Ltd., 1976; Irwin et al., 1986, 1989, 1990]. CPR data were used to
assess the relative abundance of phytoplankton; biomass was estimated by a correlation between values
of the CPR color index and the chlorophyll data collected during recent years; (b – j) Examples of
measured (open circles) and simulated (solid line) profiles of bacteria and DOC. Note that there are two
measured profiles in Figure 2c from 1997 (stars) and 2000 (circles).
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Figure 3. Seasonal dynamics of DOC observed in 1992 at the DYFAMED station in the western
Mediterranean Sea [Copin-Montegut and Avril, 1993] and simulated for the early 1990s at station
BRAVO in the central Labrador Sea. Both show DOC production and accumulation during the summer
productive season, decrease in DOC concentration in late fall, and export during winter convection.

and 62 mM during May and rises to between 65 and 90 mM
in October (P. Kepkay, personal communication, 2002).
This matches relatively well with the DOC accumulation
simulated by the model over the same period (Figure 3).
Recent measurements from sediment trap deployed at the
Bravo Station in 2001 resulted in a particle sinking flux of
2 g C m2 yr1 at 1000 m (G. Harrison, personal communication, 2003), comparable with the simulated results
ranging from 2.1 to 2.8 g C m2 yr1 (Table 1). Moreover,
the model has been thoroughly tested using time series data
from high-latitude environments [Tian et al., 2000, 2001].
Previous studies have shown that the model accurately
reproduces seasonal changes in biomass, food web structure
and export fluxes.
2.5. Multiyear Simulations and Sensitivity Analysis
[13] After verifying the 1990s run with the available
biological data (i.e., the standard run), we ran the model
for several annual cycles using the climate forcing data from
1966. During these runs, the final value of each of the ten
state variables at the end of each of the annual simulation
(i.e., the concentrations on day 365) were used as initial
concentration (i.e., concentrations on day 1) of that state
variable at the beginning of the subsequent annual cycle.
This initialization procedure was repeated until a stationary
annual cycle was attained. This was done to ensure that
interannual variability in the simulated output was not due
to numerical instability in the model. Finally, the model was
run continuously for the period from 1966 to 1973 with the
climate forcing data specific for each of the 8 years. The
model outputs are summarized into integrated annual values
(Table 1) and correlated with the mixed-layer depth and

NAO index through principal component analysis (see
Figure 5 in section 3).
[14] The vertical export of DOC can be controlled by both
biological (i.e., microbial utilization) and physical (i.e.,
convective mixing) factors and the interactions between
them. We then conducted sensitivity analyses to assess the
relative importance of temperature and convective mixing to
microbial activity and the impact of the microbial food web
on POC and DOC export. To examine the relative importance of temperature and mixing, we sequentially substituted the higher temperatures and shallow convective
mixing regime observed in 1969 into the standard run (i.e.,
a period of low temperatures and deep convection). To
examine the impact of changes in microbial food web activity
on biogenic carbon cycling and export, we increased bacterial growth rate by 25% in the standard run while holding
all other parameters and forcings constant. Bacterial utilization of DOC was also removed from the model to determine
the importance of winter convection in DOC export
without interference with microbial activities (Table 1).

3. Results
[15] Simulated primary production ranges from 117 g C
m2 yr1 to 166 g C m2 yr1 across all simulations
(Table 1). This range is similar to remote sensing estimates
for this region (i.e., 100 –140 g C m2 yr1 [Antoine et al.,
1996; Behrenfeld and Falkowski, 1997]). The simulated
annual f-ratio, which represents the proportion of primary
production supported by nitrate, ranges from 0.48 to 0.60
across all simulations. These simulated values are slightly
higher than the estimate of 0.47 based upon nutrient and
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Table 1. Range (Minimum – Maximum) of Simulated Biological Production for Different Food Web Components in the Euphotic Zone
and the Biogenic Carbon Export (g C m2 yr1) in the Water Column Under Different Winter Convection Regimes
Strong
Convection
(cold)

Moderate
Convection
(intermediate)

Period, years

1972,
1990 – 1995

Winter convection Depth, m
Convection Coefficient, m2 d1
NAO Index

Weak
Convection
(warm)

(a)

(b)

1966 – 1968,
1973

1969 – 1971

CV

1969
Temperature

1969
mixing

1500 – 2300
4400 – 6600
0.3 – 5.0

300 – 1000
2400 – 4400
1.0 – 2.5

150 – 200
1700 – 2300
1.0 – 4.9

92
51
–

2300
6600
3

150
1700
3

Large cell production
Small cell production
Bacteria production
f-ratio of large cells
f-ratio of small cells
Sinking flux
DOC export
C:N in DOM export
C:N in POM fluxes
NO+3 flux (mol N)

64 – 69
53 – 58
19 – 20
0.79 – 0.83
0.33 – 0.35
22 – 24
28 – 43
11 – 12
7.0
0.67 – 0.73

72 – 78
62 – 87
22 – 27
0.74 – 0.78
0.31 – 0.33
23 – 27
26 – 33
12 – 13
6.9 – 7.0
0.69 – 0.73

Euphotic Zne
57 – 67
9
66 – 99
21
23 – 29
14
0.76 – 0.78
7
0.28 – 0.30
6
24 – 29
10
20 – 28
27
13 – 14
7
6.8 – 6.9
1
0.60 – 0.74
9

+6%
+5%
+6%
5%
5%
+2%
+3%
+2%
0%
+2%

Sinking flux
DOC flux
C:N in DOM export
C:N in POM export
NO+3 flux (mol N)

12.5 – 14.5
19 – 30
12 – 14
7.1
0.39 – 0.70

13.7 – 16.3
13 – 20
13 – 14
7.1
0.34 – 0.53

Fluxes at 200 m
14.7 – 17.2
9
5–7
55
14 – 16
9
6.9
1.3
0.12 – 0.15
55

Sinking flux
DOC export
C:N in DOM export
C:N in POM fluxes
NO+3 flux (mol N)

4.4 – 4.8
18.0 – 24
12.0 – 15
8.3
0.16 – 0.24

4.8 – 4.9
6.9 – 18.0
13.2 – 14.3
8.2 – 8.3
0.08 – 0.25

Sinking flux
DOC flux
C:N in DOM export
C:N in POM fluxes
NO+3 flux (mol N)

2.7 – 2.8
0.2 – 2.8
15 – 17
9.3 – 10.3
0.03 – 0.1

2.6 – 2.8
0 – 0.8
17 – 24
10.0 – 10.3
0.01 – 0.05

Sensitivity Analysis Based on 1990s Run
(c)

(d)

(e)

mb + 25%

mb = 0

1969 mixing;
mb = 0

2300
6600
3

2300
6600
3

150
1700
3

1%
+65%
+41%
+3%
9%
+26%
13%
+8%
2%
15%

18%
+52%
+58%
+1%
20%
+11%
71%
+10%
1%
18%

+4%
56%
100%
+22%
+56%
4%
+26%
19%
+1%
+8%

+16%
51%
100%
+20%
+54%
+11%
+24%
26%
+1%
+7%

+1%
+4%
2%
+1%
+1%

+25%
64%
+6%
3%
61%

+5%
81%
+4%
2%
27%

+3%
+35%
8%
+1%
+6%

+16%
40%
16%
+1%
61%

Fluxes at 500 m
4.3 – 4.8
6
5.4 – 6.0
111
14.3 – 16.2
9
7.6 – 7.9
3
0.0
99

+3%
+10%
5%
+3%
+1%

+6%
99%
+5%
5%
100%

4%
99%
+5%
4%
37%

+6%
+46%
6%
+6%
+5%

+17%
98%
91%
+5%
98%

Fluxes at 1000 m
2.1 – 2.4
6
0
111
20 – 24
17
8.9 – 9.9
5
0.01
124

+3%
+10%
6%
+3%
88%

+6%
99%
+5%
+5%
99%

4%
99%
+21%
0%
41%

+15%
+300%
10%
+5%
+8%

+16%
100%
0
+8%
98%

Winter convection depth was defined as the depth over which temperature and salinity were constant. Results of sensitivity analyses on the 1990s
standard run are also shown as percent change from value in standard run. For (a) and (b), we substituted the convection and temperature forcing from
1969 (weak convection) into the 1990s run (strong convection) (see text for details). For (c), we increased bacterial growth rate at 0 C (mb) by 25% (from
0.07 to 0.0875 d1). For (d) and (e), we removed the bacterial utilization of DOC, but with strong (d) and weak (e) winter convection, respectively; CV is
the Coefficient of Variation across all convection regimes. -: No value.

dissolved oxygen data from the region [Louanchi and
Najjar, 2001]. The simulated seasonal cycles of phytoplankton biomass are similar under weak and strong convection regimes (Figure 4). However, the peak
phytoplankton biomass during the spring bloom is slightly
higher and occurs 20 days later under strong winter
convection (Figure 4c). The simulated maximum phytoplankton biomass ranges from 17 to 19 g C m2 under
strong winter convection, whereas it ranges from 13 to
14 g C m2 under weak winter convection.
[16] Our simulations suggest that the annual production of
microbial food web is more sensitive to ocean climate than
that of the mesoplankton. For example, the annual production of small phytoplankton ranges from 53 to 58 g C m2
yr1 under strong winter convection, whereas it ranges from
66 to 99 g C m2 yr1 under weak winter convection
(Table 1). Also, the mean annual production of bacteria is

33% higher on average under weak winter convection than
under strong winter convection. In contrast, large cell
production is relatively stable, with a coefficient of variation
(C.V.) of 9% over all simulations, compared to small cell
production with a C.V. of 21% and bacterial production
with a CV of 14%.
[17] Similarly, DOC export is more variable than particle
sinking flux (Table 1). Under strong winter convection,
DOC export from the euphotic zone is 57% higher than
particle sinking flux whereas the two modes of export are of
comparable magnitude under weak convection. The simulated C:N ratio of exported DOM varies from 11 to 14
across all convection regimes while that of sinking particles
is nearly constant at 6.8– 7.0. The convection-driven variability in DOC export increases with depth, with the C.V.
increasing from 27% at the bottom of the euphotic zone to
over 100% in deep layers, whereas the C.V. of particle
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Figure 4. Simulated total phytoplankton biomass in the euphotic zone from 1966 through 1973 and in
the early 1990s to show the variability in the magnitude and timing of phytoplankton seasonal cycles in
response to convection scenarios.
sinking flux remains <6% from the surface to deeper layers.
At 200 m depth, the total biogenic carbon export (particle
sinking flux + DOC export) is higher by 16 g C m2 yr1
under strong convection than under weak convection,
representing 52% of the average over all the simulations.
Similarly, at 500 m depth, the total biogenic carbon export is
15 g C m2 yr1 higher under strong than under weak
convection, amounting to 90% of the average. These large
variations in total biogenic carbon export are essentially due
to the response of DOC export to ocean climate conditions.
[18] A principal component analysis of model output
indicates that microbial production (small phytoplankton,
microzooplankton, and bacteria) is inversely related to the
mixed-layer depth and the winter NAO index on the first
principal component axis, which accounts for 58% of the
variance in the data (Figure 5). Large phytoplankton exhibits less sensitivity to the mixed-layer depth and the winter

NAO index and is moderately independent from variations
in the microbial food web. Mesozooplankton and sinking
flux are located between large phytoplankton and the
microbial food web, implying that they are sustained by
both large cells and microbial organisms. DOC export
shows a positive relationship with the mixed-layer depth
and an inverse relationship with the microbial food web.
[19] Sensitivity analysis shows that simulated variations
in microbial food web activity are primarily associated with
changes in the convection regime, and that altering temperature over the natural range (i.e., 1C higher in 1969 than in
the early 1990s) has relatively little impact on euphotic zone
carbon cycling or biogenic carbon export (Table 1, sensitivity analyses ‘‘a’’ and ‘‘b’’). When the bacterial growth
rate is increased by 25% in the model, particulate biogenic
carbon export changes by 5%, whereas DOC export
declines by 81% at 200 m and 99% at 500 m (Table 1,
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rial consumption of DOM is removed from the model. At
1000 m depth, the changes in DOC export flux reach
+300% and 100% under the two different convection
regimes, respectively. The model thus suggests that while
the DOC export from the euphotic zone is regulated by
bacterial consumption, the transport of DOC to deep waters
is controlled by winter convection strength.

4. Discussion

Figure 5. Principal component analysis of ocean climate
parameters, biological productions, and fluxes of biogenic
carbon export across the bottom of the euphotic zone.
Factor 1 (F1) represents 58% and factor 2 (F2) accounts for
21% of the total variance, respectively. Bac: bacterial
production; DOC: DOC export from the euphotic zone;
DOC2: DOC export flux at 200 m; LP: large cell
production; MeZ: mesozooplankton production; MiZ:
microzooplankton production; MLD: winter mixed layer
depth; NAO: North Atlantic Oscillation Index; NO+3: nitrate
supply to the euphotic zone; SF: sinking flux across the
bottom of the euphotic zone; SP: small cell production.

sensitivity analysis (c)). The 25% increase in growth rate
results in a 58% increase in bacterial production (Table 1),
which leads to the consumption of more DOC in the
euphotic zone and a smaller pool of DOC at the end of
the growing season and decreased DOC export (Figure 6).
[20] When bacterial consumption of DOM is removed
from the model (Table 1, sensitivity analyses ‘‘d’’ and ‘‘e’’),
small cell production is decreased and the corresponding
f-ratio is increased by over 50% under both strong (sensitivity analysis ‘‘d’’) and weak winter convection (sensitivity analysis ‘‘e’’). DOC export from the euphotic zone is
increased by a similar magnitude relative to the standard
run under both convection regimes, by 26% under strong
winter convection, and by 24% under weak winter convection. Thus the large differences in convective activity
alone lead to only a small 8% change in DOC export
between strong and weak convection regime. The DOC
export from the euphotic zone appears thus to be controlled
by the bacterial consumption. Changes in large cell production (<16%) and particle sinking flux (<11%) are much
less than those in small cell production and DOC export
when bacterial consumption of DOM is removed from the
model.
[21] However, the export of biogenic carbon export to
deep layers shows different responses to microbial activities
and winter convection compared to the export from the
euphotic zone. At 200 m depth, for example, the DOC
export increases by 35% under strong convection but
decreases by 40% under weak convection when the bacte-

[22] Our model suggests that the relationship between
ocean climate conditions and biogenic carbon export
involves a series of complex interactions between physical
and biological dynamics. The simulated results show that
the mesoplankton food web and particle sinking fluxes are
relatively stable between strong and weak winter convection
in the central Labrador Sea, whereas the microbial food web
and DOC export are much more sensitive to ocean climate
conditions.
[23] Our simulations suggest that large cells depend
primarily up on NO+3 uptake with an f-ratio ranging from
0.74 to 0.83. The low sensitivity of large cell production and
particle sinking flux to ocean climate results from the low
interannual variability in NO+3 supply to the euphotic zone.
Our model predicts that the nitrate supply to the euphotic
zone is not linearly related to rates of vertical convection;
rather it is a function of the rates of remineralization and
nitrification in subsurface waters in the Labrador Sea.
Nitrate generation from remineralization and nitrification
in the 100 to 200 m and 100 to 500 m depth ranges,
respectively, accounts for 51% and 74% of the nitrate
supply to the euphotic zone on average across all simula-

Figure 6. Sensitivity analysis to assess the influence of
microbial activity on DOC dynamics. We increased the
bacterial growth rate at 0 C from 0.07 d1 in the standard
run to 0.0875 d1 (i.e., the mb + 25% run) while holding all
other model parameters and forcings constant (sensitivity
analysis ‘‘c’’ in Table 1). The results show a reduction in
DOC stocks by 65% (without the preformed refractory
fraction) and in DOC export at 200 m by 81% compared to
the standard run. The standard run represents the conditions
under strong winter convection (typical of the early 1990s;
see text). The minimum scale (4 mole C m2) represents the
refractory DOC.
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Figure 7. Sensitivity analysis to assess the influence of
winter convection on bacterial biomass integrated over the
euphotic zone. The vertical convection in the standard run
was replaced by that of the 1969 run while holding all other
model parameters and forcings constant (sensitivity analysis
‘‘d’’ in Table 1). The results show higher bacterial biomass
in the euphotic zone under weak winter convection than
under strong winter convection.

tions. These sub-euphotic zone processes of remineralization and nitrification buffer interannual variations in the
upward flux of nitrate and the rate of new production.
[24] Vertical mixing also influences the time-averaged
exposure of phytoplankton cells to light. Strong vertical
mixing can bring more nutrients from deep water into the
euphotic zone, thus enhancing primary production, and also
reduces the average irradiance that phytoplankton are
exposed to which can lead to a decrease in primary
production by transporting cells below the critical depth.
The relationship between mixing and primary production
can be characterized by the ratio of the thickness of
Sverdrup’s critical layer hc and the mixed layer depth hm
at the end of winter [Dutkiewicz et al., 2001]. In tropical and
subtropical regions where hc/hm  1, strong mixing enhances
primary production by increasing the rate of nutrient supply.
1 in early spring, the
In subpolar regions where hc/hm
sensitivity of primary production to the vertical convection
of nutrients is much lower, and increased mixing can lead to
lower phytoplankton abundance and primary production due
to light limitation. This is indicated by the delayed start of
the spring/summer phytoplankton bloom under strong
convection (Figure 4).
[25] In contrast, the microbial food web is very sensitive to
ocean climate in the model. With respect to bacteria, vertical
convection does not affect any controlling parameters in the
model (e.g., growth rate and respiration). Convection
strength acts by redistributing biomass in the water column
and by determining initial conditions at the end of the
convection period, prior to the growth season. With all other
physical forcings and biological controlling parameters held
constant, strong winter convection results in a simulated
bacterial biomass in the euphotic zone less than half than that
under weak winter convection at the end of the convection
season (Figure 7). Bacterial biomass continues to grow
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slowly through much of the winter season under weak
convection, whereas it declines under strong convection.
The post-convection dynamics in bacterial biomass in the
euphotic zone are similar under both convection regimes.
The lower mean annual bacterial biomass under strong
convection results mostly from the lower starting point for
growth between early spring and late autumn.
[26] In the model, DOM is mainly produced through
phytoplankton exudation and remineralized through bacterial activity. Enhanced microbial activities under weak
convection result in greater consumption of dissolved
organic carbon in surface waters. Although DOC export
to the deep ocean relies on deep convection, the microbial
regulation on the quantity of DOC available for export is
important in determining DOC export fluxes. A relatively
small change in DOC export from the euphotic zone can
result in relatively large variations in DOC export flux in the
mesopelagic zone. In the sensitivity analysis ‘‘d’’ in
which bacterial consumption was removed from the model
(Table 1), an increase in DOC export from the euphotic
zone by 26% tripled DOC export at 1000 m depth under
strong winter convection.
[27] Model outputs depend on the parameterization in the
model. The DOC biogeochemical dynamics are certainly
more complex than that a simulation model can parameterize. DOC can be released through phytoplankton exudation,
cell lysis, zooplankton feeding losses, dissolution of fecal
pellets, and other suspended particles [Noji et al., 1999;
Urban-Rich, 1999; Doval et al., 2002]. Physical stress such
as nutrient limitation, temperature, salinity, pH, and light
may lead to unhealthy cells and increasing DOC production
[Kepkay, 2000]. In our model, DOC production is only
linearly linked to phytoplankton biomass and zooplankton
ingestion, without specific environmental forcing.
[28] The bioavailability of DOC and its temporal evolution remain poorly understood. The bulk DOC pool has
been operationally separated into labile, semi-labile, and
refractory portions [Carlson et al., 1994]. Labile DOC is
highly bioavailable and turns over on timescales of hours to
days. Semi-labile DOC is less bioavailable and turns over
on seasonal and annual timescales. Refractory DOC is
almost not bioavailable and turns over on millennial timescale. In our model, the C:N ratio is used as an index of the
bioavailability of DOM. According to the 1990s standard
run, the overturning time of DOM ranges from 13 hours to
10 days in surface waters, 4 months at 200 m, and one and
a half years at 1000 m (the overturning timescale of DOM
was estimated by the quotient of DOM concentration over
bacterial consumption). The refractory DOM in the model
was simulated by a threshold below which DOM is not
bioavailable.
[ 29 ] Labile DOC generally represents <35%, while
refractory DOC accounts for 40– 80% of the total DOC
pool [Mopper et al., 1991; Kepkay, 2000]. According to the
1990s standard simulation, labile and semi-labile DOC
together ranges from 3% during the winter convection
season to 51% during the summer-autumn productive
season with an annual average of 24% of the total DOC
pool in surface waters. It is not well known however, which
part of the newly formed DOC is labile, semi-labile, or
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refractory. Some abiotic processes have been proposed in
the formation of refractory DOC, such as aging, humification, reactions of newly formed with refractory DOC
[Hatcher and Spiker, 1988; Keil and Kirchman, 1994;
Amon and Benner, 1996] and condensation of exopolymer
colloidal carbohydrates [Mopper and Kieber, 2000]. Bacteria also can produce refractory DOC [Tanoue et al., 1995;
Suzuki et al., 1997; McCarthy et al., 1998] or selectively
remineralize bioreactive compounds, leaving behind more
refractory DOC [Benner et al., 1997; Thomas et al., 1999;
Amon et al., 2001; Ogawa et al., 2001]. In our model, all the
newly formed DOM was assumed to be bioavailable. The
bioavailability of DOM evolves with bacterial selective
remineralization which gradually increases the C:N ratio
of DOM. If a part of the newly formed DOM is refractory
and/or an alternative mechanism transforms labile and semilabile DOM into refractory DOM, the bioavailability of
DOM and the sensitivity of DOC export to bacterial growth
can be overestimated in the model. Given the high sensitivity of DOC export to bacterial consumption, parameterization of the bioavailability of DOC in simulation models
is thus of primary importance in order to accurately assess
the biological pump and carbon sequestration in the ocean.
[30] Also, our simulated results suggest that a substantial
part of the exported DOC from the euphotic zone is
remineralized in subsurface waters. This intensive subeuphotic-zone remineralization can restrict the transfer efficiency from DOC export to deep carbon sequestration
pools. Dissolved inorganic carbon (DIC) resulting from
DOC remineralization can readily be advected upward to
surface waters. Effective DOC export necessitates deep
convection that occurs in deep-water formation region.
[31] Deep-water formation occurs in the Labrador, Weddell, Greenland, Norwegian, and Mediterranean Seas and in
the Arctic and Antarctic Oceans [Pawlowicz et al., 1994]. In
these areas, vertical DOC detrainment during deep-water
formation can be a significant fraction of biogenic carbon
export to depth [Hansell and Carlson, 1998]. DOC export
accounts for 23– 42% of total biogenic carbon export from
the euphotic zone in the Sargasso Sea [Carlson et al., 1994;
Hansell and Carlson, 1998] and is two-to-three-fold greater
than particle sinking flux determined by sediment traps in
the northwestern Mediterranean Sea [Copin-Montegut and
Avril, 1993; Avril, 2002]. Moore et al. [2002] estimated that
DOC detrainment can account for 30% of the global
biogenic carbon export in the world oceans. Our simulations
suggest that the sensitivity of biogenic carbon export reside
in the strong interannual variability in DOC export. DOC is
passively detrained into deep layers by vertical mixing so
that the DOC export flux relies on the winter convection
strength. Our model also pointed out that convection affects
the development of the microbial food web which in turn
regulates DOC export through its impact on DOC consumption and remineralization. This variability in the microbial
utilization of DOC can potentially amplify the impact of
variations in vertical mixing on DOC export to the deep
ocean.
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