Limnol. Oceanogr., 46(6), 2001, 1287-1297
© 2001, by the American Society of Limnology and Oceanography, Inc.

Global net community production estimated from the annual cycle of surface water

total dissolved inorganic carbon

Kitack Leet

Cooperative Institute of Marine and Atmospheric Study, University of Miami, c/o Atlantic Oceanographic and

Meteorological Laboratory/NOAA, Miami, Florida 33149

Abstract

Global net community production is determined, for the first time, from the decrease in salinity (S)-normalized
total dissolved inorganic carbon (NC; = C; X 35/S) inventory in the surface mixed layer corrected for changes
due to net air-sea CO, exchange and diffusive carbon flux from the upper thermocline. Changes in the mixed layer
NC; inventory are estimated using a derived annual cycle of NC; and global records of the mixed layer depth. The
annual NC; cycle is deduced from regional algorithms relating NC; to sea surface temperature (SST) and nitrate
(NQ3), along with global records of seasona mean SST and NO;, and from the monthly mean surface partial
pressure of CO, and total akalinity fields using thermodynamic models. The two methods show similar regional
trends and yield global net community production estimates of 6.7 and 8.0 Gt C (1 Gt C = 1 X 10% kg carbon),
respectively. The two global estimates are not significantly different and represent an 8-month period of 1990
(warming period) during which the mixed layer NC, concentration decreases. However, the estimates do not account
for net community production during a 4-month cooling period. Ratios of net community production during the
warming and cooling periods are estimated from multiyear sediment trap data at the Hawaii Ocean Time-series
(22°N, 158°W) and Ocean Weather Station P (50°N, 145°W) sites. Global extrapolation of these ratios yields annual

rates of net community production of 9.1 = 2.7 and 10.8 = 2.7 Gt C yr—.

Net community production in the euphotic zone of the
ocean occurs when primary production is greater than com-
munity respiration. In a steady state, it is quantitatively
equivalent to export production, which is the amount of or-
ganic carbon exported from the euphotic zone (Berger et al.
1987), and new production, which is the fraction of total
primary production associated with newly available nitrate
and dinitrogen gas (Dugdale and Goering 1967). The only
way net community production (or export and new produc-
tion) can play a direct role in oceanic uptake of anthropo-
genic CO, isif it changes with future climate variations (Fal-
kowski et al. 1998). Thus, accurate estimates of net
community production and its variations with time are im-
portant requirements for ocean biogeochemical studies (Fal-
kowski et al. 1998).

Over seasonal to annual time-scales, net community pro-
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duction can be estimated using mass balances of nutrients
and dissolved gases in the mixed layer. Numerous studies
have demonstrated that seasonal variations in the concentra-
tion of nutrients and oxygen in the mixed layer, coupled with
Redfield ratio conversions, provide powerful tracers for es-
timating space and time integrated net community produc-
tion (Jenkins and Goldman 1985; Jenkins and Wallace 1992;
Emerson et al. 1997).

The hiologically mediated decrease of sdinity (S)-nor-
malized total dissolved inorganic carbon concentration (NC;
= C; X 35/S) (ANC; in mol C m=3) in the mixed layer is
caused by the net production of organic carbon in both par-
ticulate and dissolved forms (Epoc and Epoc, respectively)
and particulate inorganic carbon (E;.) as CaCQO,, with the
latter being much smaller:

ANC; = Epoe + Epoc + Enc + Apoc: D
The ANC; also accounts for a fraction of dissolved organic
carbon accumulating in the mixed layer (Aooc), if any.

The objective of thiswork is to determine global net com-
munity production using the mass balance of NC; in the
mixed layer. Since net community production does not in-
clude net CaCO, production (Epc), Eqc is independently es-
timated using the mass balance of salinity (S)-normalized
total akalinity concentration (NA; = A; X 35/S) in the
mixed layer and, subsequently, subtracted from the total
change in the mixed layer NC; concentration. Maps of glob-
a net community and CaCO, production in the mixed layer
presented in this paper can be useful in evaluating and im-
proving three-dimensional models simulating the global car-
bon cycle in the ocean.

Data analysis and calculation methods

Analysis of surface C; data—Derived regional NC; al-
gorithms: The method and global-scale C; data used to de-
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rive regional algorithms are described in detail elsewhere
(Lee et al. 2000). Changes in surface NC; concentration are
caused by net community production, net air-sea CO, ex-
change, and lateral and vertical mixing of water with differ-
ent levels of NC,. Net community production dominates the
other processes when the mixed layer shoals during the
warming period. As the season progresses, this net com-
munity production occurs in tandem with sea surface tem-
perature (SST) increase and can be quantified by decreasing
NC; concentration in the mixed layer. Thus, changes in sur-
face NC; concentration are directly correlated with SST, but
trends often differ geographically. Lee et a. (2000) suggest
that the distribution of surface NC; could be derived by di-
viding the world’s oceans into five regions using a total of
12 equations relating NC; to SST for areas between 30°N
and 30°S or to SST and nitrate (NO3) for areas >30°.

Annual cycle of surface NC;: The annual cycles of global
surface NC; used in this paper were published in Lee et al.
(2000). The seasonal mean distribution of global surface
NC,; was constructed from regional NC,/SST/NO; ago-
rithms, along with seasonal mean SST and NO; fields for
1990 from the National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis (Kalnay et al. 1996) and from the World
Ocean Atlas 1998 (Conkright et al. 1998), respectively. An
alternate way to estimate the annual cycle of C; is to use
monthly mean surface pCO,g, and A; fields. Monthly mean
values of pCO,y, were calculated using climatological
ApCO,, the difference between pCO,g, and pCO,, (Taka
hashi et al. 1997), and the partial pressure of CO, in air,
pPCO,, 1k, for 1990 (Conway et al. 1994). Monthly mean glob-
a A, fields were estimated from the regional NA; algo-
rithms, along with monthly mean SST and S fields (Lee et
al. 2000). In this calculation, the monthly mean global dis-
tribution of C; on 4° latitude X 5° longitude grid cells was
constructed from pCO,g, and A, fields using the carbonic
acid dissociation constants of Mehrbach et al. (1973), asrefit
by Dickson and Millero (1987). The resulting C; fields were
then converted to NC; using monthly mean S fields.

A mixed layer model to estimate net community produc-
tion: Net community production in the mixed layer during
the warming period of 1990, NCP,, -W, is estimated from
changes in the mixed layer NC; inventory corrected for
changes due to net air-sea CO, flux and advective and dif-
fusive carbon flux from the upper thermocline in the follow-
ing manner (Fig. 1):

NCP,, -W|,»w = (AHM*1[NCY — NC¥*1])
+ A(Fairs)mes T AHMPW(dC,/dm)
+ AK,(dC;/dm), )

where M denotes month or season (time step); A is the area
of each grid cell; [NCY — NCY¥+1] is the change in the NC;
concentration in the mixed layer, H; F (mol m=2 month-?)
is the net air-sea CO, flux; W (m month-%) and K, (m?
month-1) are the advective velocity and diffusivity across
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Fig. 1. Schematic diagram showing factors influencing mass
balance of NC; in the mixed layer. A solid line is best fit of the
mean annual trend of the mixed layer NC, concentration represent-
ing the North Pacific. The change in the mixed layer NC; inventory
during the warming period is determined by net community
(NCP,,.-W), net air-sea CO, exchange, and vertical carbon flux via
diffusion (K,) and advection (W).

the bottom of the mixed layer, respectively; and dC,/dm
(mol m=4) is the vertical gradient in the C; concentration
between the mixed layer and the upper thermocline. Global
records of monthly or seasonal mean mixed layer depth used
in this study are available at the National Oceanographic
Data Center (http://www.nodc.gov/oc5/mixdoc.html). They
are computed from climatological monthly or seasonal mean
profiles of potential temperature and potential density (o)
using the following criteria: a temperature change of 0.5°C
or a density change of 0.125 in o, from the ocean surface
(Monterey and Levitus 1997). The mixed layer depth fields
are interpolated to 4° X 5° grid cells to match the grid size
used in the NC; climatology.

Limited studies suggest that the evolution of mixed layer
temperature can be adequately modeled by neglecting ver-
tical advection of water when the mixed layer shoals (Den-
man and Miyake 1973). If this assumption holds true for
much of the oceans, Eq. 2 reduces to

NCPML'WlAM = (AHM+1[NCY — NC¥+1])

+ AFasrsua T AKY(dC/dm). 3

It is conceivable, although difficult to quantify, that sporadic
mixed layer deepening during the warming period could
bring subsurface waters with higher NC; to the surface and
thus counteract the decrease of NC; resulting from net com-
munity production. Surface horizontal advection is assumed
to be insignificant in this calculation.

The three terms in Eq. 3 are calculated using monthly or
seasonal mean inputs on each 4° latitude X 5° longitude grid
cell in which the mixed layer NC; concentration decreases.
The period for calculation is, on average, 8 months. Calcu-
lation for each component in Eqg. 3 is presented below in
detail.

Net change in the mixed layer NC; inventory,
AHMHINCY — NCY+1]: The mixed layer NC; concentration
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Fig. 2. Maps of the cumulative decrease in the mixed layer NC; concentration derived from (@)
regional NC,/SST/NO; algorithms combined with seasonal mean SST for 1990 from the NCEP/
NCAR reanalysis (Kanay et al. 1996) and seasonal mean NO; fields from the World Ocean Atlas
(Conkright et a. 1998), and (b) from the pCO.g, (Takahashi et al. 1997) and A; (Millero et al.
1998) fields using the carbonic acid dissociation constants of Mehrbach et al. (1973), as refit by
Dickson and Millero (1987). Global records of seasonal mean NO; are interpolated to a 4° latitude

X 5° longitude grid cell to match with the grid size used in the pCO,g,, climatology.

is highest in the winter when deep convective mixing brings
NC,-rich water to the surface and lowest in the summer due
to net community production. Maps depicting the decrease
of surface NC; concentration are approximately comparable
to geographic patterns of net community production (Fig. 2).

The net change of the monthly and seasonal mean NC,
inventory in the mixed layer is determined on each grid cell
using a derived annual NC; cycle and mixed layer fields.
The two methods used to derive the annual NC; cycle yield

a global decrease of the mixed layer NC; inventory of 5.8
and 7.1 Gt C. These global estimates are subject to errors
due to uncertainties in the following sources: (1) Uncertainty
of =10 umol kg=* in derived NC; values (Lee et a. 2000);
this is equivalent to an error of =2.1 Gt C; and (2) The
mixed layer depth (Monterey and Levitus 1997). The global
value of the mixed layer NC, decrease calculated using tem-
perature-based mixed layer depth fields is 0.7 Gt C higher
than that using density-based fields used in this study. An
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Table 1. Regional estimates of net community production (NCP) in the mixed layer during the warming period of 1990 (NCP,, -W) (Gt C).

Diffusive
Net air-sea CIC,.* CIC,,. carbon NCPR,, -W NCPR,, -W
Area CO, flux NC;t  A; + pCOt flux NC, A; + pCO,gy

Ocean Region (X102 m?) (Gt C) (Gt C) (Gt C) (Gt C) (Gt C) (Gt C)
Atlantic 40°N-70°N 124 0.35 0.40 0.47 0.02 0.64 (0.76) 0.71 (0.83)
40°N-40°S 49.1 —-0.01 0.68 0.66 0.07 0.61 (0.75) 0.59 (0.73)
South of 40°S 185 0.24 0.50 0.76 0.05 0.71 (0.79) 0.97 (1.05)
Indian North of 40°S 433 0.02 0.44 0.50 0.08 0.46 (0.54) 0.52 (0.60)
South of 40°S 234 0.16 051 0.84 0.06 0.63 (0.73) 0.96 (1.06)
Pacific 40°N-70°N 14.1 0.13 0.81 0.51 0.09 0.98 (1.03) 0.68 (0.73)
40°N-40°S 119 —0.30 1.40 1.84 0.45 1.42 (1.55) 1.86 (1.99)
South of 40°S 35 0.23 1.00 1.40 0.09 1.15 (1.32) 1.55 (1.72)
Arctic North of 70°N 2.7 0.07 0.08 0.11 0.00 0.14 (0.16) 0.17 (0.19)

Global 3175 0.9 58 7.1 0.9 6.78 (7.6)| 8.0 (8.9

* CICy, (carbon inventory change) is the total decrease of the mixed layer NC; inventory.

T CIC,, estimated using the mixed layer NC; decrease that are calculated fro
NO; fields.

m regional NC,/SST/NG; algorithms along with seasonal mean SST and

t CIC,,, estimated using the mixed layer NC, decrease that are calculated from the monthly mean pCO.,g,, and A; fields using the carbonic acid dissociation

constants of Mehrbach et a. (1973), as refit by Dickson and Millero (1987).
8§ NCP,,.-W corrected for CaCQ,, -W as shown in Table 2.
[ NCP,, -W in brackets includes CaCO,,, -W.

error of £0.4 Gt C can thus be caused by uncertainties in
the mixed layer depth fields, although the magnitude of the
error may vary geographically. Overall, global estimates of
the total decrease of the mixed layer NC; inventory are sub-
ject to an error of up to =2.5 Gt C.

Net air-sea CO, exchange, A(Fi.«)m+1i: The monthly
mean net CO, flux (mol m~2 month-*) for each grid cell is
calculated from global ApCO, fields constructed by Taka-
hashi et al. (1997), along with wind speed fields and the gas
exchange velocity of Wanninkhof (1992) formulated for
long-term winds. Oceanic CO, uptake (positive sign) coun-
teracts the mixed layer NC; decrease resulting from net com-
munity production, whereas efflux (negative sign) reinforces
it. Net air-sea CO, flux in most of the oceans, except in the
eastern equatorial Pacific, counteracts the mixed layer NC;
decrease, but its magnitude varies geographically ranging
from 40% of the net community production in the North
Atlantic to 20% or less in other regions (Table 1). The glob-
aly integrated net air-sea CO, flux during the warming pe-
riod is about 0.9 Gt C, which is subject to an error of up to
50%, depending on the choice of relationships between gas
exchange and wind speed.

Diffusive carbon flux, A K,, dC,/dm: The diffusive flux of
C; from the top of the thermocline also counteracts the
mixed layer NC, decrease due to net community production.
The monthly mean diffusive C; flux is estimated on each
grid cell using aregiondly varying vertical C; gradient rep-
resenting the grid cell and K, of 0.5 X 104 m? s'*. The
mean vertical C; gradients representing five different regions
as defined in Lee et al. (2000) range from 0.1 mmol C m—*
(increasing concentration with depth) in the subtropical At-
lantic to 1 mmol C m~ in the North Pacific.

TheK, of 0.5 X 104 m? s~* combined with regional mean
vertical C; gradients yields a global diffusive flux of 0.9 Gt
C, which accounts for about 10% of the global estimates of

net community production (Table 1). Sensitivity studies are
performed by using acceptable values of K, ranging from
0.1to 1l X 10* m? st (Munk 1966; Ledwell et a. 1993)
in such a way as to estimate the possible maximum and
minimum values of diffusive C; flux. The K,, of 0.1 X 10*
m? st has little effect on the mixed layer NC; inventory,
but the K,, of 1 X 10~* m? s ! yields a diffusive flux of 1.8
Gt C. Thus, the global diffusive C; flux of 0.9 Gt C during
the warming period has an error of 0.9 Gt C.

Analysis of surface A; data—Derived regional NA; al-
gorithms and annual cycle of surface NA;: The method and
global-scale A; data used to derive regiona NA./SST al-
gorithms are described in Millero et al. (1998). In the open
ocean the processes that can change NA; in a measurable
way are CaCO, formation and dissolution (Ca?+ + 2HCO3;
~ CaCO,; + H,0O + CO,) and NO3 uptake and regeneration
(Brewer et a. 1975). The remova of NO; to form organic
matter raises NA; of surface waters, partly compensating for
decrease in NA; resulting from CaCO, formation. Thus, net
CaCO; production (CaCQ,,,, in mol C m—3) is obtained tak-
ing half of the NO; corrected NA, changes:

CaCO,,, = (ANA; + ANO;) X 0.5, (4)

where the sum of ANA; and ANO; is AA.,. The global
distribution of surface NA; shows that the major ocean ba-
sins can be divided into six regions where different trends
of NA, are observed, and boundaries between the regions
are similar to those of large-scale ocean currents (Millero et
a. 1998). The NA; in (sub)tropical waters with temperatures
>20°C is invariant except in upwelling areas. The NA; in-
creases toward high latitudes (>30°) and is inversely pro-
portional to SST. Seasonal mean NA - fields are constructed
from regional NA,/SST algorithms and the global records
of SST to match the temporal resolution used in the NO;
fields (Lee et a. 2000). Estimated NA- fields are then com-
bined with NO; fields to calculate A.o; fields.
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A mixed layer model to estimate net CaCO, production—
The method used to estimate net CaCO, production issimilar
to that used in the previous section to estimate net com-
munity production. Net CaCO, production in the mixed layer
during the warming period of 1990 (CaCO,,, -W), is esti-
mated from changes in the mixed layer A.,; inventory cor-
rected for changes due to diffusive A, flux between the
mixed layer and the top of the thermocline:

CaCOy -Wl,ys = (AHS'[AS, — A X 0.5)
+ AK, (A, /dm) X 0.5, (5)

where S denotes season (time step); [AS,y — ASHY] is the
change in the Ao, concentration in the mixed layer; dAco,/
dm (mol m=4) isthe vertical A gradient between the mixed
layer and the upper thermocline; and H and K,, are already
defined in the previous section. Note that equation (5) is
solved using seasonal mean inputs on each 4° X 5° grid cell
in which the mixed layer A.,; concentration decreases.

Net change in the mixed layer Aoy inventory, AHS A,
— At X 0.5: Net change in the seasonal mean A, inven-
tory in the mixed layer is estimated on each grid cell using a
derived annual A.,; cycle and mixed layer fields. The global
decrease in the mixed layer A, inventory calculated by this
method is 0.9 Gt C, which has an error of 0.2 Gt C resulting
from uncertainties of =5 umol kg=* (1 o) in estimated Aqo;
due to errors in derived regiona NA./SST agorithms and
NO; fields. An additiona error of +0.1 Gt C results from
uncertainties in the mixed layer depth fields. Thus, the global
decrease in the mixed layer Ao, inventory during the warm-
ing period is subject to an error of up to =0.3 Gt C.

Diffusive Axor flux, AK,, (dAso/dm) X 0.5: The K,, of 0.5
X 10~* m? s~* and regionally varying vertical A.,; gradients
between the mixed layer and the top of the thermocline are
used to estimate the diffusive A,o; flux from the upper ther-
mocline. The mean vertical gradients of A..;, which differ
in magnitude and sign from those of C;, range from —0.2
mmol C m~* (decreasing concentration with depth) in the
subtropical Atlantic Ocean to 0.2 mmol C m~ (increasing
concentration with depth) in the North Pacific Ocean. The
Ky of 0.5 X 104 m? s * combined with regional mean ver-
tical Ao gradients gives a global diffusive A, flux into
the mixed layer of <0.1 Gt C, half of it contributes to global
net CaCQO, production and thus is not included in estimating
global net CaCO, production.

Results

Net community and CaCO, production during the warm-
ing period—Mass balance of NC; in the mixed layer gives
global estimates of the NC; inventory decrease of 7.6 and
8.9 Gt C (values in brackets in Table 1), depending on the
derived annual NC; cycles used. Since part of the decrease
is due to net CaCO, production, the two global estimates are
corrected for net CaCO, production of 0.9 Gt C as calculated
below. Revised global estimates of net community produc-
tion of 6.7 and 8.0 Gt C represent an 8-month period of
1990 (warming period) and have a probable error of £2.7

1291

Table 2. Annua rates of regional net CaCO, production in the
mixed layer (CaCO,,, -A) (Gt C yr9).

CaCO

CaCO A

3ML'W* NAT

Area NA; Scding (GtC

Ocean Region (X102 m?) (Gt C) factort yr?)

Atlantic ~ 40°N-70°N 124 0.12 125 0.15

40°N-40°S 49.1 0.14 1.25 0.18

South of 40°S 185 0.08 125 0.10

Indian North of 40°S 43.3 0.08 125 0.10

South of 40°S 234 0.10 1.25 0.13

Pacific 40°N-70°N 14.1 0.05 1.25 0.06

40°N-40°S 119 0.13 125 0.16

South of 40°S 35 0.17 1.25 0.21

Arctic North of 70°N 2.7 0.02 125 0.03
Global 3175 0.9 11

* Net CaCO, production in the mixed layer during the warming period es-
timated using the mixed layer Ao, decrease that are calculated from re-
gional NA,/SST algorithms and seasonal mean SST and NO; fields.

T Scaling factor is a ratio of CaCO; fluxes during the warming and cooling
period. The value is estimated from multiyear CaCO, trap fluxes measured
at subarctic central Pacific (49°N, 174°W) between 1990 and 1995 (Tak-
ahashi et al. 2000).

Gt C due to an uncertainty of =2.5 Gt C in the mixed layer
NC; decrease, £0.4 Gt C in the net air-sea CO, flux, and
+0.9 Gt C in the diffusive C; supply. The probable error is
the square root of the sum of the squared errors.

Mass balance of A, in the mixed layer yields a global
net CaCO, production of 0.9 Gt C, which also represents an
8-month period of 1990 (Table 2). The globa value pre-
sented in this paper has an error of 0.3 Gt C due to an
uncertainty of £0.3 Gt C in the mixed layer Ay, decrease.

Scaled-up annual rates of net community and CaCO, pro-
duction—Estimates of global net community production of
6.7 + 2.7 and 8.0 = 2.7 Gt C during the warming period
must be scaled up to annua rates by including net com-
munity production during the 4-month cooling period. The
relative amount of sinking particles during the warming and
cooling periods can be used to scale up reported values to
annual rates if the flux of particles is proportional to net
community production. This assumption is a reasonable ap-
proximation in much of the oceans.

In the tropical and subtropical oceans, multiyear sediment
trap fluxes measured at 150 m in depth near the Hawaii
Ocean Time-series (HOT) site (22°N, 158°W) are used to
estimate the ratio of particle fluxes during the warming and
cooling periods. The annual cycle of vertical export of par-
ticulate organic carbon has two pulses. one is centered in
late winter and the other in late summer. Between 1988 and
1993, the average rate (C month—*) of particulate organic
carbon export during the wintertime is very similar to the
summertime rate (Karl et al. 1996). Thus, reported estimates
for tropical and subtropical oceans are scaled up by 50%
because the warming period is approximately twice the
length of the cooling period. Sediment trap data from the
Bermuda Atlantic Time-series Study (BATS) site (31°50'N,
64°10'W) are not used in this analysis because there exists
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Fig. 3. Annua rates of net community production integrated from the surface to the base of
the mixed layer as derived from the cumulative NC, decrease that is calculated from (a) regional
NC,/SST/NO; agorithms aong with seasonal mean SST and NO; fields, and from (b) the pCO,g,,
and A fields using thermodynamic relationships. Values are expressed as mol C m~2 yr-*. Globally
integrated net community production estimates for (a) and (b) are 9.1 (Lee-1) and 10.8 Gt C yr—*
(Lee-2), respectively. Global records of seasona mean mixed layer depth are interpolated to a 4°

X 5° gird cell to match with the grid size used in the pCO,g,, climatology.

the significant time lag between net community production
and export production (Michaels et al. 1994) and approxi-
mately 50% of net community production appears to occur
as dissolved organic carbon (Carlson et al. 1994).

In high latitude oceans, two annual cycles of particle flux-
es recorded in deep-moored traps at Ocean Weather Station
P (50°N, 145°W) of the northeast subarctic Pacific are used
to estimate the ratio of particulate organic carbon export dur-
ing the cooling and warming periods. The average rate of
particulate organic carbon export during the summer is two
times higher than the rate observed during the winter period
(Boyd et al. 1998). This trend is also found in other parts of

the subarctic Pacific (Takahashi et al. 2000). Thus, reported
rates of net community production for high latitude waters
are increased upward by 25%.

Global extrapolation of these scaling factors obtained
from multiyear trap data at two time-series locations gives
annual rates of net community production of 9.1 = 2.7 and
10.8 = 2.7 Gt C yr* (Fig. 3; see Table 3). Scaled-up annua
rates revise global estimates during the warming period up-
ward by about 3 Gt C.

Global net CaCO, production of 0.9 = 0.3 Gt C reported
here represents extratropical waters with temperatures
<20°C and the upwelled waters in the eastern equatoria
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Table 3. Annual rates of regional net community production in
the mixed layer (NCP,,.-A) (Gt C yr-3).

NCP,, -A

Area NCP,, -A A, +

(X102 Scaling NG, PCO,qy
Ocean Region m?) factor* (GtCyr %) (GtCyr?
Atlantic 40°N-70°N 124 125 0.80(0.95) 0.89 (1.04)
40°N-40°S 491 150 0.92 (1.09) 0.89 (1.06)
South of 40°S 185 1.25 0.89 (0.99) 1.21 (1.31)
Indian North of 40°S 433 150 0.69 (0.79) 0.78 (0.88)
South of 40°S 234 125 0.79 (0.91) 1.20 (1.33)
Pacific 40°N-70°N 141 125 123 (129) 0.85(0.91)
40°N-40°S 119 150 2.13(2.29) 279 (2.95)
South of 40°S 35 125 1.44 (1.65) 1.94 (2.15)
Arctic  North of 70°N 2.7 1.25 0.18 (0.20) 0.21 (0.24)
Global 3175 9.1f (10.2)$10.8 (11.9)

* Scaling factors are ratios of particulate organic carbon fluxes during the
warming and cooling period. The values are obtained from multi-year
sediment trap data at the Hawaiian Ocean Time-series (22°N, 158°W) and
Ocean Weather Station P (50°N, 145°W) sites.

T NCP,,.-A = [NCP,,.-W] (valuesin bold in Table 1) X scaling factor.

FNCP,,.-A includes [CaCO,,, -A] (in Table 2).

Pacific (75°W-110°W, 20°N-20°S and 110°W-160°W, 10°N—
10°S) during the warming period. Calcification due to coc-
colithophore and planktonic foraminifera in (sub)tropical
waters with temperatures >20°C is assumed to be zero in
this analysis because multiyear measurements of surface
NA; in HOT and BATS sites remain constant throughout the
year (Bates et al. 1995; Winn et a. 1998) and measured
values of NA; in other oligotrophic oceans are also remark-
ably invariant (Millero et al. 1998). In extratropical waters,
CaCoO, trap fluxes measured in the subarctic central Pacific
(49°N, 174°W) between 1990 and 1995 are used to estimate
the relative amounts of CaCO, fluxes during the warming
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and cooling seasons (Takahashi et al. 2000). The average
rate of CaCO, export during the summer is approximately
two times higher than that observed during the winter. Thus,
estimates of net CaCO, production for extratropical waters
are scaled up by 25%. Global extrapolation of this scaling
factor yields an annual rate of net CaCO, production of 1.1
+ 0.3 Gt C yr=* for 1990 (Fig. 4).

Discussion

Annual rates of global net community production—Re-
gional patterns of net community production: Estimates of
global net community production presented in this paper
show different regional patterns in the global oceans. Except
for the equatorial upwelling regions in which net community
production increases near the equator, it is lowest in areas
between 30°N and 30°S (Fig. 3). The low values for these
regions can be attributed to small NC; decreases, asinferred
from weaker correlations of NC,; with SST in conjunction
with small SST increases. The A;-pCO,s, based method
yields higher values for these regions than the NC; algo-
rithm-based method (Table 1).

The highest values are found in the western subarctic
North Pacific where the cumulative NC, decrease is largest.
The east-west difference in this basin is apparent in the maps
constructed from A; and pCO,g,, fields and from derived NC;
algorithms. This zonal difference has been confirmed by sed-
iment trap-based estimates of carbon export (Martin et al.
1987; Boyd et al. 1998; Takahashi et al. 2000) and by sat-
ellite-based estimates using seasonal NO; drawdown derived
from a basin-scale NO;/SST relationship and satellite-de-
rived SST data (Goes et al. 2000). Seasonally well-sampled
pCO.,q, data in this basin provide an additional line of evi-
dence supporting this zonal difference. Takahashi et al.
(1993) reported that the pCO.q,, in the northwestern North

CaCOzpy -A (using NA; algorithms)
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Fig. 4. Annual rate of net CaCO, production integrated from the surface to the base of the
mixed layer as derived from the magnitude of seasonal NA,; decrease calculated from regional
NA./SST agorithms and seasonal mean SST and NO; fields. Values are expressed as mole C m—2
yr=1. Globally integrated net CaCO, production for 1990 is 1.1 Gt C yr—*.
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Pacific varies seasonally by 160 patm, whereas the pCO,g,,
in the northeastern North Pacific varies by 40 uatm. Esti-
mated values for the Southern Ocean and the North Atlantic
are lower than those for the western subarctic Pacific due
primarily to a smaller magnitude of seasonal NC; decrease.

Comparison with independent estimates based on time-
series measurements: The accuracy of the estimates reported
in this paper can be assessed by comparing them with results
from time-series observations of various geochemical trac-
ers. The annual rates of net community production at the
HOT siteare 27 = 1.7, 1.6 = 0.9, and 2.0 = 0.9 mol C
m~2 yr=*, which were estimated by using mass balances of
the mixed layer dissolved O,, inorganic stable carbon isotope
(6%C), and organic carbon, respectively (Emerson et al.
1997). These estimates are in good agreement with the val-
ues presented here of 1.7 = 0.7 to 2.2 £ 0.5 mol C m=2
yr—*, obtained from A-pCQO,g, fields and regional NC; al-
gorithms, respectively, for several grid cells near the HOT
site. There is aso broad agreement between the estimates
presented in this paper of 2.6 to 3.5 mol C m=2 yr—t and the
values of 3to 4 mol C m=2yr—* (Jenkins and Wallace 1992),
which were obtained by measuring the vertical integral of
the O, utilization rates, O, production rate in the euphotic
zone, and upward flux of NO3 near the BATS site.

Comparison with other global estimates. EXxisting esti-
mates of global net community production (or new and ex-
port production) using independent methods range from as
low as 3.4 Gt C yr—* (Eppley and Peterson 1979) to as high
as 21.9 Gt C yr=* (Packard et al. 1988). The global export/
new production using a pelagic food web model and empir-
ical models ranges from 11 to 21 Gt C yr* (Laws et a.
2000). In contrast, estimates of export production based on
extrapolation of shallow sediment trap fluxes are 3.4 (Eppley
and Peterson 1979) and 7.3 Gt C yr—* (Martin et al. 1987).
A geochemical approach using seasonal efflux of O, across
the air-sea interface yields a global net community produc-
tion of 6.7 Gt C yr* if scaed to a O,:C ratio of 1.45
(Louanchi and Najjar 2000). Estimates of net community
production using the seasonal drawdown of nitrate (NO;)
and phosphate (PO3;~) coupled with Redfield ratio conver-
sions are 4.6 and 5.3 Gt C yr~4, respectively (Louanchi and
Najjar 2000).

For comparison between various estimates, geochemical
estimates using mass balances of O,, NO;, and PO3~ in the
mixed layer should be scaled up to annual rates by account-
ing for net community production during the cooling season.
The steady state assumption should also be made for com-
parison because net community production would be equal
to export and new productions only in the steady state. Glob-
al estimates from this study are compared with results from
two recent studies by Laws et a. (2000) and Louanchi and
Najjar (2000) (Fig. 5). The global net community production
estimates of 9.1 = 2.7 and 10.8 £ 2.7 Gt C yr—*, henceforth
referred to as “Lee-1” and ‘‘Lee-2,” respectively, are in
good agreement with the value of 9.4 Gt C yr—* determined
from the net efflux of biologically produced O, (Louanchi
and Nagjjar 2000). Louanchi and Najjar's value has revised
Najjar and Keeling's O,-based estimate upward by 4-5 Gt

Lee

Comparison of net community production
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Net community production (Gt C yr")

Fig. 5. Comparison of annual rates of global net community
production. The values from this study are compared with those of
Laws et a. (2000) and with scaled-up estimates of Louanchi and
Najjar (2000). Lee-1 and Lee-2 represent global net community pro-
duction as shown in Figs. 2a and 2b, respectively. Error bars for
Lee-1 and Lee-2 are obtained from uncertainties involved in solving
Eqg. 3. For an absolute comparison between the independent esti-
mates, Louanchi and Najjar's estimates of 4.6, 5.3, and 6.7 Gt C
representing the warming period are scaled up to an annua rate of
6.2, 7.3, and 9.4 Gt C yr, respectively. Louanchi and Najjar's
estimates for (sub)tropical and high latitude waters are increased by
50 and 25%, respectively.

C by including the tropics between 20°N and 20°S and net
community production occurring during the cooling season.
Lee-1 and Lee-2 are higher than the values of 6.2 and 7.3
Gt C yr%, which are determined from seasonal drawdown
of NO; and PO3~, respectively (Louanchi and Najjar 2000).
Scaled-up global values based on NO; and PO3~ account for
wintertime net community production and are about 35%
higher than those originally obtained by Louanchi and Ngjjar
(2000). Lee-1 and Lee-2 are similar in magnitude with Laws
et al.’s estimates of 11.1 and 12.9 Gt C yr~*, which are based
on the pelagic food web (PTE) and the temperature-export
(TE) models, respectively. The former maximizes the ability
of the system to return to the steady state following the per-
turbation, whereas the latter relates export production/total
production ratios to temperature. However, the values pre-
sented here are significantly lower than Laws et al.’s value
of 21 Gt C yr=* using the Eppley-Peterson (EP) model,
which relates export production/total production ratios to to-
tal production. A more detailed description of the models is
given in Laws et al. (2000).

There is sharp contrast in regional comparisons, athough
Lee-1 and Lee-2 are comparable with 11.1 Gt C yr~* cal-
culated by using the PTE model (Fig. 6). Laws et a.’s es-
timate for the Atlantic is much larger than Lee-1 and Lee-2
for the same basin. For the Southern Ocean south of 50°S,
three tracer-based estimates (PO;~, O, and NC;) are in good
agreement but are twice the magnitude of the Laws et a.’'s
estimate. Overall, Lee-1 and Lee-2 are most consistent with
the O,-based estimate in regional comparisons.

Causes for discrepancies: The difference between net
community production presented in this paper and those de-
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Fig. 6. Comparison of regional net community production es-
timates. The values from this study are compared with those of
Laws et al. (2000) and with scaled-up estimates of Louanchi and
Najjar (2000). For comparison, Laws et a.’s regional rates calcu-
lated from the global rate of 11.2 Gt C yr—* are used. Results are
summed over five regions as defined in Laws et al.: the Atlantic
(50°S-70°N), the Indian (north of 50°S), the Pacific (50°S-70°N),
the Southern Ocean (south of 50°S), and the Arctic (north of 70°N).
Error bars for Lee-1 and Lee-2 are obtained from uncertainties in-
volved in solving Eg. 3 for each oceanic region.

termined from other studies could be caused by several fac-
tors. The NO;-based value might be significantly underes-
timated in (sub)tropical waters where the fixation of
atmospheric nitrogen can support up to half of the net com-
munity production (Karl et a. 1997). Despite the overall
consistency of the O,-based estimate with Lee-1 and Lee-2,
significant improvement can be achieved by accurate param-
eterization of gas exchange velocity (Najjar and Keeling
2000). Laws et a.’s estimates might also be subject to errors
due to insufficient understanding of the factors that govern
export production/total production ratios (Laws et al. 2000).

Lee-1 and Lee-2 could be underestimated because vertical
advection of subsurface waters with high NC, during the
warming period counteracts the mixed layer NC; decrease
caused by net community production. Lee-1 and Lee-2 do
not account for net community production occurring below
the seasonal mixed layer, which is particularly important in
areas where primary production extends to greater depths
due to deeper light penetration. Derived regional NC; a-
gorithms may not capture the full effect of mesoscale net
community production that results from eddy pumping of
nutrients injected into the euphotic zone (McGillicuddy et
al. 1998). Lee-1 and Lee-2 are further underestimated be-
cause they do not include net community production occur-
ring in coastal regions in which primary production and new
production/total production ratios are high (Eppley and Pe-
terson 1979).

The difference in various estimates could be partially ex-
plained if there is interannual variability in net community
production. For instance, the estimates presented here rep-
resent 1990, whereas Laws et a.’s estimates based on the
PTE model represent the period from October 1997 to Sep-
tember 1998. It is presently not possible to prove whether
there is a difference in global net community production
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between 1990 and 1998. However, multiyear sediment trap
data collected at the HOT (Karl et al. 1996) and the subarctic
north Pacific sites (Takahashi et al. 2000) show that the an-
nual rate of export production varies as much as 100% from
year to year.

Global net CaCO, production—Regional patterns of net
CaCO, production: Estimated net CaCO, production is vir-
tually zero for waters with temperature >20°C in
(sub)tropical areas between 30°N and 30°S except in the
equatorial upwelling regions where it increases near the
equator (Fig. 4). Near zero values can be attributed to a
remarkably constant NA; concentration throughout the year
(Bates et al. 1995; Winn et al. 1998). Higher values in sub-
polar waters can be attributed to larger NA, drawdown as
inferred from stronger correlations of NA; with SST. The net
CaCO, production for a given area in the North Pacific
(>30°) is lower than in the North Atlantic, which supports
the long-held contention that ballasting of exported organ-
isms by CaCO, is more important in the North Atlantic than
in the North Pacific (Berger 1992).

Comparison with estimates from other studies: Existing
global estimates of net CaCO, production are based on mod-
els that combine information about ocean circulation with
variations in Axor, Which is corrected for fresh water fluxes
and recycled nitrogen. Various models yield global estimates
ranging from 0.5 to 1.5 Gt C yr—* (see Milliman et al. 1999).
However, the models are simply tuned to the global mean
Acor profile, which means that the spatial distribution of net
CaCO, production is poorly constrained. Note that net com-
munity production estimated using these modelsis 3to 5 Gt
C yr=1, which is on the low side of current estimates, which
suggests that the model-derived net CaCO, production may
be low as well.

Global net CaCO, production of 1.1 = 0.3 Gt C yr=* re-
ported in this paper falls within arange of existing estimates.
However, various model-based estimates are nearly two to
three times higher than those measured by sediment traps
that are typically moored at depths well below the mixed
layer to minimize turbulent mixing and horizontal advection.
Milliman et al. (1999) suggests that the discrepancy may be
due to biologically mediated dissolution of CaCO, above the
lysocline. Conclusive evidence is needed before the view of
the conservative nature of pelagic carbonate at shallow
ocean depths can be modified. Regional comparisons are not
possible at the present time because none of the existing
global estimates provides regional values.

Causes for discrepancies. The estimate of 1.1 Gt C yr*
is likely to be a lower limit because it does not include net
CaCO, production occurring in coastal regions and account
for vertical advection of subsurface waters with high Ao
during the warming period. Vertical advection of subsurface
waters with higher A,; values counteracts the mixed layer
Acor decrease resulting from net CaCO, production in the
mixed layer.



1296

Conclusion

Global net community production of 6.7 and 8.0 Gt C has
been estimated, for the first time, from the mass balance of
the NC; concentration in the mixed layer. These estimates
are amost certainly low, as net community production dur-
ing the cooling period is not included and coastal waters are
believed to account for significant net community produc-
tion. By including wintertime net community production de-
duced from multiyear sediment trap data at the HOT and
Ocean Weather Station P sites, estimates of global net com-
munity production during the warming period are scaled up
to 9.1 and 10.8 Gt C yr—*, which could be close to annual
rates of global net community production in the mixed layer.
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