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Abstract

Upwelling predicted by a reduced-gravity model is compared with remotely sensed primary productivity data
through the tropical Atlantic and Pacific. The model upper layer thickness, an indicator of vertical motion, is
correlated with primary productivity. We suggest that the Atlantic basin is more efficient than the Pacific in its
production for the same degree of upwelling. This is a characteristic of the tropical Pacific ecological provinces
being featured by low salinity in the western tropics and high nutrient, but low chlorophyll in the eastern equatorial
region. A comprehensive relationship between model upper layer thickness and primary productivity is established
through the tropical basins, with emphasis on the equatorial strip. Our work has implications for the application of
reduced-gravity models to estimate productivity in palaeocean studies.

Variability in the tropical oceanic boundary layer is of
interest from the climatic perspective, but is also of biolog-
ical importance because of the oceanic productivity sus-
tained within this relatively thin layer. Wind-induced up-
welling (downwelling) plays a vitally important role in
reducing (enhancing) the heat storage of the mixed layer
above the thermocline. Ecologically, enhancement (suppres-
sion) of nutrient supplies associated with entrainment (de-
trainment) across the thermocline results in rich (poor) oce-
anic productivity during the time of upwelling
(downwelling) (Luther et al. 1990). Thus regions where
strong upwelling is seen include some of the major fisheries
of the world. These effects are tied together in, for example,
the El Nifio events in the tropical Pacific. Upwelling studies
are also of economic importance because of the links be-
tween the siting of fossil fuel resources (such as oil and
natural gas) and oceanic productivity of the geologic past
(Parrish and Curtis 1982; Handoh et al 1999). Quantification
of upwelling is, therefore, of interest to scientists in various
fields.

Upwelling and downwelling can be predicted and quan-
tified by several types of ocean models that incorporate up-
per ocean dynamics. A reduced-gravity 1.5 layer numerical
model originally developed by O'Brien et al. (1978) is fre-
quently used in the tropics. The model formulation reduces
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the ocean to two homogeneous layers, with most of the es-
sential physics within the upper layer being retained. For
example, Rossby wave propagation in the upper ocean, be-
ing one of the key mechanisms to explain enhanced primary
production through pumping nutrients to ocean surface (Uz
et a. 2001), is clearly identified in the model. This model
is capable of explaining intraannual and interannual vari-
ability in the tropical upper layers, and it has been exten-
sively tested in the modern oceans (e.g., Busalacchi and
Blanc 1989; Inoue and Welsh 1993). Past El Nifio events
have been successfully ssmulated by this model (Inoue and
O'Brien 1986; Bigg and Inoue 1992).

The reduced-gravity model used here is also applicable
to palaeocean studies (Luther et a. 1990; Handoh et al.
1999). Climatological upwelling intensity, in terms of the
model upper layer thickness, is consistent with foraminif-
eral records (Luther et al. 1990) and organic-rich sedimen-
tary deposits (Handoh et al. 1999). Difficulties in appro-
priately constraining palaeothermohaline processes and
palaeobathymetry are avoided by employing this type of
model. Because of the many unknown factors in such a
study, a reduced-gravity model with simple open boundary
conditions such as those of Camerlengo and O’ Brien (1980)
may be preferable to general circulation models for basin-
scale or regional studies of palaeocean circulation forced by
a palaeoatmospheric reconstruction. Despite this potential
use of reduced-gravity models, however, their ability to
quantitatively assess oceanic productivity via predicted up-
welling intensity has not yet been reported.

In studying modern-day ocean productivity, an interesting
issue stems from the relationship between ecological ocean-
ographic biomes, productivity, and wind-driven upwelling.
Longhurst et a. (1995) made an ecological geography, based
on detailed reviews of ecological oceanography and Coastal
Zone Color Scanner (CZCS)-derived phytoplankton pigment
concentrations. The tropical open oceans (roughly 30°S—
30°N) are classified as the trade biome, where the mixed
layer depth is forced by geostrophic adjustment on ocean
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Fig. 1. Schematic diagram of the two-layer structure of the model ocean. Upwelling (down-
welling) occurs where H is smaller (greater) than H,,

basin scale to remote forcing of the winds. Wind-driven up-
welling provides the mixed layer with nutrient-rich water.
However, the eastern equatorial Pacific is a high-nutrient,
low-chlorophyll (HNLC) region (Price et al. 1994; Long-
hurst 1998). Vast amounts of nutrients can be supplied by
wind-driven equatorial upwelling, but iron availability in this
region constrains its productivity (Behrenfeld and Kolber
1999). It is also noteworthy that grazing is the proximate
control on the standing crop of phytoplankton, while the
micronutrient, iron could ultimately regulate productivity
(Cullen et a. 1992). Macronutrient injection associated with
upwelling is still an integral control of oceanic productivity
(Herzfeld 1992), regardless of the constraints due to iron
availability and grazing. The western tropical Pacific is aso
a unique province in the trade biome, due to the heavy rain-
fall sustaining a shallow halocline (*‘ barrier layer’”) over the
region (Lukas and Lindstrom 1991). By contrast, the trade
biome found in the tropical Atlantic does not exhibit such
characteristics. This suggests that the tropical Pacific has the
potential to show a clear difference in the relationship be-
tween upwelling and productivity from the tropical Atlantic.

In this paper, using a reduced-gravity upper ocean model
and remotely sensed primary productivity data, we assess
upwelling and downwelling in the tropical Atlantic and Pa-
cific basins. We begin with a description of the reduced-
gravity upper ocean model, followed by a brief investigation
into the upwelling and downwelling regions predicted by the
model. Subsequently, the one-dimensiona nutrient balance
of the upper ocean is considered so as to establish the re-
lationship between displacement of the model upper layer
thickness and primary productivity. Upwelling and down-
welling in the tropics are then classified ecologically by a
quantitative comparison between upper layer thickness and
the primary productivity. We will discuss the extent to which
both wind-driven upwelling and vertical eddy diffusion of
nutrient sustain primary productivity. The major differences
in productivity between the two basins are explained by the
geographical distribution of aeolian iron fluxes over the trop-
ics (Gao et a. 2000). This quantitative comparison between

the model upwelling and primary productivity gives us con-
fidence in the palaeointerpretation of the model results of
Luther et a. (1990) and Handoh et al. (1999).

The model ocean

Model description—T he reduced-gravity ocean consists of
a single active layer, of variable thickness and depth-inte-
grated velocities, above a quiescent abyss (Fig. 1). A single
baroclinic wave mode is included in this type of model; ei-
ther the first or second is usually taken. For our study we
have taken the nonlinear, spherical reduced-gravity formu-
lation in which the open boundary conditions (OBCs) of
Camerlengo and O'Brien (1980) and Kelvin wave propa-
gation scheme of Inoue and Welsh (1993) are implemented.

We define variables A, ¢, U, V, and H to represent lon-
gitude, latitude, vertically integrated zonal velocity, vertical-
ly integrated meridiona velocity, and upper layer thickness
(or pycnocline depth), respectively. Q) is the angular velocity
of the earth, and R is the radius of the earth. The reduced
gravity isg’ = g(p, — p)pz*, where p,, p,, and g denote the
density of the upper layer, of the lower layer, and the grav-
itational acceleration respectively. The kinematic eddy vis-
cosity, A, is taken as constant. The model is forced by the
wind stress vector 7 = (7,, 7,). We will use the climatol ogical
monthly mean wind stress of Hellerman and Rosenstein
(1983), interpolated onto the ocean model grid.

Using the so-called rigid-lid and hydrostatic approxima-
tion, the full equations of motion in the spherical coordinate
system are
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Table 1. Governing parameters. See also Inoue and Welsh
(1993).

Param-
eter Description Vaue
At Time step 20 min
AX Zonal resolution 0.25°
Ao Meridional resolution 0.25°
A, Horizontal eddy viscosity 750 m? st
1 Upper layer density 1026 kg m~3
Ho Initial upper layer thickness 300 m
H.. H below which entrainment process occurs 60 m
T, Time constant for entrainment rate 1h

where Lagrangian and Laplacian operators on any variable
« are defined respectively by

D« 1 0 (Ua 10 (Va
— = |+ === 4
Dt Rcosgadr\ H Rop\ H
1 92 1 d d
= 22, —| cos qo—a 5)
R2cos?p A2 R?cos ¢ d¢ dp

The values for each parameter are summarized in Table 1.
The right-hand side of Eq. 3 is the model entrainment rate
(see McCreary and Kundu 1988). This is nonzero only when
the model upper layer thickness (H) reduces below the pre-
set value, H,,,.. T¢ is the time constant for entrainment rate.

The upper layer thickness (H) represents, by definition, a
pycnocline depth, comparable to the 1,028 kg m~3 isopycnal
(to be shown later) or the 14°C isothermal depth (Inoue and
Welsh 1993). This generally locates well below the seasonal
mixed layer. Owing to the model’s physics, it does not pro-
vide an explicit vertical velocity. However, the displacement
of H relative to the model’s initial H (H,), AH (=H — H,),
is a well-established measure of upwelling (AH < 0) and
downwelling (AH > 0) (e.g., O'Brien et a. 1978; Luther et
al, 1990).

The tropical Atlantic—Figure 2A shows the Atlantic
ocean model domain extending meridionally from 30°S to
30°N and zonadly from 100°W to 20°E. The model land
boundaries were taken along the 300-m isobath (Naval
Oceanographic Office 1983). Rea coastlines are drawn in
Fig. 2B. We have used a g’ of 0.025 m s2, the other gov-
erning parameters of the model are identical to those in In-
oue and Welsh (1993). The northern and southern boundaries
are open. The model was run with the annual cycle in month-
ly wind forcing and settled down to a repeatable cycle within
10 yr.

Results show the output for the 11th year of the simula-
tion. The pattern of the model’s annual mean upper layer
thickness, shown in Fig. 2A, is in good agreement with the
results of Busalacchi and Blanc (1989). The tropical half of
each subtropical gyre is clearly illustrated. Steep gradients
of H along the western boundaries are indicative of the west-
ern boundary currents, the Gulf Stream, and Brazil Current
in the northern and southern hemispheres, respectively. The
equatorial and eastern regions are covered with an extensive
upwelling cell. This is consistent with an annual mean up-
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welling over 15°S-15°N, predicted by a quasi-geostrophic
model (Wunsch 1984). Northeastern and southeastern max-
ima in the upwelling region occur in the intense coastal up-
welling area including the Canary and Benguela Currents,
respectively. Note that model entrainment did not occur in
the tropical Atlantic basin.

The tropical Pacific—We extended the results of Inoue
and Welsh (1993). The governing parameters of our Pacific
model are the same as those in Inoue and Welsh (1993), but
the model domain was extended to cover 46°S to 72°N and
100°E to 60°W (Fig. 3A) in comparison to 30°S to 30°N in
Inoue and Welsh (1993). Note that there is no Bering Strait
connecting to the Arctic, as the model land boundaries were
taken along the 300-m isobath, as described in the last sub-
section. Thus, the open boundary conditions are applied only
for the southern and southwestern boundaries. The relaxation
method used in Inoue and Welsh (1993) for the southwest
corner, in the eastern Indian Ocean, is also employed in this
study. The model was run with the annual cycle in monthly
wind forcing and settled down to a repeatable cycle within
23 yr.

Results show the output for the 26th year of the simula-
tion. An extremely strong upwelling (H < 60 m) occurred
in the northern subpolar gyre, which resulted in an active
model entrainment. However, this did not affect the patterns
of the model’s annual mean upper layer thickness over the
tropical basin, these being very comparable with the results
of Inoue and Welsh (1993). This suggests that the choice of
meridional extent of the model domain does not alter the
magnitudes of upwelling and downwelling in the tropics.
The western boundary currents, Oyashio, Kuroshio, and East
Australian Current, are clearly produced, and intense up-
welling regions over the tropical to subtropical latitudes are
present in the California Current, equatoria cold tongue, and
aong the South American coast. It is noteworthy that here
the reduced-gravity model has successfully simulated major
features of the ocean circulation over the pan-Pacific basin
rather than only its tropics.

Nutrient balance in the ““nitraclinic’ upper ocean

Figure 4A,B shows the annual mean meridional vertical
cross-section of model H, isopycnal surfaces, and nitrate dis-
tribution of the central tropical Atlantic (25.5°W) and central
tropical Pacific (150°W), respectively. Total nitrate distri-
bution is a proxy of nutrient content. Model H is comparable
with the 1,028 kg m=2 isopycnal depth for both tropical ba-
sins. The model pycnocline generally intersects with iso-
pleths of nutrient, which we call the nitraclinic.

Consider a one-dimensional balance of the total inorganic
nutrient content, N (g m=3) in the reduced-gravity upper
ocean. The time evolution of N is controlled by biological
consumption, vertical momentum, and eddy diffusion. The
governing eguation is

N 9 a (. 0N
T S(WN) = (K= | - 9N 6
o "M az< az> K ©

where w (m s1) and K (m? s?) are the vertical velocity and
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Fig. 2. (A) Annual mean upper layer thickness (in meters) from the 11th year output of the
Atlantic model. The contour interval is 10 m. Upwelling region (H < 300 m) is shaded. Solid-
dotted straight line is the position of the vertical cross-section in Fig. 4A. (B) Continents (light
tone) and Longhurst et a.’s (1995) Coastal and Caribbean Provinces (dark tone) in the tropical
Atlantic. Samples used in the regression analysis between H and primary productivity (PP) are
denoted by open circles and dots for equatorial strip (EQS) and rest of domain (ROD), respectively.
A very few points of anomalously high primary productivity (>1,000 g C m=2 yr=%) in the open
ocean are ignored, as these are presumably associated with very local coastal upwelling around the

small islands.

eddy-diffusion coefficient, respectively, and 7 is the time
constant of biological nutrient consumption in s, The ver-
tical coordinate is z. Verticaly integrated nN is equal to the
new production of the layer (NP). Note that NP = PP — RP
where PP and RP denote the total production and regener-
ated production, respectively.

Assuming a steady state and rigid-lid boundary condition,
vertically integrating Eq. 6 from the model upper layer depth
(an isopycna depth below the euphotic zone), —H, to the
sea surface (see Fig. 1), we define new primary production
ingm2stas

(7)

—H

° oN
NP = nNdz = (WN)|_, — [K—
. 9z

where the first and second terms of the right-hand side in
Eq. 2 are vertical momentum flux of nutrient associated with
upwelling/downwelling, and eddy diffusion of nutrient at the
model pycnocline depth, —H, respectively. Note that in Eq.
7 H can be replaced by H,,, since much of the primary pro-
duction occurs in the euphotic layer.

Now we parameterize the momentum flux of nutrient, wN.
In the reduced-gravity model, the pycnocline displacement,
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(A) Same as Fig. 2A, but from the 26th year output of the Pecific model. The contour

interval is 20 m. Solid-dotted straight line is the position of the vertical cross-section in Fig. 4B.

(B) Same as Fig. 2B, but for the tropical Pacific.

AH, is indicative of w, and if w is linearly proportional to
this,

>0 (Upwelling)

< 0 (Downwelling) ®

W o« —AH{
N at the pycnocline interface generally increases with de-
crease of AH, so N « —AH (see Fig. 4). This is the char-
acteristic of the nitraclinic tropical ocean. Comparing N in
the water column between upwelling and downwelling re-

gions shows that in the latter N is much lower than in the
former (Fig. 4A,B). Hence, for convenience, we ignore the
nutrient loss from the water column associated with down-
welling, regardliess of the magnitude of w. Thus the form of
the vertical momentum of nutrient can be parameterized

AH)2  (Ho > H
<wN>|H—{g< A

where q is a constant. For the diffusion term, let K be a

(9)
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(A) Vertical cross-section along 25.5°W of the central tropical Atlantic. Isopycnal lines (in kg m~3) and isopleths of nitrate (in

mmol L-%) are contoured by solid and dotted lines, with contour intervals of 1 kg m=2 and 4 umol L%, respectively. Data are from the
annual mean climatology of Levitus and Boyer (1994). Thick line represents the model upper layer thickness (H). Upwelling area, predicted
by the ocean model is shaded. See also Fig. 2A. (B) Same as A, but along 150°W of the central tropical Pacific. See also Fig. 3A.

constant (K typically ranges from 10-¢ to 10~°> m? s1). Note
that the term is always positive, since the vertical gradient
of nutrient across the pycnocline interface is negative (see
Fig. 4). We define a minimum productivity, PP,, as the sum-

Table 2. Summary of regression analysis. Abbreviations are la-
beled: EQS, equatorial strip; ROD, rest of domain. South and North
denote southern and northern hemispheric half of the ROD, respec-
tively. Variables are the number of samples (n) in the upwelling
region (tropical basin), the 95% confidence interval for the regres-
sion coefficients (PP, and k), and variance explained by the regres-
sion curves (V = 100 X r%%). The regression analysis was con-
ducted for samples in the upwelling region. See the main text.

In PP,

n gCmz2yrt) k(10“*m3 V(%)

Atlantic
EQS 51 (51) 406 + 011 886 + 1.07 84.2
ROD 387 (545) 434 + 0.07 311+ 042 36.0
South 200 425 + 011 349 £ 059 40.7
North 187 444 + 010 273+ 059 308

Pacific

EQS 123 (136) 445 + 0.04 176 £+ 020 70.6
ROD 966 (1566) 4.22 = 0.01 126 = 0.09 423
South 446 430 + 0.02 142 +0.09 69.6
North 520 416 + 0.04 1.04 £ 015 27.6

mation of a new production sustained by the upward vertical
diffusion of nutrient (NP,) and regenerated production:

3

In order to clarify the dimension of the right-hand side of
Eqg. 9, let g = PP, k. We then obtain from Eq. 7

PP = NP + RP = PP,[1 + k(AH)?O(H, — H)] (11)

where k (in m=2) is arbitrarily chosen to satisfy q = PP, k
and O isthe unit step function. Since the dimensionless term
k(AH)20(H, — H) < 1 [note that the magnitudes of k and
(AH)? are 10-* m~2 and 10° m?, respectively; see also Table
2], Eq. 11 can be rewritten as

PP =~ PP, ekaH)?0(Ho—H) (12)

Note that RP in the real ocean varies with the strength of
upwelling, but Eq. 12 allows us to directly estimate the total
primary productivity regardless of the nutrient origin.

+RP=NP, + RP=PP,  (10)

~H

Estimate of primary productivity

The Coastal Zone Color Scanner (CZCS) observed the
phytoplankton pigment concentration (PPC) over the globe
from November 1978 to June 1986. Longhurst et al. (1995)
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used the PPC data to estimate global primary productivity
as well as to partition the ocean into 57 biogeochemical
provinces. The SeaViewing Wide Field-of-view Sensor
(SeaWiFS), launched in September 1997, has a better spatial
coverage in PPC data than the CZCS. Noting, however, that
there was the most significant El Nifio of 1997-1998 during
the period of temporal coverage, it seems that SeaWiFS-
derived PPC is still not appropriate for calculating the cli-
matol ogy.

We therefore employ the estimate of primary productivity
(PP ing C m2yr?) by the Vertically Generalized Produc-
tion Model (VGPM; Behrenfeld and Falkowski 1997a,b),
converted from the CZCS-derived PPC (mg m~3) of Novem-
ber 1978-October 1981. The annual averaged PP over the
available period (in which there was no significant El Nifio
and Atlantic warm event) is compared here with the annual
mean climatology of the model H. Primary productivity in
the tropics is less seasonally variable than in the middle and
high latitudes, and this simple approach should be robust for
palaeocean studies. It is stressed that the CZCS can observe
only the net PPC through ecological interaction among nu-
trients, phytoplankton, and zooplankton, which is sustained
by dynamical backgrounds. However, the VGPM result was
well validated against observational datasets (Behrenfeld and
Falkowski 1997a). In contrast, our ocean model can only
estimate a proxy for nutrient supply due to upwelling. Any
thermodynamical and biogeochemical backgrounds cannot
be represented in the model. On the global scale, aeolian
iron fluxes seem to sustain part of the primary productivity
(Longhurst 1998; Gao et a. 2000). The distribution of such
fluxes could be one of the major limiting factors for marine
primary productivity. It should also be stressed that riverine
inputs of nutrients are very important to sustain coastal pro-
ductivity, such as in the Amazon delta (MUller-Karger et a.
1988; Bonilla et al. 1993). None of these biogeochemical
factors is accounted for in the reduced-gravity model. There-
fore the model’s ability to assess primary productivity is nec-
essarily limited. Nevertheless, our study will show the de-
gree to which model-derived upwelling can explain ocean
productivity.

Comparison between model-predicted upwelling and
primary productivity

Procedure—In this paper we are concerned with clima-
tological annual mean ocean productivity associated with up-
welling in the tropics, and hence we focus on the region
extending from 25°S to 25°N. For the Pacific model our
study will ignore the Indian Ocean and the Indonesian region
connecting the Pacific and Indian Oceans in the southwest-
ern corner of the model domain (Fig. 3). This provides a
better interbasin comparison of the Atlantic and Pacific. We
also exclude coastal provinces of Longhurst’s ecological
classification because of the accentuation of primary pro-
ductivity by nutrients of nonmarine origin (Muller-Karger et
a. 1988; Bonilla et a. 1993), and the Caribbean province
because a significant part of it is affected by coastal pro-
cesses. These provinces are depicted in Figs. 2B and 3B for
the Atlantic and Pacific, respectively. The VGPM shows
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anomalously high primary productivity (>1,000 g C m=2
yr1) in a few areas of the open ocean. This may be due to
very local coastal upwelling around small islands (see Figs.
2B and 3B). These extreme regions are aso ignored.

Comparison—Scatter plots of the upper layer thickness
(H) versus primary productivity (PP) for the tropical Atlan-
tic and Pacific are shown in Fig. 5A,B, respectively. Grid
points at a resolution of 2° X 2° are plotted (see Figs. 2B
and 3B for parts included). In the light of tropical ocean
dynamics, we can classify the data into two distinct cate-
gories (see also Table 2):

1. An equatorial strip, which has the width of the equa-
torial Rossby radius of deformation (EQS).

2. The rest of the domain (ROD).

We determined the regression coefficients PP, and k from
Eqg. 12. It is important to note that for estimating the re-
gression coefficients we ignore PP and H in the downwelling
because (AH)? is always zero when H > H,. This approach,
however, has little impact on the estimates of PP, and k.

In downwelling regions (H > H, in Fig. 5A,B), the pro-
ductivity is nearly constant regardless of the strength of the
downwelling. This is likely to be attributable to a weak up-
ward nutrient diffusion through the thermocline (PP,), asis
consistent with our simple model in Eqg. 10. This constant,
PP, in ROD, is dlightly larger in the Atlantic than in the
Pacific (Table 2). This suggests that the background produc-
tivity in the Atlantic is dlightly, but not significantly, higher
than the Pecific. Eddy-induced upwelling associated with in-
ternal Rossby wave propagation can lead to the production
above PP, in the general downwelling of the subtropical
gyres (Fig. 5A,B) (Uz et a. 2001).

In al the upwelling regions (H < H, in Fig. 5A,B), in
contrast, positive correlations between H (= H, + AH) and
PP are found. Another regression constant, k, is indicative
of the effectiveness of production due to upwelling. The
steep increase of productivity with upwelling is most distinct
in the equatorial Atlantic (r = 0.92, p < 0.05). Thisindicates
that productivity in the Pacific is rather less sensitive to up-
welling, due to the dynamical and biogeochemical back-
grounds of the two basins. We will discuss this later.

Figure 5A shows the two regression curves for the Atlan-
tic, one for the EQS and the other for the ROD. The steeper
curve shows the effectiveness of the production occurring
within the equatorial strip. Regression analysis gives the
95% confidence limits of the regression coefficients, k =
8.86 £ 1.07 X 10*m-2 and In PP, = 4.06 £ 0.11 (equiv-
aent to PP, = 51.9-65.3 g C m=2 yr%), the latter being
similar to the minimum productivity in the subtropical gyres
of the Atlantic (58.5 g C m=2 yr—1). Much of the subtropical
gyres exhibit PP < 100 g C m=2 yr=%. In fact, regression
analysis for ROD shows PP, = 71.7-82.9 g C m~2 yr~* and
k=311 + 042 X 10*m=2 (r = 0.60, p < 0.05).

Turning to the tropical Pacific, a similar trend to the trop-
ical Atlantic is seen for the gentle curve representing the
ROD (r = 0.65, p < 0.05), adthough both k and PP, are
smaller (k = 1.26 = 0.09 X 10~* m=2, PP, = 66.2-69.4 g
C m~2 yr-1) than those in the Atlantic ROD. However, the
equatoria regime (EQS) in the Pacific (r = 0.84, p < 0.05)
is not as clear asthat in the Atlantic. Table 2 shows a dlightly
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Fig. 5. Scatter plots of the model upper layer thickness in meters (H) versus remotely sensed
primary productivity in g C m=2 yr-* (PP). Curve-fittings are based on Eq. 12, with constants k
and PP, but only the upwelling region (H < 300 m) is considered for the regression analysis. Two
numbers of samples (n) are shown; the numbers of samples in upwelling region and tropical basin,
the latter being in brackets. Corresponding correlation coefficients (r) are also shown. (A) the
tropical Atlantic and (B) the tropical Pacific. See the main texts and Table 2 for statistical details.
Abbreviations in the legend box are labeled as follow: EQS, equatorial strip; ROD, rest of the

domain.

larger PP, (= 82.6-89.5 g C m~2 yr~1) than in the Atlantic,
but k is much smaler (k = 1.76 = 0.02 X 10-* m~2?), and
hence the equatoria strip appears to be less efficiently pro-
ductive for enhanced upwelling in this ocean. PP is nearly
constant between H = 275 and 300 m. This largely occurs
in the western tropical Pacific (see Fig. 3A). Here the rainfall
is exceptionally heavy and so surface salinity is significantly
reduced. This province is characterized by a shallow halo-
cline not suitable for an algal bloom, constraining produc-
tion. In the eastern equatorial Pacific, there is little iron,
which is a biogeochemical constraint for production. As a
result, the productivity curve corresponding to the eastern
equatorial upwelling (H < 270 m) is much more gentle than
that in the Atlantic case (Fig. 5A). Enhancement of upwell-
ing does not strongly support primary production in the trop-
ical Pacific.

Gao et al. (2000) showed that the whole Pacific has about
half (46%) the amount of annual aeolian iron deposition of
the whole Atlantic. Over the tropical Atlantic basin, the
northeasterly and southeasterly trades transport massive
amounts of dust that originate in the Sahara and Namib De-
serts, respectively, throughout the year. In contrast, the cli-
mate of western South America might not be a sufficient
iron source for the broad tropical Pacific. The southeasterly

trades in this ocean, therefore, provide little iron-rich dust to
the eastern tropical Pacific.

The variance of the primary productivity through the At-
lantic ROD is larger than in the Pacific ROD. The regression
curves, based on Eqg. 12, explain less than half the spatial
variance of primary productivity in the upwelling regions
(Table 2). Interestingly, the Atlantic ROD shows less ex-
plained variance than its Pacific counterpart: 36.0% and
46.2% for the Atlantic and Pacific, respectively. This sug-
gests a complexity of mechanisms beyond climatological up-
welling; at least, quantitative relationships between micro-
nutrients to macronutrients, grazers, and upwelling need to
be addressed. As an example of this, seasonal variahility of
iron deposition is much larger in the Atlantic than in the
Pacific in both hemispheres (Gao et al. 2000). Hence there
should be strong seasonal responses of the ocean to iron
inputs, which cannot be explained by annual mean upwell-
ing. In fact, when we separated ROD into two hemispheres,
the southern hemisphere parts of both the tropical Atlantic
and Pacific showed better fits of the model upwelling to
primary productivity (Table 2). This emphasizes the strong
seasonal variability of the possibly iron-limited ecosystem
in the northern tropics and shows the limitation of the ocean
model’s evaluation of primary productivity. By contrast, in
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the equatorial region the regression curves explain much of
the spatial variance of primary productivity. This is very
robust in the equatorial regime (EQS) of the Atlantic
(84.2%).

f-ratio—We will briefly address the f-ratios for the down-
welling, oligotrophic subtropical gyres and upwelling re-
gions. Using the Redfield ratio between carbon and nitrogen
(106:16), if the vertical gradient of mean nitrate and eddy-
diffusion coefficient are given by 0.045 yumol N L-*m~* and
3.7 X 10~ m? s, respectively (Lewis et al. 1986), we eval-
uate NP, = 4.17 g C m=2 yr-*. Using our estimates of PP,,
f-ratios for the Atlantic and Pacific RODs are 0.05 and 0.06,
respectively. These low values are typical of f-ratios in the
subtropical gyres (Eppley and Peterson 1979) and are clearly
distinguishable from the estimates of tropical upwelling re-
gions (Chavez et al. 1996; Planas et al. 1999). For example,
using a mean new production rate of 32.2 g C m2 yr=tin
the equatorial Atlantic of 15°S-15°N (Eppley and Peterson
1979) and the mean PP over this region from the VGPM
(138.5 g C m=2 yr%), we estimate an f-ratio of 0.23. On the
other hand, reconstructed PP through Eq. 12 and its corre-
sponding new production through the curve of Berger et al.
(1989), appropriate for that domain is 1274 g C m2 yr1*
and 34.5 g C m=2 yr-1, respectively. Hence our predicted
tropical upwelling f-ratio is 0.27, which isin good agreement
with the value of Eppley and Peterson (1979). It is, therefore,
suggested that Eq. 12 is capable of examining basin-scale f-
ratios.

Discussion and conclusions. Toward palacocean
modeling

Climatological upwelling and downwelling has been pre-
dicted by the reduced-gravity model. In this paper we used
the model upper layer thickness as a proxy for upwelling
and compared it with remotely sensed primary productivity
estimated by Behrenfeld and Falkowski (1997a,b). This is
the first report to validate the upwelling of the reduced-grav-
ity model against remotely sensed productivity at basin
scale. A simple relationship between the upper layer thick-
ness and primary productivity is proved to be useful. It is
worth noting that Eq. 12 explains much of the variance in
primary productivity in the equatorial regimes (Table 2). In
the light of the nutrient balance of the nitraclinic upper
ocean, the eutrophic upwelling and oligotrophic downwell-
ing zones are clearly separated by the f-ratio derived by Eq.
12. This implies that reduced-gravity modeling can provide
a quantitative method for estimating tropical primary pro-
ductivity.

We have shown that there is adifference in the upwelling—
productivity relationship between the Atlantic and Pacific.
The Atlantic appears to have more efficient production cor-
responding to the same degree of wind-driven upwelling
than the Pacific, which is best featured in the equatorial re-
gion. Thisis ascribed to two major causes: (1) alow salinity
unsuitable for algal blooms in the western tropical Pacific
(Lukas and Lindstrom 1991), and (2) little aeolian iron input
over the eastern equatorial Pacific (Longhurst 1998; Gao et

Handoh et al.

al. 2000). The zonal width of the Pacific basin amplifies
these features. First, a convection centre is found over the
western tropical Pacific oceanic continent, while the equiv-
adent system in the Atlantic is over South America. This
geographic constraint is responsible for heavier rainfall over
the western tropical Pacific, sustaining the low salinity and
shallow halocline. In the Atlantic, the bulk of the precipi-
tation falls over the Amazonian Basin, and a significantly
low salinity region is not found in the western tropical At-
lantic, except near the mouth of the Amazon River. Second,
regardless of the existence of deserts upstream of the trades,
the broad tropical Pacific basin tends to have little aeolian
iron supply, while plenty of aeolian iron from the Sahara
and Namib desertsis provided to the narrow tropical Atlantic
(see also Gao et a. 2000).

To conclude, we would like to link this study to reduced-
gravity modeling in the late Quaternary (Luther et al. 1990)
and the middle Cretaceous (Handoh et al. 1999). Palacocean
modeling studies must grapple with many unknown factors
(Handoh 2001), and are sensitive to the results of palaeocli-
mate modeling that supply palaeocean modelers with wind
fields of the geologic past. While there must be clear uncer-
tainty in any wind field produced by such palaeoclimate
models, the well-known palaeogeography will provide suf-
ficient restriction to the palaeoclimate simulation for there
to be some confidence in the large-scal e features of the mod-
eled marine atmosphere (Handoh et al. 1999). Here we have
shown that climatological biological productivity through
the tropics can be assessed by a reduced-gravity model
forced by a climatological wind. This addresses the model’s
ability to predict where upwelling is strong enough for en-
hanced primary productivity, which is key to many palae-
oceanographic studies (Parrish and Curtis 1982; Pedersen
and Calvert 1990). For example, Handoh et al. (1999) have
shown a direct link between palaeo-upwelling and black-
shale deposits, the latter being potential petroleum source
rocks. This analysis is now more convincing because of the
quantitative link between model and productivity established
in this paper. For palaeocean studies, our model result can
be compared with independent quantitative sedimentary data
(Handoh 2001). Regression analysis of these two indepen-
dent estimates (as done here) will tell us about both the
efficiency of palaeoproduction and the component of the pa-
laeoproductivity sustained by eddy diffusion of nutrient.
This will shed new insights into the broad marine ecological
background of the geologic past.

The ability to explore the location of palaeo-upwelling
sites is linked with many economically important sedimen-
tary deposits, such as phosphates, gas hydrates, and petro-
leum source rocks (Parrish and Curtis 1982; Handoh 2001).
In combination with our past work (Handoh et al. 1999), we
have here shown that palaeocean modeling could be a quan-
titatively reliable tool for successful prediction of such eco-
nomically important sites. Of course, attention must be paid
to the palaeogeographic distribution of aeolian iron (Janecek
and Rea 1983) and micronutrients to macronutrients in the
ocean. The proto-Atlantic was, however, even narrower than
the modern-Atlantic, so that the model upwelling—productiv-
ity relationship is likely to have been robust into the past.
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