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The equatorial Pacific is the largest oceanic source of carbon dioxide to the atmosphere 
and has been proposed to be a major site of organic carbon export to the deep sea. Study 
of the chemistry and biology of this area from 170" to 95"W suggests that variability of 
remote winds in the western Pacific and tropical instability waves are the major factors 
controlling chemical and biological variability. The reason is that most of the biological 
production is based on recycled nutrients; only a few of the nutrients transported to the 
surface by upwelling are taken up by photosynthesis. Biological cycling within the eu-
photic zone is efficient, and the export of carbon fixed by photosynthesis is small. The 
fluxes of carbon dioxide to the atmosphere and particulate organic carbon to the deep 
sea were about 0.3 gigatons per year, and the production of dissolved organic carbon was 
about three times as large. The data establish El NiAo events as the main source of 
interannual variability. 

Because of the upwelling of CO,-rich deep 
water, the central and eastern equatorial 
Pacific Ocean is the largest natural ocean 
source of C 0 2  to the attnosphere [about 0.9 
gigatons (Gt )  of carhon per year ( I ) ] .  New 
biological production (production driven by 
the import of new nutrients to the euphotic 
zone) in this region could account for as 
tnuch as 25 to 50% of the global ocean 
value 12). This view that the reeion has 
large carbon fluxes must be reconciled with 
the recent realization that the reeion is an 

u 

example of a high nutrient-low chlorophyll 
(HNLC) regime. Physical and chetnical dis-
tributions are dominated hy upwelling, and 
surface waters usually have high concentra-
tions of dissolved nutrients and high biolog-
ical productivity. Phytoplankton biomass 
and productivity levels, although high, are 
lower than expected and have relatively 
stnall seasonal variabilitv 13).The dvnamics , , ,  

of this region are complex hut have been 
reasonablv well described 14). The UD-

welling hks a large interannual variabiliiy 
associated with the El Niiio-Southern Os-
cillation (ENSO); thus, carbon fluxes 
strongly depend on clitnate variability. 

In order to determine the relative impor-
tance of physical versus biological processes 
in the control of the variabilitv of concen-
trations and fluxes, the equatorial Pacific 
Ocean was chosen as the site of a U.S. loint 
Global Ocean Flux Study (U.S. JGOFS) 
process study (5). The purpose was to de-
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termine the fluxes of carbon and related 
elements between the euphotic zone and 
the atmosphere and deep ocean. Pelagic 
studies principally addressed the tnecha-
nisms that tnake the equatorial Pacific an 
HNLC regime and the factors that control 
new and export production (6). In this ar-
ticle, we compare carbon fluxes with phys-
ical forcing on different time scales and 
discuss their control by the structure of the 
biological food web. 

Dominant time scales range from in-
terannual (ENSO) through seasonal and 
intraseasonal (Kelvin and instability 
waves) to diurnal (7).  Space scales range 
frotn the depth of the mixed layer to the 
scale of the Pacific Basin. We  planned 
cruises to observe these ranges of variabil-
ity (8). Data on a comprehensive set of 
hydrographic, chemical, and biological 
paratneters were collected during two 
field seasons frotn process-oriented survey 
cruises from 12"N to 12's at 140°W and 
during 20-day time-series cruises at the 
equator at 140°W (9). A regional survey was 
conducted in each season along four meridi-
onal sections from 170°W to 97OW. We sutn-
tnarize here awrk conducted during February 
to May and August to October 1992. Figure 1 
shows the results from these cruises. The 
cruises that took place during the February to 
May season (series I) coincided with the max-
imum intensity of the wartn El Niiio event, 
and the August to October cruises (series 11) 
took place during well-developed cool surface 
water or "cold-tongue" conditions (10). 

Carbon Dioxide 

The high degree of supersaturation of C02 
in surface water at the equator is the result 
of upwelling of CO,-rich waters. Sotne of 
the upwelled C 0 2  is biologically cycled 

within the euphotic zone, and some is re-
leased to the atmosphere, but most is trans-
ported away frotn the site of upwelling by 
advection. 

The average annual increase of CO, in 
the atmosphere has been estimated to be 
about 1.4 parts per million (pptn) per year; 
however, the year-to-year increase fluctu-
ates about the tnean by about ?0.6 ppm 
yearp' (11). Interannual variations in the 
rate of release of CO, by the surface of the 
equatorial Pacific appear to influence the 
rate of increase of atmospheric CO,. The 
variations with the largest magnitudes co-
incide with El Niiio events. When the at-
tnospheric data are detrended for seasonal 
cycles, the rate of increase shows a mini-
mutn during the early phase of an El Nifio 
followed by a maximum thereafter (11 ). For 
example, in the fall of 1982, during the 
early part of the 1982-1983 El Niiio, the 
rate of increase of atmospheric C 0 2  de-
creased to essentially zero [0.0 10.3 pptn 
yearp' ( I ) ] .  A t  the same time, the calcu-
lated gas exchange flux of C02  from the 
surface water of the equatorial Pacific 
(lOON to 10"s;  80°W to 135"E) to the 
atmosphere decreased frotn nortnal values 
of about 0.9 G t  of carhon per year to a 
negligible flux of less than 0.02 G t  C 
yearp' (12). In the year following the 1982-
1983 El Niiio, attnospheric CO, grew at an 
anomalously high rate. The tnaximum rate of 
increase (2.2 ppm yearp') occurred in early 
1984 (1). This sequence of events appears to 
be characteristic of other El Niiio events as 
we11 (13). 

The sitnplest explanation of the connec-
tion is that the CO, content of the surface 
eastern equatorial Pacific is reduced during 
the first part of an El Nifio, when Kelvin 
waves depress the thermocline, because the 
tnixed layer waters that replace the thermo-
cline as it moves downward have much less 
COT Upwelling continues during El Nifio 
events, although reduced in proportion to 
wind strength, and the water upwelled is 
warmer and has less CO,. The end of an El 
Niiio event is associated with re-establish-
ment of the upwelling of cold C02-rich 
waters, which gives rise to the high CO, 
concentrations usually observed and higher 
fluxes to the atmosphere. The terrestrial 
biosphere is also involved (14). Keeling et 
al. (15) used atmospheric 8°C measure-
tnents to argue that the increase in atmo-
spheric C02 levels after an El Niiio event 
was primarily the result of reduced uptake 
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by terrestrial vegetation resulting from 
drought conditions caused by the collapse of 
the southeast Asian monsoon (16). There is 
some uncertainty, however, and not all atmo- 
spheric 613C data are consistent with this 
notion. From the middle of 1991 to 1993, the 
rate of increase in atmospheric CO, was dras- 
tically reduced from its normal value of about 
3 Gt  C yearp1 to about 1 Gt C yearp1 (17). 
Atmospheric CO, began to increase at a fast- 
er rate in 1994, similar to that in 1984. 

The fugacity of CO, Cfco2) in surface sea- 
water from 110" to 170°W during the 1992 
El Nifio was generally lower than during 
previous non-El Nifio periods. These data 
indicate that the nature of water upwelled 
at the equator changed (18). The values of 
fco, during the El Nifio ranged from 335 to 
365 patm along 1 70°W. The fCO2 minimum 
at the equator was the result of an eastward 
advection of a low-salinity equatorial sur- 
face jet, which was observed as a shallow 
salinity minimum from about 2"s to 2"N at 
170°W. This lower density water mass 
formed a cap that inhibited the upwelling of 

Fig. 1. Comparison of data from the WV Thomp- 
son survey I (February to March 1992) (V) and 
survey I I  (August to September 1992) (.) cruises 
with the average of previous determinations (cli- 
matology) (0) calculated by Barber and Chavez 
(79). The data correspond to meridional transects 
from 12"N to 12"s along 1 4OoW. (A) Surface tem- 
perature, (B) surface nitrate (80), (C) integrated 
primaty production to the 0.1% liaht level, (D) 

C0,-enriched water. Near the edges of this 
jet (3"N and 3"S), deeper water upwelled 
and the surface seawater was always super- 
saturated in CO,. At  140°W, surface sea- 
water was supersaturated with respect to the 
atmosphere from 10"s to 7"N, and fco2 
ranged from 347 to 410 patm. 

The difference in the fugacity of CO, 
between surface seawater and the atmo- 
sphere (AfCO2) for the region from 110" to 
170°W (Fig. 2) resulted in gas exchange 
fluxes to the atmosphere that ranged from 
1.0 to 2.1 mmol C mp2 dayp1 (18). The 
distribution was asymmetrical, and the 
fluxes south of the equator were about 
twice the values to the north. The Afco2 
maximum at the equator appeared to be 
the result of shallow upwelling from a 
depth of approximately 40 to 80 m, on the 
basis of temperature, salinity, and total 
CO, distributions. 

During the resumption of cold-tongue 
conditions in August to October, the 
Afco2 maximum along 140°W was 15 to 
25 patm higher than in February to May 
(Fig. 2). The calculated CO, gas ex- 
change fluxes between 140" and 95"W for 
this period averaged 3.8 mmol C mp2 
dayp1 (18). Similar values were calculat- 
ed for previous non-El Nifio conditions 
(12, 19). Farther to the east, along the 

1 lO0W transect, the Afco2 maximum was 
as much as 55 patm greater than in the 
spring. The higher surface fCO2 during this 
period occurred because the nutricline 
(the depth at which the concentration of 
nutrients increases sharply) was shallow- 
er. The total flux to the atmosphere for 
October 1991 to September 1992 for the 
region 10°N to 10"s and 80°W to 135"E 
was 0.3 G t  yearp1 (18). The net annual 
decrease in the CO, flux from the ocean 
to the atmosphere for this region was 
about 0.6 G t  C yearp1. The rate of in- 
crease in atmospheric CO, decreased by 2 
G t  C yearp1, suggesting that the de- 
creased flux of CO, from the equatorial 
ocean accounts for about 30% of the at- 
mospheric anomaly. 

Physical Forcing 

In general, the circulation in the equato- 
rial Pacific can be characterized as a vig- 
orous meridional recirculation of water 
and nutrients in the upper 100 m from the 
equator to about 5"N and 5 5 ,  superim- 
posed on deeper zonal transport from the 
west, which introduces new nutrients and 
is associated with the equatorial under- 
current. The fluxes of CO, to the atmo- 
sphere and particulate carbon to the deep 

Fig. 2. Maps of the dis- 
tribution of Af C02 (ocean 
- atmosphere) (in mi- 
croatmospheres) for sur- 
face seawater from 1 OoN 
to 10"s and 1 70°W to 
95"W for February to 
May and September to 
December 1992. Data 
obtained from the NOAA 
cruises on the WV 
Baldridge and WV Dis- 
coverer (18). 

~f, ,? (42, Bl), and (E) integrated ~hlorophyll'to 
120 m. 
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ocean depend not only on biological pro- 
cesses like primary production, grazing, 
and export, but also on physical processes, 
including horizontal advection, changes 
in upwelling rates, and wind speed. It is 
necessarv to understand the relative im- 
portance of remote versus local physical 
forcing in order to evaluate the controls 
on the larger scales of temporal and spa- 
tial variability. 

The warm event that reached maximum 
intensity in early 1992 began in September 
1991 as a series of westerlv wind events 
lasting about 30 days each that occurred 
primarily west of the date line over the 
western Pacific warm pool (Fig. 3A) (20). 
Each wind event excited an eastward prop- 
agating equatorial Kelvin wave that carried 
the downwelling signal of the westerly 
winds to the eastern Pacific (21). As a 
result, there were large and rapid changes in 
the d e ~ t h  of the thermocline in the central 
equatorial Pacific; for example, it dropped 
as much as 50 m in one week at 140°W in 
late January (Fig. 3B). The importance of 
the remote Kelvin wave forcing is demon- 
strated by the fact that the depth of the 
20°C isotherm at 140°W was highly corre- 
lated with zonal winds at 165"E (22) but 
not at all with local winds. It is notable that 
the 20°C isotherm at 140°W reached its 
deepest level during the event at the end of 
December 1991, before any local wind 
anomalies occurred (Fig. 3). 

The surface-water cold tongue was ab- 
sent at 140°W during the survey I cruise 
(February) (Figs. 1A and 4A), even 
though easterly winds were strong. With 
the exception of 2-week periods in Janu- 
ary and April, the local zonal winds at and 
east of 140°W were near or slightly stron- 

ger than normal throughout the entire 
year (Fig. 3A), although in general, east- 
erly winds were stronger between August 
and October than thev were between Feb- 
ruary and May. winds favored upwelling 
through nearly all of 1992 at 140°W de- 
spite the anomalously high sea surface 
temperatures (SSTs) for much of the 
time. Strong horizontal divergence and 
upwelling appear to be concentrated in a 
narrow band 20 km wide centered on the 
equator (23). Semiannual variations of 
upwelling velocity are substantial and are 
in phase with local wind forcing (Fig. 3). 
The relation between zonal wind strength 
and the depth of the water upwelled to 
the surface is complex, but the conven- 
tional view is that the path of most of the 
upwelled water is along isopycnal surfaces 
that outcrop at the equator and deepen to 
between 50 and 100 m north and south of 
the eauator (24). As a result. the remote . , 

winds in the western Pacific, which con- 
trol the depth of the local thermocline, 
also control the properties of the upwelled 
water (20). Temperature sections from 
12"N to 12"s along 140°W (Fig. 4) sug- 
gest that the source of upwelled water 
tended to be shallow (40 to 80 m) from 
February to May and slightly deeper from 
Aueust to October. The distributions of - 
other hydrographic and nutrient proper- 
ties are consistent with this view. Because 
the thermocline was depressed to deeper 
than 100 m from February to May, the 
upwelled water was warm (28.5"C) and 
relatively nutrient-rich (Fig. 1B) (Table 
1). Water with a temperature of 28.5"C 
and a nitrate concentration greater than 3 
uM is unusual in the world's oceans. 

After our survey I cruise conditions at 

140°W started to change toward normal 
conditions during our time series I and 
the National Oceanic and Atomspheric 
Administration's (NOAA's) survey I 
cruises (April). The maximum SST at 
140°W occurred at the end of March and 
was still 2°C above normal during April. 
On the other hand, the depth of the 20°C 
isotherm anomalies at 140°W was zero by 
the end of April. During April the con- 
ditions were still anomalous [SST and 
depth of the 20°C isotherm (Fig. 3B)], but 
the anomalies were decaying. These rapid 
changes in the physical regime make it 
difficult to compare chemical and biolog- 
ical data from different cruises, even in 
the same season. 

A well-developed cold tongue was re- 
established at the equator by June, so the 
SSTs during the survey I1 (August) (Figs. 
1A and 4), time series I1 (October), and 
NOAA survey I1 (September) cruises 
were equal to or slightly colder than nor- 
mal. However, SSTs remained anoma- 
lously warm north and south of the equa- 
tor. Tropical instability waves were well 
developed during the second half of 1992 
compared with those in previous years. 
The tropical instability waves are associ- 
ated with 20- to 30-day fluctuations of the 
meridional currents between the equator 
and 5"N and lead to large oscillating me- 
ridional advection of upper layer water 
properties. The cold phase was of short 
duration, yet all our cruises sampled the 
equator before warm conditions reinten- 
sified in March 1993. The warm event 
ended at the end of 1993 (25). 

Fig. 3. (A) Zonal wind anomalies (in meters per second) and (B) anomalies of the depth of the 20°C 
isotherm (in meters) for June 1991 to December 1992 for the equatorial Pacific from 150°E to 1 10°W 
determined from the TOGA-TAO moored array (10). The heavy line in both figures represents the 
zero anomaly boundary. 

Fig. 4. Meridional sections of potential temper- 
ature (in degrees Celsius) varying with depth 
(100 dbar = 100 m) from 12"N to 12"s at 
140°W during (A) survey 1 (4 February to 9 
March 1992) and (B) survey 11 (9 August to 16 
September 1992) cruises. 
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Previous Modeling Results 

Several modeling studies influenced the 
design of our field program. Najjar e t  al. 
(26) added a phosphate mass balance 
eauation to an  ocean general circulation 
m'odel and concluded "that dissolved or-
ganic matter needed to be a maior form of-
the export production in order to prevent 
~ o s i t i v efeedback from resulting in exces--
sively large upwelled nutrient concentra-
tions. They predicted export production 
of 5 to 15 mmol C m-2 dayp1,depending 
on  the depth dependence of the particle 
remineralization rate. Best agreement be-
tween model and observed data was ob-
tained when most of the export of organic 
matter took place in a dissolved phase. 
Siegenthaler and Sarmiento (27) charac-
terized global export production as 60% 
dissolved organic carbon and 40% partic-
ulate organic carbon. 

This approach was developed further 
with a more extensive coupled physical-
ecological model. The model coupled a 
highly resolved description of the tropical 
Pacific circulation field (28) with a seven-
compartment ecosystem model (29). The 
results (30) suggested that (i) surface nutri-
ents and biomass were asymmetrically dis-
tributed toward the southern hemisphere, 
(ii) the dominant variability near the equa-
tor was produced by 20- to 30-day tropical 
instabilitv waves. (iii) recvcled ammonia, ,  , 

from the' single grazer in ;he model was 
responsible for keeping nitrate uptake at 
relatively low levels, and (iv) if there is a 
long-lived pool of dissolved organic matter, 
it would be a major advective export of 
carbon out of the equatorial region. The  
role of grazing was further elucidated by 
Frost and Franzen (31 ), who used a simple 
chemostat analog model to show that both 
herbivore and carnivore grazers and prefer-

ential uptake of ammonia over nitrate by 
phytoplankton were required to reproduce 
observed nutrient and biomass values. 

Variability in Biological
Parameters 

Comparison of the cruise results at the 
equator at 140°W reveals low-frequency 
variability (Table 1) .Water that upwelled 
to the euphotic zone at the equator was 
warm and relativelv nutrient-rich 132)~, 

between February a i d  May and cool and 
nutrient-rich from August to October 
(Fig. 1B) (Table 1) .  Barber and Chavez 
(33)  defined water with nitrate concen-. . 
trations over 4 p M  as nutrient-rich. Dur-
ing both periods, the distributions were 
asymmetrically distributed toward the 
southern hemisphere. 

The chemical and biological differences 
were subtle, considering the large differenc-
es in the SST and nutrients. Chlorophyll in 
the euphotic zone (34) varied little from 
12"N to 12"s during survey I and tended to 
be about a factor of 2 higher from 2"N to 
5"s  during survey I1 (Fig. 1E). The chloro-
phyll inventories at the equator were 50% 
higher during survey I1 compared with 
those during survey I and 14% higher dur-
ing time series I1 compared with those dur-
ing time series I (Table 1). Primary produc-
tion determined by 14Canalysis was maxi-
mum near the equator and had asymmetri-
cally high values south of the equator 
during both seasons (Fig. ID) (35). Primary 
production increased significantly from sur-
vey and time series I to survey and time 
series I1 (Fig. 1C  and Table 1). Some of the 
increase was caused bv an increase in bio-
mass. In addition, the specific rate of pri-
mary production was about 25% higher dur-
ing time series I1 compared with that during 
time series I (32). 

It is not clear yet what explains these 
differences, but changes in nutrients (in-
cluding iron), light, and plankton commu-
nity structure are likely candidates. There 
were a few very cloudy days with heavy rain 
during time series I, but even with these 
occasional cloudy days removed, time series 
I was still less productive than time series 11. 
Another ~ossiblecause of the difference 
was the larger magnitude of diurnal changes 
in mixed-layer depth in time series I1 (from 
10 to 70 m) compared with those in time 
series I (from 5 to 35 m) (36). Changes in 
the composition of the primary producers 
and the effect of these changes on grazing 
losses were probably the direct cause of the 
increase in primary production. 

Coherent, high-frequency variability 
was observed in the results from the time 
series cruises. Time series I was a relativelv 
stable period with little systematic variabil-
ity in the observations. During time series 
11, however, there were coherent high-fre-
quency changes in the magnitude of merid-
ional and zonal currents, reflecting the pas-
sage of a tropical instability wave and re-
sulting in large changes in temperature, sa-
linity, nutrients, chlorophyll, and primary 
production (Fig. 5). There was also an in-
crease in mesozooplankton biomass associ-
ated with the instability wave, although the 
increase lagged behind the increase in nu-
trients and chlorophyll. The maximum ni-
trate and chlorophyll concentrations and 
minimum temperature were associated with 
the maximum northward current velocity 
(10) .  Primary production also peaked with 
nitrate and chlorophyll levels, but when 
productivity was normalized to chlorophyll, 
the specific rates did not change (Fig. 5B) 
(37). This indicates that the increase in 
primary production was controlled by vari-
ations in biomass rather than changes in 
the specific biological rates. When biomass 

Table 1. Variability in hydrographic, chemical, and biological parameters at the equator and 140°W dur~ng1992. Integratedvalues are for the surface to the 
0.1% light level, which is about 120 m, except where indicated. 

Survey l Time 
series I NOAA l Survey ll  NOAA II T~me 

series II 

Dates (monthlday) 
SST ("C) 
Depth of 20°C (m) 
SurfaceNO, ( ~ m o lkg-') (80, 82, 83) 
lntegratedchlorophyll (mg m-" (34, 62, 87) 
Biomass (mmol C m-2) 

lntegratedphytoplankton from C:Chl = 58 
lntegratedbacterial (84) 
Heterotrophicnanoplankton(57) 

Bacteriallphytoplanktonbiomass 
Primaty production (mmol C m-2 day-') (35, 87) 
Bacterial production (mmol C m-2 day-?) (84) 
Bacterial/phytoplanktonproduction 
lntegrated mesozooplanktonbiomass (mmol C 

m-') (>200 pm) (74, 85) 
4,- (patm)(78, 42, 86) 

*To the 1% light level. 
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is controlled by grazing, the specific growth 
rate should be independent of biomass. The 
reason why biomass was higher in the cool, 
nitrate-rich water even though nitrate was 
always greater than 4.5 |xM was probably 
because there was less grazing during the 
water's previous history. 

The variability associated with instabil­
ity waves can also be seen in zonal transects 
along the equator. Lefevre and Dandonneau 
(38) showed that A / c o along the equator 
in the eastern equatorial Pacific in January 
to March, 1991, exhibited a large variability 
as a result of tropical instability waves. In 
May 1992, during a NOAA transect from 
130° to 100°W (39), temperature was in­
versely related to salinity, density, nitrate, 
and carbonate system parameters (pH, total 
alkalinity, total C0 2 , and / c o ) (Fig. 6). 
The data show that temporal variability of 
hydrographic, chemical, and biological data 
at a given point on the equator can be quite 
large. 

Another example of the physical control 
of the biological distributions associated 
with tropical instability waves was the fron­
tal feature and associated Rhizosolenia cast-
racanei patch at 2°15'N, 140°W observed 
during the survey II cruise (40), The front 
was a boundary between cold (23.8°C) and 
warm (25.0°C) water on the western side of 
the crest of a tropical instability wave trav­
eling with a velocity of about 30 km day - 1 . 
Acoustic doppler current meter data 
showed strong convergence and down-
welling (41). Linear features related to this 
instability wave are also present in photo­
graphs taken from the space shuttle Atlan­
tis (40). Rhizosolenia is a large, buoyant, 
chain-forming diatom that was present in 
the region and was concentrated into a 
dense surface patch by convergence at the 
front. This patch was not a bloom but an 

accumulation driven by the advective con­
centration effects of the convergent front. 
Although surface chlorophyll concentra­
tions in the patch reached 1 0 t o 3 0 m g m - 3 , 
specific biological growth rates (P^ax 

equaled 90 mg of carbon per milligram of 
chlorophyll per day) were similar to those 
in the region away from the front (Fig. 5B). 
The large increase in biomass and total 
production resulted in a local C 0 2 deple­
tion with A / c o decreasing from +90 |xatm 
south of the front to —19 |xatm in the patch 
north of the front (42). 

The determinations of dissolved organic 
carbon (DOC) made during cruises in this 
study (43) substantiated previous model 
calculations that DOC may be a significant 
form of export production from the equato­
rial Pacific (26, 44). In general, surface (0 
to 100 m) DOC values increased from 60 to 
65 |xmol of carbon per kilogram of water at 
the equator to about 70 |xmol C kg - 1 at 
2°N and 2°S and to 80 |imol C kg - 1 at 
12°N and 12°S (45). Zonal variability was 
small. The DOC concentrations typically 
decreased from the high surface values to 
about 45 |xmol C kg - 1 at 200 m. This result 
suggests that DOC was produced in the 
euphotic zone and consumed just below in 
the thermocline. Data from the meridional 
sections suggest that water with relatively 
low DOC content was upwelling near the 
equator. Production of DOC resulted in 
increased concentrations as the water was 
advected to the north and south. 

Food Web Considerations 

The flux of carbon, nitrogen, and other 
biogenic elements within and out of the 
euphotic zone is a function of food web 
structure. Previous studies of HNLC re­
gimes have indicated that nano- and pico-
plankton are dominant primary producers 
and are tightly coupled to an active com­
munity of protozoan grazers. These regimes 
typically have low values of new and export 
production. The data from the equatorial 
Pacific are consistent with these observa­
tions (Table 2). 

The bulk plankton community during 
both the I and II series cruises was domi­
nated' by picoplankton. The fraction of the 
chlorophyll in the <2-|xm size fraction was 
92% during time series I and 81% during 
time series II. Larger plankton, expressed as 
chlorophyll in the >14-|xm fraction, were 
more abundant during time series II (46). 
Prochlorophytes and cyanobacteria were 
significant components of the phytoplank-
ton biomass during all cruises, but eukary-
otic phytoplankton (especially diatoms) 
were more abundant during time series II 
(46, 47). Significant increases of stepped-
chain and cluster-fqrming diatom species of 
Pseudonitzschia delicatissima and large single 
diatoms Thalassiothrix and Thalasssionema 
(48) were observed during survey II and 
time series II. The percent of chlorophyll 
attributed to diatoms increased from <0.1 
to 6% between survey I and survey II (49). 

Fig. 5. (A) Physical [temperature (O) and salinity 
(•)] and chemical [nitrate concentration (V)] (82) 
and (B) biological [P^ax (•), chlorophyll concen­
tration at depth of Pmax (•), and Pmax (O)] data 
from the NSF R/V Thompson time series \\ (Octo­
ber 1992) cruise at the equator and 140°W. Pmax 

is the maximum value of primary production in the 
vertical profile; P ^ is the ratio of primary produc­
tivity to chlorophyll and is shown for the depth of 
maximum productivity. 

130°W 120°W 110°W 120°W 110°W 
Jo 

100°W 

Fig. 6. Data from the NOAA R/V Discoverer cruise in May 1992 along the equator from 130° to 
100°W. These results illustrate the variability caused by the tropical instability waves. The data have 
an apparent 700-km wavelength and a 15-day period. The real dimensions are longer because the 
ship and waves were traveling in opposite directions. Values are given for (A) temperature (•) and 
salinity (•), (B) total alkalinity (•) and pH (•), (C) total C02 (•) and density (o>) (•), and (D) fugacity 
of C02 (•) and nitrate (•) (39). 
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Total phytoplankton biomass was 14% low-
er during time series I relative to time series 
11. El Nifio conditions appear to result in a 
small reduction in the phytoplankton bio-
mass, especially in the eukaryotic phyto-
plankton (prymnesiophytes, chrysophytes, 
and diatoms). 

Modeling studies summarized earlier sug-
gest that more than one size of grazer is 
necessary to reproduce the nutrient and 
biolnass conditions. A steady-state balance 
between the production of biomass by phy-
toplankton and its consulnption by two size 
classes of grazers, such as lnicrozooplankton 
and mesozooplankton, grazing at a rate g 
(per day), can be written as 

Grazing by lnicrozooplankton was tightly 
coupled to the prilnary productlon; the graz-
ing rates of the microzooplankton were 
close to the growth rates of the phytoplank-
ton (50). For example, during survey I the 
average phytoplankton growth rate at 
depths of 10 to 80 m at the equator was 0.46 
dayp1, and the l n i c r o z ~ o ~ l ~ n k t o ngrazing 
rate was 0.38 day-'. During survey 11, when 
the prilnary production was higher, there 
was more of an imbalance between mean 
phytoplankton growth (0.77 dayp1) and 
lnicrozooplankton grazing (0.42 dayp'). 
The production-grazing systeln may have 
been uncoupled because of the changing 
physics. Similar rates were measured during 
the time series cruises (51). Grazing of phy-
toplankton by microzooplankton represents 
a major transformation of organic carbon 
during both El Niiio and cold-tongue con-
ditions. The shift in colnlnunity structure 
during the cold tongue to include more 
large diatoms is consistent with decreased 
grazing impact by microzooplankton. 

One of the main trophic roles of micro-
zooolankton is to serve as food for laree" 
grazers. Mesozooplankton biolnass in the 

euphotic zone increased from time series I 
to time series I1 (Table I ) ,  but their grazing 
impact, expressed as removal of chlorophyll 
production, actually decreased from 8.3 to 
4.0% (52). It appears that lnesozooplankton 
biomass in the equatorial Pacific is low 
relative to primary production, but there 
have been few studies of other regions upon 
which to base a oredictive relation 153). 
The coincidence of higher mesozoopknk-
ton biolnass with higher prilnary production 
during the cold-tongue period suggests that 
prilnary production limits the biomass of 
this larger, longer lived heterotrophic 
group. 

Previous studies of HNLC regimes, in-
cluding the equatorial Pacific, h a v e  re-
vealed low values of new production (54-
58), consistent with a microzooplankton-
dominated food web. New production is 
usually approximated by the NO3- uptake 
rate (pNO,)  and regenerated production by 
the ammonia uptake rate (pNH4).Dugdale e t  
al. (56) found that the rate of NH4+ uptake 
was two to six times higher than NO,--
untake, and the resulting turnover times inL . 

the euphotic zone averaged 197 days for 
N O ,  and 1 day for NH,+. Given the 
average meridional advective time scales in 
the equatorial region (- 10 km day-'), the 
average N O ,  lnolecule will travel far from 
the zone of upwelling before it is taken up. 
Ammoniuln deoresses utilization of nitrate 
and may be preferentially taken up by phy-
toplankton (57, 59), although the exact 
nature of the interaction is uncertain (60). 
Elevated NH4+ concentrations, especially 
during survey I and time series I, may be a 
main reason whv N O ,  is not fullv utilized 
(59). Because df the' vigorous lnkridional 
recirculation cell and upwelling fed by wa-
ter on isopycnal surfaces, upwelled NOip  
may be subducted and upwelled again with-
out being taken up and the upwelled water 
may also contain NH4+. Thus, the tradi-

Table 2. Characteristics of the biological food web at the equator and 14O0Wduring 1992 

tional approach for estimating new and re-
generated production as a vertically driven 
systeln may have to be modified for this 
region. 

Export production is also low in HNLC 
regions. Earlier lneasurements of the 
ulate organic carbon (POC) flux with the 
use of drifting sediment traps showed that 
export production in the eastern equatorial 
Pacific (85"W) was low, -6 mmol C IT-^ 
dayp1(54).The e ratio (defined as the POC 
flux at the base of the euphotic zone divided 
by the primary production) was about 0.20. 
Drifting trap measurelnents were made by 
Betzer et  al. (61) in the central equatorial 
Pacific at 153OW, but the traps were at 900 
m and' measured mass rather than organic 
carbon flux. If 50% of the mass was organic 
matter, their organic carbon flux to 900 m 
at the equator was about 0.4 mmol C m-2 
dayp'. 

In this study, we estimated particulate 
export production using drifting sediment 
traps (62) and the 234Thlnethod (63-65). 
The drifting sediment traps were calibrated 
by comparison of measured and calculated 
fluxes of 234Th(65). O n  this basis, it ap-
pears that the traps from 75 to 125 m 
collected too much +material,whereas the 
traps from 150 m to 250 In showed little 
bias. The average near-equatorial POC flux 
at 120 m by the 23'fTh-corrected trap ap-
proach equalled 3.2 mmol C mP2 dayp' 
during survey I and 11.4 mlnol C mp2 
dayp1during survey I1 (Table 2). The POC 
flux estimated by the 234Thlnethod (66) 
gave values of 2.8 to 2.9 lnlnol C mp2day-' 
(Table 2). The variability in the survey I1 
fluxes was due to differences in the esti-
mates of the C/234Thratios of sinking par-
ticles. In the equatorial region, the partic-
ulate export production was significantly 
lower than the new pioduction (59), indi-
cating that 60 to 90% of the new produc-
tion was transported away from the equator 

Survey i Time 
series I Survey l l  Time 

series I I  

Chlorophyll a (%) (49) 
In 42-pm size fraction 
In >I 4-pm size fraction 
As diatoms 

Mean phytoplankton growth rate (p)from primary 
production and phytoplankton biomass (0to 120 m) 

Mean phytoplankton growth rate (p)by diiution 
experiment (I  0 to 80 m) (50, 51 ) 

Mean microzooplankton grazing rate (m)by diiution 
experiment (I  0 to 80 m) (50,51 ) 

Phytoplankton carbon production (%) 
Grazed by microzoopiankton 
Grazed by mesozooplankton (52) 

Particulate carbon flux at 120 m (mmol C m-' day-') 
Drifting traps corrected uslng 234Th(2'Np2'S) (62, 65) 
234Thmethod (63, 65) 

e Ratlo (POCflux/primary product~on) 
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by currents, possibly as DOC. The indepen-
dent estimates of new and exDort ~ roduc -

L L 

tion agree, and the low values of both are 
indications that the coupled production-
grazing-regeneration systeln must be ex-
tremely efficient and close to steady state. 

Earlier model oredictions that DOC was 
a major form of carbon cycling can now be 
evaluated because of recent improvelnents 
in analytical technique (67). Model predic-
tions of DOC ~roductionat the eouator 
depend on estimates of upwelling velocity. 
Unfortunately, estimates of upwelling ve-
locity at the equator vary widely and de-
pend strongly on the wind forcing used 
(68). Using an upwelling rate of 0.7 m 
dayp1 (69), Feely e t  al.(18) estimated the 
rates of production of DOC in the upper 
100 m to be 8 i3 mmol C mpZdayp'. This 
value was as much as three times larger than 
the vertical sinking flux of POC and the 
CO, loss by gas exchange. 

Processes controlling prilnary produc-
tion (PP) can be expressed as 

where kphyta(per day) is the phytoplankton 
growth rate, which is a function of light, 
nutrients, and phytoplankton species, and P 
(millimoles of carbon per liter) is the phy-
toplankton biomass, which is controlled 
primarily by grazing. Primary production 
during the period of the cold tongue was 
higher than it was during the warm period. 
The difference mav be a result of chanees in 
the species of plly;oplankton present. ore 
diatoms during time series 11, with Doten-
tially higher g r i ~ t hrates, could explain the 
higher observed phytoplankton growth 
rates. Nutrient concentrations were higher 
during the cold-tongue period, but major 
nutrient concentrations were high enough 
during all cruises to saturate nutrient uptake. 
During the survey I cruise, the concentration 
of dissolved iron at the equator and 140°W 
ranged from less than 0.03 nM in the surface 
water to 0.30 nM just below the equatorial 
undercurrent (EUC) at about 200 m (70). 
The origin of the high iron in the EUC is 
unknown but may be from the region of New 
Guinea in the western Pacific where the EUC 
originates (71). Increased upwellipg and a 
shallower EUC during the survey I1 cold-
tongue period may have resulted in increased 
iron stimulating,diatom growth and primary 
production. The EUC may be a larger source 
of iron than the atmosphere as originally ar-
gued by Martin (72). 

The EoPac data (all cruises taken to-
gether) suggest that microzooplankton graz-
ing controls on prilnary production were 
similar to those observed in the subarctic 
North Pacific at station P (73) and in the 
oligotrophic North Atlantic at station S 
(74). This is an intriguing colnparison be-
cause neither the equatorial Pacific nor the 

subarctic Pacific is limited by macronutri-
ents, although iron apparently plays some 
role in both regions. All nutrients are con-
sidered limiting at station S. A t  all three 
locations, the phytoplankton were domi-
nated by small cells that, 011 the basis of 
their PBratio (primary productivity to chlo-
rophyll), may have been growing at rates 
close to their physiological potential for 
specific temperature and light conditions. 
The high area-to-volume ratio of these 
small cells gives them a competitive advan-
tage under conditions of low iron concen-
trations (75), but their biomass is main-
tained at fairly low, constant levels by mi-
crograzers, which have growth rates similar 
to those of the phytoplankton and which 
can respond quickly to changes in biomass. 
Relatively high primary production rates 
are maintained on recycled nitrogen. Be-
cause of the rapid response of grazers to 
changes in phytoplankton in this balanced 
ecosystem, herbivore biomass production 
rate is likely controlled by the phytoplank-
ton growth rate. Grazing, in turn, supports 
prilnary production by regenerating ammo-
nia. Large phytoplankton (especially dia-
toms) grow at rates less than their maxi-
lnuln potential at equatorial iron levels, but 
they bloom with increases in iron supply 
because micrograzers cannot graze them and 
their growth rate exceeds the growth rate 
response of the macrograzers. Maxilnuln 
quantum yield (+,,,), maximum change in 
quantum yield (A+,,,),, and atmosphere 
aerosol iron input decrease from 12"N to 
1 2 5 ,  suggesting that iron availability may 
limit rates of photosynthesis and growth of 
the entire phytoplankton colnlnunity (76). 

Mass Balance Considerations 

Physical processes operating on several time 
and space scales played an important role in 
determining the chemical and biological 
variability in the central equatorial Pacific 
during 1992. Physical forcing of the equa-
torial region, especially remote winds in the 
western Pacific, controlled much of the 
low-frequency chemical and biological vari-
ability by influencing the depth of the nu-
tricline and thus the composition of the 
upwelled water. Much of the high-frequen-
cy variability of properties at a specific lo-
cation was controlled by tropical instability 
waves. 

The  bioloeical colnlnunitv is dominat-
ed by p icoplkkton  and microzooplank-
ton erazers, and the fraction of carbon 
expo;ted, by either the vertical particle 
flux or DOC production, was relatively 
small. This result was surprising consider-
ing the strong biogenic signal in the un-
derlying sediments (77) .  Both grazing 
control and preferential utilization of am-
monia by phytoplankton (59) are required 

to explain the concentrations of nitrate 
and alnlnoniuln in the euphotic zone of 
the equatorial Pacific upwelling zone. 
The  concentrations of lnacronutrients are 
high, but phytoplankton biomass is low 
because grazing kept the dominant, rela-
tively rapid-growing phytoplankton from 
increasing. The  growth of rare, larger phy-
t o ~ l a n k t o nis limited bv the availabilitv 
o t i r on  and grazing by ~ e s o ~ o o ~ l a n k t o n . '  

Nitrate and fco, levels covaried, but 
CO, levels remained in excess and, even 
thoigh the N O ,  concentration was lower 
than historical values. there was no evi-
dence for an important control on Afco2 by 
the biological pump. A simple calculation 
shows' that biological processes or gas ex-
chanee have little influence on the distri-" 
bution of dissolved inorganic carbon and 
nitrogen. Assuming an upwelling velocity 
of 0.7 m dayp' and total inorganic carbon 
and nitrogen concentrations in upwelled 
water of 2000 mmol C mp3 and 3 lnlnol N 
mp3, the total transport into the euphotic 
zone is 1400 mmol C mp2 dayp1 and 2.1 
mmol N mpZ dayp1. For comparison, pri-
mary production was about 100 lnlnol C 
InpZ dayp', and loss of carbon by gas ex-
change, POC export, and DOC export were 
on the order of 2.5, 3, and 8 lnlnol C mpZ 
dayp'. Total carbon export was about 13.5 
mmol C mpZdayp', and particulate nitro-
gen export was about 1.0 lnlnol N mpZ 
dayp1. Total export production from the 
equatorial Pacific zone for 1992 was about 
1.2 G t  C yearp' (75% as DOC, 25% as 
POC). This is within the range of that 
originally estimated (2). Estimates of global 
ocean new production range from 5 to 20 
G T  C yearp' (78). Thus, assessing the glob-
al ilnportance of this region is more uncer-
tain. Onlv about 1.0% of uowelled carbon is 
exported by biological processes or is lost to 
the atmosphere. Most is simply exported 
horizontally by the vigorous physical circu-
lation. Far more of it is exported by biolog-
ical processes than is released to the atmo-
sphere. In the case of nitrogen, the fraction 
involved in biological' cycling may be as 
high as 25%, at least with the relatively low 
estimate of upwelling velocity given above. 
Physical, not biological, processes control 
the COZ flux in this region of the global 
systeln because biological cycling is so effi-
cient that net flux out of the system is very 
small. 
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