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During the 1997-98 E l  Nirio, the equatorial Pacific Ocean retained 0.7 X l o T 5  
grams of carbon that normally would have been lost to the atmosphere as 
carbon dioxide. The surface ocean became impoverished in plant nutrients, and 
chlorophyll concentrations were the lowest on record. A dramatic recovery 
occurred in mid-1998, the system became highly productive, analogous to 
coastal environments, and carbon dioxide flux out of the ocean was again high. 
The spatial extent of the phytoplankton bloom that followed recovery from E l  
Nirio was the largest ever observed for the equatorial Pacific. These chemical 
and ecological perturbations were linked to changes in the upwelling of nu- 
trient-enriched waters. The description and explanation of these dynamic 
changes would not have been possible without an observing system that 
combines biological, chemical, and physical sensors on moorings with remote 
sensing of chlorophyll. 

Upwelling of waters enriched in nutrients 
and carbon dioxide (CO,) occurs in the 
equatorial Pacific Ocean from the coast of 
South America to beyond the international 
date line. The vast area involved makes this 
region the largest natural oceanic source of 
atmospheric CO,. Physical processes and 
biological consumption determine the 
strength of this source, which varies con- 
siderably from year to year (I).  The prima- 
ry source of interannual variability is El 
'Nifio. In 1997, bio-optical and chemical 
sensors were added to moorings of the 
Tropical Atmosphere Ocean (TAO) array 
(2), and the Sea-viewing Wide Field-of- 
view Sensor (SeaWiFS), a satellite-based 
ocean color sensor (3) ,  was launched. Ser- 
endipitously, a very strong El Nifio devel- 
oped during 1997 and matured late in the 
year (4). A dramatic recovery that led to a 
cold La Nifia condition began in mid-1998. 
Here we combine the biological and chem- 
ical information from the moorings and 
SeaWiFS with the physical data from the 
TAO array and data collected from ships 
that service the array to describe the bio- 

logical-physical coupling in the equatorial 
Pacific. These observations allowed us to 
quantify the effects of zonal wind anoma- 
lies, Kelvin waves, thermocline anomalies, 
advection of oligotrophic waters, tropical 
instability waves (TIWs), and variations in 
the strength and depth of the equatorial 
undercurrent (EUC) on primary production 
(PP) and air-sea CO, flux. 

The Physical Environment 
Normally, trade wind-driven upwelling 
creates a tongue of cold surface water along 
the equator, from the coast of South Amer- 
ica to the international date line (Fig. 1C). 
The source of this upwelled water is the 
EUC, which flows eastward across the ba- 
sin at a depth of 20 to 200 m (5). Every 3 to 
7 years, the central and eastern equatorial 
Pacific warms dramatically as El Niiio de- 
velops (Fig. 1). The 1997-98 El Nifio was, 
by some measures, the strongest of the 20th 
century (4, 6). A weakening and reversal of 
the trade winds in the western and central 
equatorial Pacific preceded the rapid devel- 
opment of unusually warm sea surface tem- 
peratures (SST) east of the international 

across the basin in 1 to 2 months, ultimately 
depressing the thermocline in the eastern 
Pacific by over 90 m in late 1997 (Fig. 2B). 
A depressed thermocline favors develop- 
ment of warm surface temperatures because 
the cold water reservoir that feeds up- 
welling in the equatorial cold tongue deep- 
ens (10, 11). 

Conversely, in the western Pacific, the 
thermocline anomalously shoaled by 20 to 
40 m in 1997 as Rossby waves, generated 
by the relaxation of the trade winds, prop- 
agated westward toward Indonesia and 
New Guinea. Western Pacific SSTs de- 
creased, probably in part because of unusu- 
ally high evaporative heat loss across the 
air-sea interface and greater oceanic mixing 
of cold subsurface waters caused by MJO- 
generated ocean turbulence (12-15). The 
net result of these processes on ocean ther- 
mal structure was to flatten the thermocline 
along the equator and eliminate the normal 
east-west SST gradient (Table 1). The 
western Pacific warm pool [surface waters 
greater than about 28°C (16)] migrated 
eastward with the collapse of the trade 
winds, and the equatorial cold tongue (the 
strip of cold water indicative of equatorial 
upwelling) failed to develop in boreal sum- 
mer and fall (Figs. 1 and 2). At the height 
of the event, in December 1997, 28" to 
29°C water covered the equatorial basin, 
and SST anomalies exceeded 5°C at some 
locations in the region normally occupied 
by the cold tongue. Low-level westerly 
winds associated with the MJO drive warm 
water eastward near the equator (16-18) 
and generate local downwelling instead of 
the normal upwelling. The strongest west- 
erly surface winds in our observations were 
apparent over waters above -29°C (Fig. 2). 

In early 1998, westerly wind anomalies 
along the equator weakened and migrated 
eastward with the vool of 29°C water. and 
easterly wind anomalies appeared in the far 
western Pacific. Thermocline shoaling pro- 
gressed slowly into the central and eastern 
Pacific, although SSTs remained unusually 
high where the trade winds were weak (Fig. 
2). It was not until the trade winds abruptly 
returned to near normal strength in the east- 
em Pacific in mid-May 1998 that the cold 
subsurface waters could be upwelled effi- 
ciently into the surface layer. Subsequently, 
SSTs in some areas of the equatorial cold 

date line in early 1997 (Fig. 2). These wind tongue plummeted 8°C during May and June 
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(Fig. 2A), were the manifestation of the 
Madden and Julian Oscillation (MJO), a 
30- to 60-day wave in the atmosphere orig- 
inating over the Indian Ocean (7-9). The 

, , L  '2 

and west along the equator. 

Air-Sea Flux of CO, 
The surface waters of the central and eastern - \ ,  

qo whom correspon~ence should be addressed: E- westerly wind events excited equatorial equatorial Pacific are characterized by high 
mail: chfr@mbari.org Kelvin waves that propagated eastward partial pressure of carbon dioxide (pCO,) and 
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Fig. 1. Advanced Very 
High Resolution Radi- 
ometer (AVHRR) SST 
and SeaWiFS chlo- 
rophyll comparisons 
for January and July 
1998. SST anornalies in 
January 1998 were 
close to  the highest 
observed during the El 
Niiio. There is little or 
no evidence of the 
equatorial cold tongue 
(A) or of enhanced 
chlorophyll along the 
equator (0). In sharp 
contrast, by July 1998, 
a dramatic recovery 
had taken place. There 
is a well-developed 
cold tongue (C) and a 
dramatic bloom of 
phytoplankton (D) 
along the equator. 
High chlorophyll con- 
centrations (>1 p g  li- 
ter-') had not previ- 
ously been observed 
over such a large area. 
The filled circles at 0°, 
15S0W; 2OS, 170°W; 
and ZON, 1 10°W mark 
the locations of TAO 
moorings instrumented 
with biochemical sen- 
sors. The white lines 
represent the sections 
occupied by ships that 
sewice the TAO array, 
from which data are 
presented in this paper. 
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Fig. 2. Time-longitude Zonal Wind ( m  sl) 20°C Depth (m) 
sections of anornalies 
in (A) surface zonal 
winds (in meters per ' . 
second), (B) 20°C " 

isotherm depth (in rc ' I  1 meters), (C) SST (in 5 : 
degrees Celsius), and A 

(D) SeaWiFS chloro- 
phyll (in micrograms 
per liter) for 24 o  

months ending in No- 
vember 1998. Analysis M : 
is based on 5-day av- , : 
erages between ZON 5 , 
and 2"s of moored J ] 
time series data from 
the TAO array and on 
8-day SeaWiFS corn- 

SST ("C Chlorophyll (pg I-') 
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relative to monthly cli- T--T- M - - 
matologies fitted with -8 -4 0  4 6 -W -40 0  4a 10 4 - 2 0  2 4  - 1 S 0 8 4 4 0 0 0 4  0 0  I 2  

a cubic spline to 5-day 
intervals for TAO array data and relative to  the full record for SeaWiFS. began recovery in the central Pacific early in 1998, well before the SST. The 
Squares on the abscissas indicate longitudes where TAO data were available. SST anornalies lagged the subsurface perturbations early in the event, 
Major anomalies in the westem Pacific wind field occurred on a 30- to  became notable after April 1997, reached their peak in late 1997 and early 
Wday cycle (7) beginning in December 1996. Bursts of westerlies generated 1998, and recovered dramatically in late May 1998 when the trade winds 
Kelvin waves that propagated across the Pacific at over 200 km day-', as resumed. Chlorophyll was low in the central and eastern Pacific and high in 
evident in the depth of the 20°C isotherm. The zonal wind anomalies the western Pacific in late 1997 and early 1998. High chlorophyll (-1 p g  
migrated across the Pacific and reached the eastern Pacific early in 1998. The liter-') appeared in the central Pacific in July and August 1998 and propa- 
20°C anornalies reached their peak in the eastern Pacific in late 1997 and gated eastward at 1.2 m s-'. 
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nutrient (nitrate, phosphate, and silicate) con- 
centrations resulting from shallow equatorial 
upwelling. Equatorial upwelling annually 
supplies about 0.7 to 1.5 Pg (l0l5 g) of 
carbon as CO, to the atmosphere and is the 
atmosphere's largest oceanic source (19-21). 
The equatorial Pacific contributes about four 
times as much CO, to the atmosphere as the 
combined fluxes of the rest of the oceanic 
equatorial regions (21). A comprehensive set 
of atmospheric and surface ocean pCO, (I); 
nitrate, chlorophyll, and PP (22); and sup- 
porting hydrographic data were obtained dur- 
ing the mature phase of the 1997-98 El Niiio 
(November 1997 to May 1998) and compared 
with data collected during non-El Niiio con- 
ditions (Fig. 3). 

Previous modeling and field studies of 
seawater pCO, in this region have empha- 
sized interannual variability (1, 23-31). 
The non-El Niiio data indicate much higher 
ApCO, (ocean minus atmosphere) values 
than the corresponding values for the ma- 
ture phase of the 1997-98 El Niiio (Fig. 3 
and Table 1). The variability in ApCO, was 
driven entirely by variations in seawater 

pCO,, Although values close to equilibrium 
were observed north and south of the equa- 
tor in the western part of the study region, 
the region between 6"N and 8"s  had a large 
positive ApCO, centered on the equator 
across the entire basin during 1995-96 
(Fig. 3). The bulk of equatorial upwelling 
takes place in a box 5"N to 5's and 90°W 
to 180' (32). The high ApCO, found north, 
south, and west of this box reflects advec- 
tion of waters high in pCO, out of this 
region. In contrast, the 1997-98 data indi- 
cate near-equilibrium ApCO, values for the 
same region. These distributions of ApCO, 
in the eastern Pacific show the largest in- 
terannual variability (100 to 120 katm) 
since the 1982-83 El Niiio (I).  

The properties of the water column in the 
eastern equatorial Pacific during and after the 
1997-98 El Niiio-Southern Oscillation event 
explain the variability of ApCO,. Mooring time 
series of ApCO, (Fig. 4) show that during the 
mature phase of El Niiio, in late 1997 and early 
1998, the surface water pCO, was on average 
below atmospheric levels and the equatorial 
Pacific at 0°, 155OW was a sink for atmospheric 

Table 1. Comparison of physical, chemical, and biological conditions in the central equatorial Pacific for 
mean, E l  NiRo onset, E l  NiRo mature, and La NiAa. 

Condition Physics Chemistry 

Mean Upwelling-favorable trade Elevated macronutrients 
winds; deep thermocline in (NO,, PO,, SiO,, and 
west, shallow in east; cold CO,); flux of CO, out 
tongue; strong undercurrent of ocean; iron 

limitation 

E l  NiRo onset Upwelling-favorable trade 
winds; strong Kelvin waves; 
thermocline deepens in 
central and eastern Pacific; 
reduced cold tongue; 
variable undercurrent 

E l  NiAo mature Weak trade winds, reduced 
upwelling; enhanced rainfall; 
flat thermocline across 
basin, recovering in central 
and eastern Pacific before 
SST; no cold tongue; weak 
undercurrent 

La Niiia Upwelling-favorable trade 
winds; shallow thermocline 
in central Pacific; enhanced 
cold tongue; strong 
undercurrent 

Elevated (but lower 
than mean) 
macronutrients; flux 
of CO, out of ocean; 
stronger iron 
limitation 

No enhancement of 
macronutrients; 
oligotrophic 
conditions; flux of 
COz close to zero 

Elevated (higher than 
mean) 
macronutrients; flux 
of CO, out of ocean 
(stronger than mean); 
enhanced supply of 
iron 

Biology 

Chlorophyll - 0.2 
to 0.3 y g  per 
l i te r ' ;  
picoplankton 
dominated; 
primary 
production (PP) 
- 75 mmol C 
m-' day-'; new 
production (NP) 
- 15% of PP 

Chlorophyll < 0.2 
pg  liter-'; 
picoplankton 
dominated; PP - 
50 mmol C m-2 
day-'; NP - 
10% of PP 

Chlorophyll - 0.05 
pg  liter-'; 
picoplankton 
dominated; PP - 
35 mmol C rn-, 
day-'; NP - 
10% of PP 

Chlorophyll < 1 
y g  liter-', 
higher in 
blooms; diatoms 
important; PP - 
80 reaching 160 
mmol C rn-, 
day-' in blooms; 
NP - 15% of 
PP, up to 50% in 
blooms 

CO,. Strong eastward currents associated with 
the migation of the warm pool caused the 0°, 
155"W mooring to be pulled underwater in 
March 1998, leading to instrument failure. The 
mooring was redeployed in June 1998. By this 
time, recovery from El Niiio had begun, and 
high surface water pCO, was measured at 0°, 
155"W. The recovery at 2OS, 170°W occurred 
later, and, during June 1998, waters low in 
pCO, were found at this site. These values 
increased rapidly in July, followed by large 
excursions associated with the passage of TIWs 
(Figs. 4 and 5). 

El Niiio produces large interannual ef- 
fects on ocean-atmosphere CO, exchange 
in the equatorial Pacific (Fig. 3, C and D). 
Between the non-El Niiio conditions of 
1995-96 and the mature El Niiio period 
during 1997-98, the average CO, flux from 
10"s to 10°N and 80°W to 135OE decreased 
from about 2.0 to 0.3 mol C mP2 year-'. 
The high CO, fluxes in 1995-96 were due 
to increased surface water pCO, and higher 
winds (Table 1). The EUC was much closer 
to the surface in 1995-96, and upwelling 
supplied the higher pCO, found in surface 
waters. We calculate that for the 1-year 
period of 1995-96, about 0.9 ( i 0 . 6 )  Pg of 
C as CO, was released to the atmosphere 
over the 10"s to 10°N and 80°W to 135OE 
area. In sharp contrast, for the 1-year period 
between the spring of 1997 and the spring 
of 1998, the CO, flux to the atmosphere 
was about 0.2 (20.14)  Pg of C over the 
same region. Thus, the amount of CO, 
retained in the equatorial oceans during the 
1997-98 El Niiio period (that is, 0.7 Pg of 
C year-') was similar to that of the strong 
El Niiio of 1982-83 ( I ) .  

We also calculated CO, fluxes from the 
buoy-measured ApCO, and winds (Fig. 4C). 
The fluxes during the mature El Niiio phase 
averaged 0.20 ( i0 .15)  mol of C mp2 year-' 
into the ocean. After recovery from El Niiio, 
these values ranged from 2 to 6 mol of C m-, 
yearp1 out of the ocean, including large 
weekly variations in flux, driven by changes 
in wind speed, that are not in the ship survey 
calculations (Fig. 4). From the mooring data, 
we calculate an average flux of 3.5 (+- 1.86) 
mol of C mp2 yearp1 out of the ocean for the 
cold period after recovery from El Niiio. If 
this is the average flux in the 5"N to 5's and 
90°W to 180' region of active upwelling, 
then 0.47 Pg of C year-' is released into the 
atmosphere during non-El Niiio conditions. 
This value compares well with the shipboard 
estimate of 0.38 Pg of C year-' for the same 
area. This calculation suggests that during 
non-El Niiio conditions, on the order of 50% 
of the nutrients and CO, upwelled in the 
equatorial Pacific are advected out of the 
region of active upwelling before being con- 
sumed by biological processes or lost to the 
atmosphere. 
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Nitrate and Chlorophyll Fluctuations of nitrate were measured at the surface (2). 
Intraseasonal Kelvin waves, which altered 
the depth of the EUC, the thermocline, and 
therefore the concentration of iron in up- 
welled water, were the primary agents af- 
fecting PP during onset of this El Niiio (2). 

In early May 1997, the 28°C SST iso- 
therm passed the mooring site at 0°, 
155"W, and at this time, nitrate and chlo- 
rophyll concentrations reached 3 pM and 
0.1 k g  l i t e r  I, respectively. Conceptual 
models developed from observations in the 
eastern tropical Pacific (36, 37)  have sug- 
gested that Kelvin waves are the primary 
agents affecting biological productivity, 
because upwelling-favorable winds are 
maintained in this region. The upwelled 

waters are low in nutrients, and productiv- 
ity is hence reduced. Indeed, during weak 
to moderate events, zonal wind anomalies 
are restricted to the western Pacific, and 
hence Kelvin waves are the dominant 
source of the biogeochemical perturbations 
in the central Pacific (38). However. during 
the strong 1997-98 event, eastward migra- 
tion of the zonal wind anomalies extended 
into the eastern equatorial Pacific (Figs. 2 
and 4), shutting down local upwelling in 
the central equatorial Pacific for several 
months. 

In the absence of upwelling. nutrient 
concentrations declined, and in November 
1997, close to the peak of the event, nitrate 
and chlorophyll at 0". 155"W were less 

High concentrations of nitrate, phosphate, 
and silicate in the equatorial Pacific lead to 
unexpectedly small increases in chloro- 
phyll (33). This low productivity contrib- 
utes directly to the loss of upwelled CO, to 
the atmosphere. Small-scale iron fertiliza- 
tion experiments have shown that the low 
productivity can result from iron limitation 
(34, 35). In January 1997, nitrate and chlo- 
rophyll concentrations at 0°, 155"W were 5 
k M  and 0.2 pg liter-', respectively-typ- 
ical for the equatorial Pacific (22) (Figs. 3 
and 4 and Table 1). The passage of down- 
welling Kelvin waves in January, March, 
and April 1997 resulted in chlorophyll fluc- 
tuations, even though substantive amounts 

Nan-El N i b  

W O *  barn) 
P 

El Niiio 
a p c o 2  OLatm) 

Chlorophyll (pg . I 
ICN 
P 
C 
P .  

Fig. 3 (left). Maps of the distribution of ApCO, (in microatmospheres) 
and CO, flux (in moles per square meter per year) in the central and 
eastern equatorial Pacific during the 1995-96 non-El Nifio (A and C) and 
the 1997-98 E l  Nifio event (B and D). Maps of nitrate (in micromolar) 
from Levitus climatology (E) and during the 1997-98 event (F). Maps of 
surface chlorophyll (in micrograms per liter) from climatology (22) (C) 
and the 1997-98 E l  Niho event (H). Underway atmospheric and surface 
ocean pCO, measurements, nitrate, chlorophyll, and supporting hydro- 
graphic data were obtained during cruises on the NOAA Ship 
Ka'imimoana, which services the TAO array (Fig. 1A). Fig. 4 (right). 
Time series of winds (A), SST and 20°C isotherm depth (B), ApCO and 
CO, flux (red line is 21-day running mean) (C), and chlorophyll ( ~ h f )  (D) 
measured on a mooring at 0'. 155OW. SeaWiFS chlorophyll, ship chlo- 
rophyll from the same location, and the long-term mean equatorial Pacific 
ship chlorophyll are also plotted in (D). Winds remained favorable for 

upwelling until early 1997, became southerly and variable through late in the 
year, and then turned northerly until May 1998 when the northeast trade 
winds resumed. SST remained at mean levels until April 1997, when it rose 
to -30°C by June 1997, where it remained, with wave-like excursions in 
early 1998, until May 1998, when it dropped precipitously. Positive ApCO, 
and CO, flux indicate that ocean is higher than atmosphere and flux is out 
of the ocean, respectively. During the height of the event, IpCO, and CO, 
flux were close to zero, and the average flux was into the ocean. After 
recovery, ApCO, was close to 80 patm and flux was out of the ocean. 
Chlorophyll fluctuations (driven by Kelvin waves) were observed in early 
1997. By late 1997 and early 1998, chlorophyll had decreased to around 0.05 
pg liter-', where it remained until April 1998 when it returned to mean 
values. A bloom was observed in July 1998. Long-term mean levels were 
observed after the bloom. Note the correspondence between ship, mooring, 
and SeaWiFS chlorophyll data. 
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Fig. 5. SeaWiFS composite of 
chlorophyll for the week of 12 
t o  19 July 1998 (A) and time 
series of mooring-derived chlo- 
rophyll and SST and &day, 
9-km SeaWiFS chlorophyll 
from ZON, 1 10°W (B). A wave- 
length of 1000 km was esti- 
mated from the cusps in the 4 
distorted high chlorophyll of 
the SeaWiFS image associated 
with TIWs. A period of about 
21 days was estimated from 
the SST and chlorophyll time 
series, resulting in a propaga- 
tion speed of 50 km day-', 
characteristic of TIWs. The rap- 
id fluctuations in mooring- 
derived chlorophyll at ZON, 
l lOOW were associated with 3 0  

32 

the rapid temperature gradient 
(rather than the coldest wa- 30 

ters) at the leading edge of the 
TIWs. The blooms were not ev- - 2  0 
ident in the SeaWiFS data 28 - 
probably because of spatio- - E 
temporal averaging suggesting 

'" 5; 

that these blooms might be 26 

the narrow "lines in the sea" 
reported by Yoder et al. (57). 
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than 0.05 pM and 0.05 pg liter-', respec- 
tively (Figs. 3 and 4 and Table 1). In 
contrast, during the weak to moderate 
1991-92 El Niiio, unused nitrate persisted 
at the surface in the central equatorial Pa- 
cific (22). The conditions during 1997-98 
resembled those observed in the oligotro- 
phic subtropical gyres (39). The depletion 
of nitrate extended to a depth of 100 m, and 
primary productivity was now nitrate lim- 
ited. The lateral extent of nitrate depletion 
is evident from a comparison of the Levitus 
climatological nitrate field with in situ 
measurements obtained between October 
1997 and April 1998, spanning 95"W to 
180" (Fig. 3). The typically elevated chlo- 
rophyll concentrations at the equator were 
present only as a subsurface maximum of 
0.2 pg liter-' at 100-m depth. Mean pri- 
mary productivity was 35 to 40 mmol of C 
m-2 day-'-about half the climatological 
mean (22) (Table 1). The decrease in pri- 
mary production from the normal 3.65 Pg 
of C year-' (22) in the 5"N to 5"S, 90°W to 
180" region of active upwelling was 1.8 Pg 
of C year-', or 4 to 5% of global ocean 
primary production (40). On the basis of 
the reduction in upwelling, we estimate the 
decrease in potential new production to be 
about 0.8 Pg of C year-', or 10% of global 
new production (41). 

The phytoplankton community began to 
recover in April 1998, and chlorophyll re- 
turned to concentrations that are typical for 

the equatorial Pacific cold tongue (Fig. 4). 
Then in May 1998, the trade winds resumed 
in the eastern equatorial Pacific, resulting 
in upwelling of cold subsurface waters that 
were now anomalously close to the surface 
(4). Chlorophyll increased dramatically, 
about 3 weeks after the rapid temperature 
decrease. At some locations along the equa- 
tor, the eventual increase in chlorophyll 
was on the order of 40-fold (Fig. 4). The 
spatial extent of the phytoplankton bloom 
that followed recovery from El Niiio was 
the largest ever observed for the equatorial 
Pacific. The recovery of the phytoplankton 
community was accompanied by two inter- 
esting dynamical phenomena: (i) the prop- 
agation of TIWs (38, 42) from east to west 
at a speed of about 50 km day-', which 
distorted the shape of the high-chlorophyll/ 
low-SST tongue because of meridional 
transport associated with the wave propa- 
gation (Fig. 5), and (ii) the migration of a 
patch of high chlorophyll concentration (up 
to -2 pg liter-' as calculated by the Sea- 
WiFS OC2V2 algorithm) from west to east 
(Fig. 2) at a velocity of 105 (25) km day-' 
(-1.2 m s-I). This patch was constrained 
within the central region of the propagating 
TIWs, and its eastward movement did not 
appear to be a direct result of fluctuations 
in zonal winds, SST, or thermocline depth 
(as determined by the depth of the 20°C 
isotherm). Acoustic Doppler current pro- 
filer data from 0°, 140°W and 0°, 170°W 
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Fig. 6. Flux of iron during normal, E l  Niiio, and 
La NiAa conditions. The upwelling rate reported 
by Cordon et al. (43) was used for all of the 
140°W simulations (A). For the longitudinal 
simulations, the upwelling rates reported by 
Chai et al. (49) were used (B). Upwelling during 
the mature phase of the 1997-98 E l  NiAo was 
substantially reduced so flux of iron was close 
to  zero and is not reflected in the graphs. The 
iron vertical profile of Cordon et al. (43) for 0°, 
140°W was moved vertically depending on 
depth of the 20°C isotherm (Fig. ZB). A strong 
enhancement of iron flux in the central Pacific 
during La NiAa is predicted. 

show that the EUC was essentially absent 
during the height of the El Niiio event but 
resumed, strengthened, and shoaled begin- 
ning in January 1998, reaching a west to 
east speed of - 1.4 m s- ' and a depth of 50 
to 75 m by June 1998. 

We calculated the flux of iron for normal, 
El Niiio, and La Niiia conditions (Fig. 6). 
Inputs for the calculation were the vertical 
iron distribution reported by Gordon et al. 
(43), the depth of'the thermocline (Fig. 2), 
and the average vertical upwelling profile. 
We assumed that the iron profile moved 
vertically with the depth of the thermo- 
cline. On the basis of an Fe:C of 1 : 200,000 
(44, 45), we estimate that 13 mmol of C 
m-2 day-' of new production could be 
supported during normal conditions from 
the 80-m iron flux. This value agrees well 
with values ,measured for the equatorial 
Pacific (46). In August 1998, when the 
thermocline was 80 m shallower than nor- 
mal (Fig. 2), the flux of iron at 80 m 
increased by an order of magnitude relative 
to mean conditions (Fig. 6). The modeled 
iron flux would then support 97 mmol of C 
m-2 day-' of new production, very similar 
to values measured during a bloom induced 
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Fig. 7. Scatter diagram of 
SST and ApCO, for the 
mooring records at 0°, 
155"W (open circles) and 
2"S, 170°W (filled trian- 
gles). The filled squares 
represent the 0". 155"W 
bloom period when lower 
ApCO, was observed, 
presumably because of 
increased biological up- 
take. The statistics of the 
SST, ApCO, relation sug- 
gest that ApCO, (rZ = 
0.92) can be estimated 
from SST with a standard 
error of -10 ppm in the 
region of active upwelling 

by iron fertilization (47). If the new pro- 
duction were converted to phytoplankton 
biomass at 1 pg of chlorophyll per liter per 
1 pM of N (48), then during normal con- 
ditions 0.03 pg  of chlorophyll per liter 
would accumulate daily compared with 
0.20 pg  of chlorophyll per liter during the 
strongest La Nifia conditions. If the uptake 
and biomass accumulation were restricted 
to the upper 20 m, as is typically seen under 
bloom conditions, then 0.80 pg  of chloro- 
phyll per liter could accumulate daily dur- 
ing La Niiia. To reach 1.0 pg  of chlorophyll 
per liter at the surface from the average of 
0.2 pg  of chlorophyll per liter would take 
more than 26 days during normal condi- 
tions. During La Niiia, this concentration 
could be reached in 1 to 4 days, again 
similar to what was observed during iron 
fertilization (35). In support of rapid bloom 
formation, the drawdown of CO, during the 
0°, 155"W bloom (20 patm; Fig. 7) is 
equivalent to an uptake of - 1.5 p,M of 
nitrate and generation of 1.5 pg of chloro- 
phyll per liter. Observations in early July 
1998 (Fig. 7) show that short-term biolog- 
ical effects on pCO, cannot be neglected in 
the equatorial Pacific. 

During normal conditions, the thermo- 
cline (and nutricline) exhibits a steady gra- 
dient from about 200 m in the western 
Pacific to 50 m or less in the eastern Pacific 
(Table 1). Zonal winds and upwelling are 
stronger in the central Pacific (49), coun- 
teracting the shallower nutricline depth in 
the eastern Pacific and producing a rela- 
tively even distribution of iron (and macro- 
nutrient) flux from 90" to 170°W, with a 
slight enhancement at 120°W (Fig. 6B). 
During La Niiia, when the thermocline in 
the central equatorial Pacific was abnor- 
mally shallow (Fig. 2), iron flux was en- 
hanced dramatically in this region relative 
to normal conditions (Fig. 6B). The propa- 
gation speed of the high chlorophyll patch 
eastward is similar to the speed of the EUC, 
suggesting that the iron that first stimulated 

productivity in the central Pacific and the 
resulting bloom may have been advected 
eastward by a near-surface EUC. 

Conclusions 
The dramatic biological and chemical per- 
turbations associated with the 1997-98 El 
Niiio would not have been captured had it 
not been for in situ sensors on moorings, 
regular ship visits to service the moorings, 
and remote sensing of chlorophyll. Future 
equatorial Pacific observing strategies 
should include additional moorings in the 
TAO array equipped with biological and 
chemical sensors. Novel sensors for macro- 
nutrients and iron, presently under devel- 
opment, together with instruments that 
measure phytoplankton physiological sta- 
tus (50), would provide data to further elu- 
cidate the processes that drive the dramatic 
biogeochemical fluctuations in this region. 
Continued development of biogeochemical 
models will also be needed. 
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