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upwellings between Tahiti and Panama 
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ABSTRACT: The transition zone between waters denvlng from the Peruvian and equatorial upwellings, 
and oligotrophic waters of the Central South Tropical Pacific, was examined by sea-surface chlorophyll 
sampling carried out by merchant ships on the Tahiti-Panama track. The results from 118 transects 
(December 1979 to September 1985) show that this transition is generally associated with convergences 
between the westward South Equatorial Current and eastward flows, as indicated by contemporaneous 
temperature sections obtained from expendable bathythermographs. The transition position varies 
between 5 and 17 "S and variations occur mostly on time scales of a month or less. The Tuamotu atolls 
(15 to 22 "S, 135 to 150 'W) were observed to be reached by waters deriving from the upwellings on 14 O/O 

of the transects; this might help to explain the anomalous abundance of life on these atolls. The 
1982-1983 El Nino resulted in a fall in chlorophyll concentrations in the Eastern Tropical Pacific, but did 
not cause a significant change of the position of the transition. 

INTRODUCTION 

The Peruvian and equatorial upwellings in the east- 
ern Pacific are of particular interest to oceanographers 
for their contributions to marine life and to global air- 
sea carbon dioxide exchange (Bacastow et al. 1980, 
Walsh 1981). Photosynthesis in this region is indeed 
very active due to intense upward motion of deep, 
nutrient-rich seawater. El Nifio/Southern Oscillation 
(ENSO) episodes are known to lessen the intensity of 
the upwelling in most of the region, resulting in a drop 
in phytoplankton biomass and in carbon fixation rates 
(Barber & Chavez 1983, Dandonneau 1986). On a 
smaller time scale, the size of the cool water tongue 
which marks the equatorial upwelling at the sea sur- 
face (Wyrtki 1981) varies seasonally, showing its max- 
imum extension and lowest temperatures in August, 
and its minimum extension and highest temperatures 
in March and April (Robinson 1976). Seasonal varia- 
tions of primary production would generally be 
expected to follow a similar pattern, but available infor- 
mation is too scarce to permit any definite conclusions. 
When information exists, it does not always show a 
primary productivity maximum during the austral 
winter associated with the maximum intensity of the 
equatorial upwelling (Owen & Zeitzschel 1970). 

Dessier & Donguy (1985) describe a seasonal cycle at 
the equator in the eastern Pacific with a chlorophyll 
and zooplankton maximum in August, and a smaller 
chlorophyll maximum from March to May; these 
features agree with the seasonal variations in equatori- 
al upwelling shown by Wyrtki (1981). One may thus 
expect that the size of the area influenced by the 
upwelling varies in relation to the size of the equatorial 
cool water tongue. This size would partly determine the 
total amount of carbon fixed by the equatorial upwel- 
ling ecosystem. Drastic variations in the size and posi- 
tion of the productive habitat in the area of the 
Galapagos Islands were documented by satellite sea 
color data (Feldman 1986). This oceanic region is also 
known for having low chlorophyll content in nutrient- 
rich surface waters south of the equator (Thomas 1979), 
which can perturb the relation between the upwelling 
strength and the size of the enhanced productivity 
area. 

South of the equatorial upwelling, the central South 
Pacific is in a quasi steady state with a 100 to 150 m 
deep mixed layer exhausted in nutrients, and a low 
biomass (Desrosieres & Wauthy 1972). The zooplank- 
ton populations in the equatorial upwelling ecosystem 
and in the central South Pacific are strikingly different 
(McGowan 1974, Dessier 1983). The boundary be- 
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tween the 2 ecosystems is examined here using about 
4000 sea-surface chlorophyll concentrations (Fig. l )  
measured in samples taken by merchant ships on 2 
tracks between Tahiti and Panama (SURTROPAC pro- 
gramme, Centre ORSTOM de Noumea). These data 
represent 135 transects covering the period January 
1980 to December 1985. The transects generally show a 
relatively high sea-surface chlorophyll concentration 
(SSCC) in the equatorial area, and low SSCC in the 
Central South Pacific. The boundary between the 2 
zones is marked by a more or less pronounced step-like 
SSCC variation, which we shall designate the 'upwel- 
led waters / oligotrophic waters transition' (UW-OW 
transition). Vertical profiles of temperature from 
expendable bathythermographs (XBTs) launched from 
the same ships are analysed in order to provide a 
contemporaneous knowledge of the water masses' 
structure. 

MATERIAL AND METHODS 

Sea-surface chlorophyll concentrations (SSCC) were 
obtained according to the method described by Dan- 
donneau (1982). Sampling and filtration (Millipore HA 
filters, 13 mm in diameter) were carried out by the 
crews of merchant ships. The filters were returned 
when the ships called at Noumea (New Caledonia) and 
measurements were made in the laboratory. Pigment 
fluorescence was measured without solvent extraction: 
the membrane filters were placed in a specially 
adapted fluorometer door, and the fluorescence of the 
filter surface measured. Small filtered volumes (20 ml), 
and chlorophyll concentrations rarely exceeding 1 mg 

m-3, limited the density of cells on the filters, so that 
self-absorption of the fluoresced light was negligible. 
Fluorescence is then linearly related to the chlorophyll 
concentration. Long storage (weeks to months) at 
ambient temperature causes degradation of the 
chlorophyll; moreover the results represent the sum of 
chlorophyll and pheopigments, and must be consi- 
dered as only an index of the phytoplankton abund- 
ance. The risk of bias between different transects 
cannot be neglected. 

On the other hand, when the SSCC data from one 
transect are considered, the UW-OW transition gener- 
ally appears as an abrupt step in SSCC values (Fig. 2) 
and its position can be known with reasonable preci- 
sion. In order to preserve this information, the SSCC 
data were processed transect by transect. Each one of 
the 135 merchant ships' voyages between Tahiti and 
Panama thus corresponds to an observation of the UW- 
OW transition at a given position and date. The posi- 
tion of the UW-OW transition was objectively fixed 
from the best fit of a hyperbolic tangent function with 
the SSCC observations at  longitude X: 

Y = A + 0.5 B (1 + tanh C [X-Xo]) 

where A = the mean SSCC value in the oligotrophic 
waters of the Central South Pacific observed during the 
transect; B = the SSCC increase from oligotrophic 
waters to upwelled waters; X. = the position of the 
point of inflexion and will be assigned hereafter to the 
position of the UW-OW transition; and C = the slope of 
the curve at Xo. X was assigned to the longitude of the 
observations rather than to the latitude, because, for a 
part of the track through the Southern Tuamotu 
Islands, one latitude would correspond to 2 positions 

I I I I I I I l I 

Fig. 1. Distribution of data on the northerly and southerly ship tracks from Tahiti to Panama (December 1979 to September 1985) 
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Fig. 2. SSCC versus longitude for the 135 Tahiti-Panama transects, and best fits of Y = A + B (1 + tanh C [X-Xo]). Asterisks mark 
the 17 transects which were excluded from further analysis 
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(Fig. 1).  The constants A, B, C and X. were estimated 
I using a continuous approach technique (adapted from 
1 the Newton-Raphson method) tending to minimize the 
I sum of (SSCC-Y)2. 

For a few transects, the solution obtained at the first 
attempt was unrelated to the UW-OW transition. Gen- 
erally, the cause was the high and variable chlorophyll 
concentrations in the 'productive habitat' of the 
equatorial upwelling (Feldman 1986) which accounted 
for most of the variance and attracted the solution. A 
log-normal transform was applied to all the SSCC val- 
ues to remedy this difficulty. Some aberrant solutions 
remained, resulting from a few high SSCC values on 
the oligotrophic side of the UW-OW transition which 
were either due to island mass effects (Dandonneau & 

Charpy 1985) or to vertical mixing in winter south of 
20 "S (Dandonneau & Gohin 1984). These values were 
also removed, after it was verified that they originated 
from within a few miles of a n  island, or from south of 
20 "S during the winter months. 

Temperature data were obtained from expendable 
bathythermographs (XBTs). Routine corrections and 
elimination of errors were made in the laboratory. 
Temperature data are also presented transect by trans- 
ect, in the form of vertical sections. Some of the XBT 
records do not reach 400 m depth. They were retained, 
however in order to preserve the spatial definition 
along these sections; thus only the surface isotherms 
(temperatures greater than 20 "C) were considered. 
Geostrophic currents could not be significantly com- 
puted in such conditions, and the discussion will be 
based on currents inferred from visual examination of 
the vertical sectlons and relative to the 20 "C isotherm. 
According to geostrophic principles, a poleward 
(equatorward) increase of the isotherms' depth will be 

interpreted as a westward (eastward) flow, and a 
trough will be interpreted as a convergence. Conclu- 
sions thus are not derived from absolute flows, but only 
from relative surface currents, which seem however 
reliable for interpretation of surface phytoplankton 
features. In this way, 101 out of the 135 SSCC transects 
are documented by contemporaneous XBT sections. 
When XBT transects with large gaps and SSCC trans- 
ects with gaps or imprecise UW-OW transition are 
excluded, 65 'good' SSCC transects paralleled by XBT 
data allow an attempt to associate the UW-OW transi- 
tion to the distribution of water masses. Of these 65 
transects, 54 will be  considered as representative of 
normal conditions while the remaining 11 refer to the 
El Nino conditions which prevailed in 1982-1983. 

RESULTS 

SSCC values generally greater than 0.1 mg m-3 in 
the eastern part of the ship's tracks and less than this 
around Tahiti allow in most cases a good agreement 
between the hyperbolic tangent model and the obser- 
vations. The best fits of Eqn (1) are presented in Fig. 2. 
The position of the UW-OW transition, given by the 
inflexion point of the curve, is identified by a date. 
Results were inadequately based for 20 Sep 1981, 
G Nov 1983, 23 Jun 1984 and 23 Jul 1985, due to sam- 
pling interruption during these transects. For some 
other transects, the position obtained for the UW-OW 
transition looks unreliable, due to gaps in sampling (1 
Aug 1980, 25 Jun 1983 and 19 Dec 1983), uncertainty in 
the position of the boundary between the 2 distinct 
ecosystems (8 Jan  1980, 5 Jun  1980, 24 Nov 1980, 23 
Sep 1981, 14 Mar 1984,6 Jun  1984 and 29 Dec 1984) or 

Fig. 4. Homogenization of the UW-OW transition positions on both tracks. Positions (latitude, longitude) on the southern track 
have been transformed in order to have the same mean and standard deviation as  the positions on the northern track 
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abnormal situations during the 1982-1983 ENSO (3 
Dec 1982, 11 Dec 1982 and 15 Apr 1983). Results from 
these 17 transects are excluded for the rest of the 
analysis. The remaining transects provide estimates of 
the position of the UW-OW transition which are plotted 
on Fig. 3. For all months, this position appears to be 
highly variable, ranging between 127 and 158"W on 
the northern shipping track and between 110 and 
132 "W on the southern one. Differences between 
months are not striking; one may however note a slight 
tendency for the enriched waters to exert an influence 
farther southwestwards in November and December. 

The northern and southern tracks are not far away 
from one another and we can assume that the UW-OW 
transition displacements on both tracks are related to 
the same causes. We can thus refer these causes to a 
single index. The results from the southern track were 
empirically made compatible with those from the 
northern track as follows: a linear transformation was 
applied to the latitudes of the southern track UW-OW 
transitions in such a way that the transformed latitudes 
had the same mean and standard deviation as the UW- 
OW transition latitudes obtained on the northern track. 
A similar transformation was applied to the longitudes. 
The vectors corresponding to these transformations are 
shown in Fig. 4. They are approximately parallel to the 
surface isotherms which delineate the equatorial 
tongue of cool water, confirming the role of the equa- 
torial upwelling for SSCC variations in this region. The 
latitude of the UW-OW transition (results from the 
northern track plus transformed results from the south- 
ern track) appears to be dominated by short-term varia- 
tions (Fig. 5). A least squares Fourier series analysis 
indicates that the 1 yr period has a small and uncertain 
amplitude (0°29' in latitude) and accounts for only 
1.13 % of the total variance. The semi-annual period 
has a negligible amplitude. None of the Fourier cornpo- 
nents between 6 yr and 3 rno has an amplitude greater 

than 1" in latitude. Periods less than 3 mo account for 
6O0I0 of the total variance, indicating that short-term 
displacements of the UW-OW transition (the 'noise') 
are more important than a hypothetical large-scale 
signal. A more complete spectral analysis could not be 
performed because of the limited number of observa- 
tions and their irregular spaclng in time. 

Temperature versus depth sections are presented in 
Fig. 6 to 9, together with the SSCC data obtained 
during the same ship's voyage. Sections made during 
the 1982-1983 ENSO are presented in Fig. 9 and are 
considered separately. When the slope of the isotherms 
reverses, forming a trough around 15 "S, the UW-OW 
transition is often found in this trough, which corres- 
ponds to the convergence between the South Equatori- 
al Current and a pronounced eastward flow (Fig. 6). 
This is the most frequent situation, which was observed 
on 31 transects. On other transects, the convergence is 
indistinct; then, the entire South Equatorial Current 
has high SSCC and the UW-OW transition is found 
between the southern edge of this current and the 
northern edge of a pronounced eastward flow (Fig. 7); 
the results from 10 transects are relevant to this situa- 
tion. On 13 transects, the UW-OW transition was found 
in the South Equatorial Current; the southern part of 
this current was then characterized by low SSCC 
(Fig. 8). The 1982-1983 ENSO episode includes 11 
transects (the first on 26 Sep 1982, the last on 1 May 
1983). The warming and deepening of the surface 
mixed layer at the equator can be seen on the tempera- 
ture sections presented in Fig. 9. The southward slope 
of the isotherms between 5 and 15 "S indicates however 
that the South Equatorial Current persisted through the 
period, and that, on most sections, it was characterized 
by waters with high SSCC. Exceptions are the observa- 
tions of 3 and l l Dec 1982, where SSCC between Tahiti 
and Panama showed no trend (Fig. 2), and the observa- 
tion of 15 Apr 1983 (Fig. 9) where high SSCCs are in 

LATITUDE OF THE UW-OW TRANSITION 

OoS1 

Fig. 5. Time evolution of the UW-OW transition latitude. Circles: results obtained on the northern track. Squares: homogenized 
results from the southern track. The size of the squares or circles IS related to the difference in SSCC between upwelled and 

oligotrophic waters. The continuous line represents the results of a low pass Fourier filter (cutoff penod: 3 mo) 
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Fig. 6 .  Temperature and SSCC sections showing a UW-OW transition associated with a distinct trough in the isotherms. This 
trough corresponds to a convergence between the South Equatorial Current and an eastward flow 

the southwest and low SSCCs are between 5 OS and 
Panama. 

(1970): the contour of daily carbon fixation equal to 
lOOmg m-' cuts the Tahiti-Panama ship's track at 
about 7 " S .  Our results indicate that the upwelling 
influence on SSCC is felt as far as 13"301S (the mean 
latitude of the UW-OW transition on the northern track; 

The belt enriched by equatorial upwelling appears Fig. 5), with peaks at 15 "S on the northern track and 
narrow on the chart drawn by Koblentz-Mishke et al. 18 "S on the southern track (Fig. 3).  It also appears in 

DISCUSSION 
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the present work that the relatively high SSCC values 
on the equator side of the UW-OW transition are found 
in most cases in the entire South Equatorial Current 
and are limited to the south by the South Equatorial 
Countercurrent or related eastward flows (Fig. 6 & 7). 
T h s  not well-established current has been described 
between 130 "W and America by Tsuchiya (1974) and 
between 160 and 150 "W over shorter time intervals by 
Eldin (1983). It can be split into several small branches 
which transport eastwards water with higher tempera- 
ture and slightly lower salinity than the surrounding 
South Equatorial Current. According to Eldin (1983), 
transport by this current is weak and irregular, and the 
positions of its branches are unstable. Furthermore, an 
explanation by zonal currents is distorted by the tracks' 
direction which makes a small angle with the parallels 
(Fig. 1). Nevertheless, the South Equatorial Current 
was entirely occupied by high SSCC at 41 (31 + 10) 
transects for which the transition was found at the 
convergence between the 2 currents (Fig. 6 & 7) .  Sur- 
face water coming from the west, as indicated by an 
equatorward slope of the isotherms, has a low 
chlorophyll content. The 13 transects for which the 

SOUTHERN T R A C K  
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I ... ............. W .  ...... ..I 
SSCC <mg/m3> 22. 08. 85 
0. S r  I 

0. 1 

0.0- 

tion associated with an imprecise convergence zone south of the 
r ia l  Current 
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.. 

l 
I 

UW-OW transition was found in the South Equatorial 
Current represent a different situation: then, an impor- 
tant part of this current was characterized by low SSCC 
(Fig. 8). It can be noted however that a small local 
inversion of the isotherms slope often coincided with 
the UW-OW transition (Fig. 8: observations of 14 Dec 
1983, 6 May 1984 and 9 Nov 1983); 8 out of the 13 
transects present such an inversion of the isotherms at 
the UW-OW transition, and 11 present a salinity 
minimum (according to salinity data contemporaneous 
with the SSCC observations, not presented here) which 
also marks eastwards flows (Eldin 1983). Such slope 
inversions are common in all the transects, and coin- 
cidences with the UW-OW transition are coarse; it 
might thus be countered that the coincidences result 
simply from chance. The present results however 
demonstrate that relatively high SSCCs related to the 
upwelling ecosystem occupy a large part of the South 
Equatorial Current and are generally limited to the 
south by eastward currents. These currents indeed 
transport oligotrophic, nutrient-exhausted water from 

1 sew iaew libiw Q ~ W  

20s 15s 10s 5s B 

the west. 
The time variations of the position of the UW-OW 
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Fig. 8. Temperature and SSCC sections showing a UW-OW transition in the South Equatorial Current. During such sections, the 
southern part of this current was characterized by low SSCC 

transition shown in Fig. 5 appear to be dominated by 
short-term variations. These may result from several 
factors. The positions found for the UW-OW transition 
are subject to error: the SSCC gradient at the UW-OW 
transition is sometimes weak (Fig. 2) and the noise in 
SSCC cannot be resolved when sampling 90 km apart. 
This error however is probably not more than 1" in 
latitude. The eastward flows, which bound the upwel- 
led waters ecosystem, are unstable and their latitudes 
vary between 7 and 14 OS (Eldin 1983), covering most of 
the zone where the transition moves to and fro. The 
Peruvian and equatorial upwellings, which are the 
sources of the chlorophyll-enriched waters, are located 
far from our area of interest. Assimilation of nutrients 
while these waters are drifting at the surface is slowed 
by intense grazing (Walsh 1976) which is considered to 
be the cause of abnormally low chlorophyll concen- 
trations in nutrient-rich waters in this region. Small 
variations of the speed of nutrient assimilation can 
drastically affect the time and place where oligotrophy 
takes over from mesotrophy. A rapid assimilation of 
nutrients would thus explain the easternmost UW-OW 

transitions located in the South Equatorial Current 
(Fig. 8). Equatorial upwelling at 150 "W has been 
shown to have a pulsatory regime, in relation with 
trade wind bursts (Showers 1982, Wyrtlu & Eldin 1982), 
also representing a source of variability. Thus, the 
Peruvian and equatorial upwelling strength can 
undergo seasonal variations (Wyrtki 1981), but the size 
of the area where SSCC is influenced by upwelling is 
dominated by short-term variations which mask the 
effects of these seasonal variations. 

The period of observations covers the 1982-1983 El 
Nino episode. Except a few transects for which no 
transition was observed (Fig. 2: 3 and 11 Dec 1982, 15 
Apr 1983), it does not seem that El Nino caused an 
equatorward retreat of the UW-OW transition (Fig. 5). 
A decrease in SSCC in the eastern tropical Pacific 
during the El Nino has been reported (Barber & Chavez 
1983, Dandonneau 1986) but the winds favourable to 
upwelling off Peru did not weaken and upwelling per- 
sisted through the event; nevertheless, the upwelled 
water was lower in nutrients than during non El Nino 
conditions (Barber & Chavez 1983). The poleward 
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Fig. 9. Temperature and SSCC sections during the 1982-1983 El Nino. The South Equatorial Current was still characterized by 
higher SSCC 

slope of the isotherms between 5 and 15 "S associated 
with the South Equatorial Current continued to be 
related to relatively high SSCC (Fig. 9). The surprising 
inversion of the UW-OW transition on 15 Apr 1983 
might perhaps be due to vertical mixing after a typhoon 
(Iverson 1977): austral summer typhoons had abnor- 
mally easterly trajectones in 1983 and typhoon Veena 
passed Tahiti on 12 Apnl. Vertical mixing and phyto- 
plankton growth could follow westward to 115 "W 
(Fig. 9). This hypothesis must be considered with cau- 
tion because SSCC sampling was interrupted west of 
130 "W, and a trough in the isotherms can be seen at 
about 143 "W which could indicate a normal, non- 
detected, UW-OW transition. Setting apart this trans- 
ect, the UW-OW transition during the El Nifio episode 
was found on 8 occasions at  the convergence between 
the South Equatorial Current and the South Equatorial 
Countercurrent or water masses with uncertain geo- 
strophic motions; on 2 occasions, it was found in the 
South Equatorial Current. Conditions during the El 
Nino thus were greatly modified in coastal areas (Feld- 

man 1986), but did not differ qualitatively from normal 
conditions in offshore areas. 

The Tuamotu archipelago in the southwest of the 
studied area has been described as an oligotrophic area 
(Desrosieres & Wauthy 1972). It is indeed situated on 
the oligotrophic side of the UW-OW transition. How- 
ever, the transition sometimes reaches these atolls 
(Fig. 3). These intrusions of relatively rich waters repre- 
sent an alternate regime for the Northern Tumotu atolls 
which in their anomolous abundance of life have been 
compared to oases in a desert (Rougerie & Wauthy 
1986). Of the 118 UW-OW transition latitudes plotted in 
Fig. 5, 16 (i.e. 14 % )  reach 15 "S and correspond to high 
SSCCs surrounding these atolls. The ocean can thus 
episodically contribute to the food of atoll communities 
as considered by Dandonneau & Charpy (1985) who 
observed chlorophyll depletion around the Tuamotu 
atolls. 

The transition from an ecosystem connected with the 
upwellings of the Eastern Pacific to the ohgotrophic 
ecosystem of the Central South Pacific is seen here 
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using chlorophyll concentrations at the ocean surface. 
Surface chlorophyll has been shown to be a good index 
of chlorophyll content and primary productivity (Loren- 
Zen 1970, Platt & Herman 1983). A risk of error exists 
however, expecially in oligotrophlc areas where 
inverse relations between SSCC and water-column 
productivity have sometimes been found (Hayward & 
Venrick 1982). We are here partly dealing with oligo- 
trophic waters and prudence is necessary. The com- 
plexity of the region which sometimes presents nutrient 
inversions (Thomas 1972) also calls for prudence. The 
SSCC increase from which we have inferred the posi- 
tion of the UW-OW transition cannot definitely be con- 
verted into a primary productivity increase. It repre- 
sents however an  increase in biomass which differ- 
entiates the waters in the northeast from the oligo- 
trophic waters of the South Pacific central gyre. South- 
west of the observed SSCC increase, the possibility that 
surface waters with a low chlorophyll content cap a n  
active chlorophyll maximum cannot be  excluded. The 
chlorophyll maximum at  or near the surface in diver- 
gent zones is expected to sink and progressively 
weaken at convergences (Vinogradov et  al. 1970); our 
UW-OW transition detected at  the sea surface might 
then underestimate rather than overestimate the width 
of the enriched zone. 

The South Equatorial Current waters are enriched by 
the upwehng  off South America and the equatorial 
upwelling. High SSCC in these waters is then gener- 
ally the rule. On the other hand, eastward flows trans- 
port oligotrophic water with low SSCC. Convergences 
between these 2 flows are then likely to produce frontal 
zones for which the UW-OW transitions discussed here 
are a coarse representation, due  to sampling 75 to 
110 km apart for both SSCC and XBTs. Temperature 
contrasts in this region are often weak, and the rela- 
tionship shown here between the UW-OW transition 
and eastward-westward flow convergences suggests 
that the sea color measured by satellites would perhaps 
be a better indicator of these flows. Very incomplete 
knowledge of the eastward flows in the South Tropical 
Pacific Ocean makes it a n  interesting proposition to 
analyse sea color satellite data in this region. 
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