
values of clear water LWA measured at 
other times for approximately the same 
solar elevation. When this is done for 
station 10, with an area south of Key 
West used as representative of clear wa- 
ter, the resulting derived pigment con- 
centrations from R, and R2 are, respec- 
tively, 0.21 and 0.33 mg m-3. If the val- 
ues of Lwx measured aboard the R.V. 
Athena II at station 10 are used to esti- 
mate a(X, 670), the derived concentra- 
tions are 0.33 and 0.26 mg m-, respec- 
tively. The measured pigment concentra- 
tion at station 10 was 0.36 mg m-. 

Clearly, this technique shows consid- 
erable promise for estimating pigment 
concentrations in regions where surface 
measurements are not available. 

The limited results presented here sug- 
gest that maps of phytoplankton pigment 
concentration can presently be derived 
from CZCS imagery to better than 0.5 
log C. Furthermore, the corrected CZCS 
imagery reveals circulation patterns 
heretofore unobserved in satellite image- 
ry of the Gulf of Mexico. A CZCS-type 
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Atmospheric Carbon Dioxide, the Southern Oscillation, 
and the Weak 1975 El Nifio 

Abstract. The observed rate of change of the atmospheric carbon dioxide concen- 
tration at the South Pole, Fanning Island, Hawaii, and ocean weather station P 
correlates with an index of the southern oscillation and with El Nino occurrences. 
There are changes at allfour stations that seem to be in response to the weak 1975 El 
Ninio. Thus, even poorly developed El Niho events may affect the atmospheric car- 
bon dioxide concentration. 
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The rate of change of the atmospheric 
concentration of CO2 at the South Pole 
and at Mauna Loa, Hawaii, has been 
shown to be significantly correlated with 
a southern oscillation index (SOI) (1). 
The southern oscillation is a large-scale 
atmospheric and hydrospheric fluctua- 
tion centered in the equatorial Pacific 
Ocean and involving wind strengths, 
ocean currents, and sea-surface temper- 
atures (2). It has a variable period, aver- 
aging approximately 4 years. El Niiio oc- 
currences are probably the most spec- 
tacular of the phenomena associated 
with the southern oscillation. Changes in 
atmospheric CO2 have been observed 
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Fig. 1. Atmospheric CO2 anomalies at (a) the 
South Pole, (b) Fanning Island (4?N), (c) Mau- 
na Loa, Hawaii (20?N), and (d) Canadian 
ocean weather station P (50?N). The anomaly 
curves are spline fits to data from which an 
average seasonal effect and a smooth trend 
have been removed. 
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that correspond to the El Niiio's of 1965, 
1969, and .1972 (3). 

Correlations between SOI and the rate 
of change of atmospheric CO2 at Fanning 
Island, near the equator (4?N), and at 
ocean weather station P, off the Cana- 
dian west coast (50?N), as reported here, 
tend to confirm the association. There 
are changes at all four stations that cor- 
respond to the 1972 and 1976 El Nifio 
events, and, seemingly, to the weak 1975 
El Nifio as well. 

The El Nifio of 1975 was so weak that 
it probably would not have been recog- 
nized as an El Niiio, were it not so well 
studied (4, 5). El Niiio refers to an oce- 
anic and meteorological disturbance in 
the Peruvian coastal area apparently 
caused by an invasion of warm, nutrient- 
poor surface water into an area normally 
occupied by colder, more nutrient-rich 
water of upwelling origin. A fully devel- 
oped El Nifo is characterized by torren- 
tial rains in the normally arid coastal re- 
gion and disruption of the large anchovy 
fishery as the fish seek colder, more nu- 
trient-rich water. 

The prediction of the 1975 El Nifio by 
Quinn (6) led to the El Niiio Watch Ex- 
pedition, which systematically collected 
oceanographic data in the region west of 
the South American coast, from 5?N to 
15?S. In February and March 1975, a thin 
tongue (10 to 25 m thick) of low-salinity, 
warm, nutrient-poor water extended 
south across the equator eastward of the 
Galapagos Islands, but the Peruvian 
coastal region and its fishery were essen- 
tially undisturbed. The invasion of warm 
surface water was short-lived; by May, 
conditions had returned to near normal. 
Wyrtki et al. (4) have suggested that the 
term El Nifio be reserved for the spec- 
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tacular events lasting a year or more, but 
here we follow the usage of others (5) 
and refer to an undeveloped El Niiio as a 
weak El Nifio. 

The occurrence of El Niiio is an in- 
tegral part of the southern oscillation (7). 
A suitable SOI is the pressure difference 
between Easter Island and Darwin, Aus- 
tralia, smoothed by a 12-month running 
mean (8). Fully developed El Nifio 
events, such as occurred in 1965, 1969, 
1972, and 1976, are observed to coincide 
with a minimum of SOI and usually start 
soon after the beginning of a year. The 
results of the El Nifio Watch Expedition 
support the hypothesis that all minima of 
SOI are accompanied by El Nifio-type 
conditions, even if a fully developed El 
Nifio does not occur. 

The effect of the southern oscillation 
on the atmospheric CO2 concentration 
can be seen in the "anomaly" curves of 
Fig. 1, and more clearly in Fig. 2, where 
inverted time derivatives of the anomaly 
curves are shown together with a plot of 
the SOI. The anomaly curves are spline 
fits to atmospheric CO2 data from which 
have been removed both an average sea- 
sonal effect and an approximately ex- 
ponential trend (9), which represents the 
effect of fossil fuel combustion. 

The rate of change of the CO2 anomaly 
rather than the anomaly itself would be 
expected to correlate more closely with 
an atmospheric and hydrospheric phe- 
nomenon such as the southern oscilla- 
tion (1), and indeed this is the case 
(Table 1). The correlation is such that 
low SOI corresponds to rising atmo- 
spheric CO2 concentration, as would be 
produced by a net transfer of CO2 from 
the oceans to the atmosphere. High SOI 
corresponds to falling CO2 concentra- 
tion. 

The lags in the correlation are sugges- 
tive of a phenomenon driven by the 
equatorial region (3). The lag in the rate 
of change of the CO2 concentration rela- 
tive to SOI is 1 month at Fanning Island 
(4?N), 3 months at Mauna Loa (20?N), 7 
months at station P (50?N), and 6 months 
at the South Pole. 

It is rather surprising that all the 
curves in Fig. 2 seem to show a response 
to the weak 1975 El Nifio. The responses 
are very small, especially at station P, 
and probably would not be credible ex- 
cept that they all line up approximately 
with the 1975 SOI minimum. 

The mechanism that connects the 
southern oscillation and the CO2 concen- 
tration is not entirely clear. Equatorial 
sea-surface temperature change is the 
leading explanation (3, 10, 11), but other 
explanations are possible (1). High SOI 
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Table 1. Correlation coefficients between the inverted anomaly derivatives, the inverted anoma- 
lies, and the southern oscillation index (SOI). The lags are with respect to SOI. The two closest 
peaks to zero lag are given. The indicated errors are an estimate of the standard deviation at 
zero lag if the time series were uncorrelated (17). 

Inverted anomaly derivative Inverted anomaly 

Correlation Lag Correlation Lag 
coefficient (months) coefficient (months) 

South Pole (90?S) 
.69 ? .29 6 -.49 .27 -4 

-.44 + .29 -14 .43 + .27 17 

Fanning Island (4?N) 
.80 + .37 1 -.48 .46 -8 

-.15 + .37 -12 .78 + .46 11 

Mauna Loa (20?N) 
.52 + .25 3 -.43 + .21 -7 

-.49 + .25 -27 .09 + .21 14 

Station P (50?N) 
.66 + .36 7 -.57 .34 -4 

-.57 + .36 -16 .33 ? .34 19 

is accompanied by intensified circulation 
of the South Pacific gyre. The trade 
winds, the equatorial currents, and up- 
welling along the west coast of South 
America and the equator are all in- 
creased. The equatorial countercurrents 
are weakened. Sea-surface temperature 
is lower than average in the upwelling re- 
gions. Low SOI brings weakened trade 
winds, weakened or no upwelling, and 
warmer sea-surface temperatures in the 
upwelling regions. 

The region where the sea-surface tem- 
perature is most strongly affected by the 
southern oscillation has been identified 
by Weare et al. (12) through an empirical 
orthogonal analysis of Pacific Ocean sea- 
surface temperature. As might be ex- 
pected, this region is the upwelling area 
along the equator and the west coast of 
South America (13). 

For the sea-surface temperature 
change explanation to be valid, the sur- 
face layer of the ocean must be capable 
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Fig. 2. Southern oscillation index (SOI) (a) and inverted time derivatives of the anomaly curves 
in Fig. 1 at (b) the South Pole, (c) Fanning Island, (d) Mauna Loa, and (e) station P. Fully 
developed El Niiio events occurred in 1965, 1969, 1972, and 1976, and a weak El Nino occurred 
in 1975. The SOI minimum corresponding to the weak 1975 El Niio and the apparent responses 
are indicated by arrows. 
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of supplying the observed increase in at- 
mospheric C02, when the ocean surface 
is warmed by an amount typical of the 
southern oscillation (El Niio) cycle. A 
simple equilibrium model calculation 
(14) predicts about one-half the observed 
amplitude, which is probably sufficiently 
close agreement. 

The problem with the sea-surface tem- 
perature explanation of the atmospheric 
CO2 response to the southern oscillation 
is that upwelled water is rich in CO2. The 
equatorial upwelling region appears to be 
a large and persistent source of CO2 to 
the atmosphere. Measurements of the 
partial pressure of CO2 exerted by sur- 
face sea-water (pCO2) in the upwelling 
region are above the atmospheric CO2 
partial pressure by as much as 80 parts 
per million (ppm) (15), presumably be- 
cause of the recent upwelling of the sur- 
face water. Reduced upwelling might be 
expected to reduce the atmospheric CO2 
concentration, exactly opposite to the 
observations. 

If equatorial sea-surface temperature 
change is the cause of the connection be- 
tween the southern oscillation and atmo- 
spheric CO2 concentration, then pCO2 
must be lower in the colder but presum- 
ably CO2-richer water at an SOI maxi- 
mum than during an SOI minimum. This 
could probably be accounted for if verti- 
cal water exchange and thermal balance 
were introduced into the model, in addi- 
tion to CO2 balance. 

Biotic processes may also be impor- 
tant (16). Recently upwelled water is rich 
in the nutrients nitrogen and phos- 
phorus, in addition to CO2. A plankton 
bloom in response to these nutrients 
would be expected to reduce pCO2 at an 
SOI maximum. 

The hypothesis that pCO2 is lower in 
Pacific equatorial water during an SOI 
maximum than during an SOI minimum 
should be tested. A time series of pCO2 
measurements in the Pacific equatorial 
upwelling region could be obtained dur- 
ing an El Nifo cycle. The El Ninfo need 
not be fully developed; a study con- 
ducted during one as weak as the 1975 El 
Nifio would do much to resolve the ques- 
tion of the mechanism by which the 
southern oscillation influences atmo- 
spheric CO2. 
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Geochronology of Wadi Tushka: Lost Tributary of the Nile 

Abstract. The Sadat Canal, now under construction, is designed to drain excess 
water from Lake Nasser to the Western Desert by way of Wadi Tushka, a sand-filled, 
dry-wash tributary of the Nile 34 kilometers north of Abu Simbel. Core-drilling logs 
made by the Aswan High Dam Authority prior to excavation of the Sadat Canal and 

along 48 kilometers of its axis reveal as much as 33 meters of unconsolidated sand 
and gravel over Mesozoic bedrock and under surficial dune sand and playa muds of 
Holocene age. Excavation of the canal revealed Acheulean artifacts 6.7 meters be- 
low the surface in fluvial sediments capped by a buried, red calcic paleosol. These 
data are interpreted as evidence for the existence of a major tributary of the Nile 
during the late middle Pleistocene. The tributary drained the Kiseiba-Dungul De- 

pression and possibly the Kharga Depression as well. Chalcedony-armored mud- 
stones in the depressions are believed to be saline lake deposits possibly related to a 
lake that drained to the Nile by way of Wadi Tushka, thus entrenching the divide 
between the depression and the valley. Gross correlations with Pleistocene deposits 
of the Nile Valley and the Kharga Depression are based upon archeological evidence 
only until more precise geochronology can be applied to the problem. 

Between the desert spring of Dungul at 174 and 180 m extend farther north- 
the south end of the Eocene plateau of westward across the inconspicuous di- 
Egypt and Bir Kiseiba, 200 km to the vide. 
west-southwest, there is an irregularly The Aswan High Dam can retain Lake 
shaped, internally drained basin about Nasser at a maximum level of 183 m, 
17,000 km2 in area that lies at an eleva- but, by excavating a spillway along the 
tion below 180 m (Fig. 1). This area, axis of Wadi Tushka, the High Dam Au- 
which I shall call the Kiseiba-Dungul De- thority plans to be able to divert excess 
pression, has been described as a ped- water from any rise above 178 m to the 
iplain (1, 2) and is separated from the Kiseiba-Dungul Depression for irrigation 
Nile Valley by a broad sandstone ridge agriculture. Thus the Sadat Canal project 
with high points between 200 and 300 m. can be an effective means of conserving 
Thirty-four kilometers northeast of the irreplaceable groundwater if care is 
restored temples at Abu Simbel a dry taken to avoid the accumulation of salt in 
stream bed called Wadi Tushka heads on an environment where evaporation rates 
the divide between the Kiseiba-Dungul (3) are among the highest known. 
Depression and the Nile Valley. Close to More than 50 years ago John Ball 
the divide, the wadi becomes inconspic- asked whether the Nile, or a branch of it, 
uous. A number of long-inactive mud ever flowed through the Libyan Desert 
pans (playas) at an elevation between to the Mediterranean. After reviewing 
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