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ABSTRACT

Models incorporating a single baroclinic mode and realistic
coastline geometry are used to analyze the linear, dynamic response to
estimates of the interannual wind field over the tropical Pacific and
the seasonally varying winds of the tropical Atlantic. The inter-
annual variability of the tropical Pacific is studied for the period
January, 1961 to December, 1978. Model pycnocline variations at
several locations are similar to the observed sea level fluctuations.
E1 Nino events are depicted as periods when the pycnocline is per-
sistently deep along the eastern boundary. Remotely forced equatorial
Kelvin waves are responsible for this response. The character of each
simulated E1 Nino is strongly dependent on the relation between zonal
wind stress changes in the western and central equatorial Pacific. A
rapid shoaling of the pycnocline in the western tropical Pacific
during each E1 Nino is caused by westward-propagating Rossby waves.
Interannual pycnocline displacements in the central equatorial Pacific
are determined by the superposition of Kelvin waves excited to the
west and first-mode Rossby waves generated to the east.

The forced periodic response to the seasonal wind field of the
tropical Atlantic is a spatially dependent combination of a locally
forced response, Kelvin waves, Rossby waves, and multiple wave
reflections. The seasonal displacements of the model pycnocline are
compared with observed dynamic height. Annual and semiannual
fluctuations dominate the seasonal signal throughout the basin. In

general, the distribution of amplitude and phase are similar for

fluctuations dominate the seasonal signal throughout the basin. In
general, the distribution of amplitude and phase are similar for
annual changes in dynamic height and pycnocline depth. Major features
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of the seasonal response are reproduced, e.g. an east-west tilting of
the equatorial pycnocline about a pivot point, the seasonal pycnocline
movement along the northern and southern coast of the Guinea Gulf, and
a significant change of phase in the ocean variability north and

south of the ITCZ. The relative importance between local and remote
forcing is dete;mined for several parts of the basin. The wind-driven
annual signal in the Gulf of Guinea is due to zonal wind stress
fluctuations west of the gulf. The seasonal response in the western

equatorial and northernmost parts of the basin are primarily local.
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I. INTRODUCTION

The wind-driven variability of the tropical Pacific and Atlantic
Oceans provide an interesting contrast between the interannual and
seasonal responses of two tropical oceans. Important differences in
the overlying wind fields and the size and shape of the ocean basins
are key elements of the different observed oceanic responses. These
features result in the tropical Pacific being more conducive to a
study of the interannual variability of a tropical ocean while the
tropical Atlantic is better suited for a study of the seasonal
response of a tropical ocean. This should not be construed to mean
the interannual variability of the tropical Altantic is unimportant.
Philander (1979) has drawn from theory and observations to discuss the
different characteristics of the three tropical oceans.

The equatorial Pacific encompasses more than 40% of the circumfer-
ence of the globe. Year to year fluctuations of the ocean-atmosphere
system across this expanse are as large or larger than the seasonal
signal (Wyrtki, 1975; Hickey, 1975). Significant interannual events
known as E1 Nino dominate the variability of the thermal structure in
the eastern tropical Pacific. The cause and effect of this phenomenon
may have wide-reaching climatic implications. The largest seasonal
changes to the equatorial wind field occur in the central Pacific but
interannual fluctuations are more pronounced. Interannual perturbations

to the wind field in the central and western Pacific are much larger

interannual fluctuations are more pronounced. Interannual perturbations
to the wind field in the central and western Pacific are much larger
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than in the eastern Pacific. These periods of anomalous wind are often
prior to and during an EIl Nino year. The response time to such wind
changes in the equatorial Pacific, owing to the large extent of the
basin, is on the order of one year (Cane and Sarachik, 1977). Since
there are important wind changes from one year to the next the

response of the tropical Pacific may not be in seasonal equilibrium
with the wind field.

In contrast, the tropical Atlantic is characterized by a strong
seasonal signal (Merle, 1980a; Merle et al., 1980). Observations of
the wind field, dynamic height, sea level, and sea surface temperature
indicate that annual and semiannual fluctuations dominate the
variability. However, interannual perturbations to the seasonal signal
do exist (Hisard, 1980; Merle, 1980b). A strong summer upwelling and a
secondary winter upwelling are representative of the seasonal cycle in
the Gulf of Guinea. The Tocal winds do not exhibit a strong seasonal
signal. Significant seasonal wind changes are found in the western
Atlantic. The amplitude of which is several times larger than the
seasonal wind field for the equatorial Pacific. Observations of the
zonal pressure gradient and zonal wind field along the equator
demonstrate that the oceanic response may be in equilibrium with the
seasonal wind field (Katz et al., 1977). Since the width of the

equatorial Atlantic basin is one-third the size of the Pacific the

ocean can adjust to wind changes on a time scale of several months.

The linear, wind-driven response of the two oceans will be
Aaxaminad 1icina a mimariral madal dinrcrAarnAaratina a cinala hararlinie

The linear, wind-driven response of the two oceans will be
examined using a numerical model incorporating a single baroclinic

mode, realistic coastline geometry, and a forcing function derived



3
from ship-board estimates of the surface wind field. A similar model
was used successfully by Busalacchi and 0'Brien (1980) to study the
seasonal response of the tropical Pacific Ocean. In their analysis,
the spatial and temporal variations of the model pycnocline at several
locations throughout the Pacific basin were compared with observations.
It was demonstrated that given a reasonable estimate of the wind field,
selected features of the seasonal response could be described by linear,
wind-driven processes.

The dynamic, interannual response to the tropical Pacific wind
field for a span of 18 years is analyzed first. The model results are
compared with sea level records at different points in the basin for
1961-1978. The dense spatial and temporal resolution of the model is
used to determine the processes responsible for dramatic, out-of-phase
sea level/pycnocline changes in the eastern and western tropical Pacific
during simulated Los Ninos. Internal, equatorially trapped Kelvin waves
excited by zonal wind changes in the western and central equatorial
Pacific are shown to be responsible for elevated sea level along the
eastern boundary during E1 Nino. Westward-propagating Rossby waves
excited by associated wind changes result in a rapid drop in sea level
in the western Pacific.

The dynamic response to the seasonally varying wind field over the
tropical Atlantic is studied next. The forced periodic response consists
of a spatially dependent superposition of a locally forced response,

Kelvin waves, Rossby waves, and multiple wave reflections. The phase

and amplituda. dAickrihntinnce. nf. +ha coacnnal c¢imnal ice ramnared with

Kelvin waves, Rossby waves, and multiple wave reflections, The phase

and amplitude distributions of the seasonal signal is compared with
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observed dynamic height. The relative importance between Tlocal and
remote forcing effects in different parts of the basin is investigated.
It is shown that the annual, wind-induced signal in the Gulf of Guinea
is a response to annual zonal wind stress fluctuations west of the qulf.
In the western equatorial and northernmost parts of the basin the

response is primarily local.




II. ON THE INTERANNUAL WIND-DRIVEN RESPONSE OF THE TROPICAL PACIFIC
OCEAN

The importance of the interannual variability of the tropical
Pacific lies in its relationship with the E1 Nino phenomena. In the
strictest sense, E1 Nino is a term used presently to represent the
anomalous occurrence and persistence of high sea surface temperatures
(SST) along the coast of Ecuador and Peru. It is used more loosely to
represent anomalous high sea level and deep thermocline periods in the
eastern Pacific consistent and coincident with the SST changes. An EIl
Nino occurrence is not an isolated phenomenon, rather it is one facet of
global-wide climate anomalies characterized by changes in the Southern
Oscillation Index (Kidson, 1975). With respect to the tropical Pacific
Ocean, one might expect that Targe perturbations to the mean state are
not unique to the eastern boundary region. Fortuitously, there are
several island stations in key areas of the tropical Pacific (Fig. 1)
from which sea level time series can be used to monitor the interannual
variability.

In the eastern Pacific, sea level changes at the Galapagos Islands
are representative of the non-seasonal fluctuations at the equator and
along the eastern boundary (Wyrtki, 1975; Hickey, 1975). In the
western tropical Pacific, there is a drastic decrease in sea level and
shoaling of the thermocline during the E1 Nino year (Hickey, 1975;

Wyrtki, 1975, 1977, 1979; Meyers, 1982). The largest drop in sea level

shoaling of the thermociine during the tl NIno year (Hi1CKey, LY/9;
Wyrtki, 1975, 1977, 1979; Meyers, 1982). The largest drop in sea level
“occurs north of the equator. The sea level record at Truk Island is

5
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7

representative of the variability in this region and is one of the
longest time series available. A Tagged cross correlation analysis
(Hickey, 1975) indicates a maximum negative correlation of sea level
hetween the eastern and western Pacific occurs when the eastern Pacific
leads by several months. In the central equatorial Pacific, sea level
data from Canton Island and Christmas Island indicate an anomalous rise
in sea level during the latter half of the E1 Nino year. The processes
responsible for the phase relations between the eastern, central
equatorial, and western Pacific are not understood.

Wyrtki (1975) has attributed E1 Nino to the excitation of Kelvin
waves due to the interannual fluctuations of the southeast trade winds
over the central equatorial Pacific. A statistical analysis by Barnett
(1977) linked the variability of the zonal component of the southeast
trades west of the dateline with sea level changes across the Pacific
basin. Numerical and analytical models by Hurlburt et al., (1976) and
McCreary (1976) simulated the excitation of an equatorially trapped
internal Kelvin wave in response to changes in the zonal component of
the wind stress. Upon impingement with the eastern boundary, the
incoming Kelvin wave excited westward-propagating internal Rossby waves
and poleward-propagating coastal trapped Kelvin waves. This is
consistent with the theoretical work of Moore (1968) and Moore and
Philander (1977). Kindle (1979) demonstrated that the magnitude,
duration, and timing of changes in the southeast trades over the central

and western Pacific were important in determining the character of a
cimulatad £1 NiAn nocnAnca _NIRrian ot al {1981 dicciicced theca

and western Pacific were important in determining the character of a

simulated E1 Nino response, O0'Brien et al., (1981) discussed these
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aspects of Kelvin waves and E1 Nino in a simpler physical context.

This study uses the results of a linear numerical model to analyze
the interannual variability of the tropical Pacific Ocean. The model
of Busalacchi and 0'Brien (1980) is forced by monthly estimates of the
surface wind field based on ship-board observations over the tropical
Pacific for 1961-1978. The dense time and space coverage provided by
such a model will be used to provide insight into the causality of the
wind-driven response in different parts of the basin. Regions of
important wind stress fluctuations will be identified and the relevance
to sea level/pycnocline responses in the eastern, central equatorial,
and western Pacific will be addressed. Since the model is simple, the
wind induced variability can be interpreted easily in physical terms.
If the model results compare favorably with observations, physical
interpretation of the model response can be applied to the observed

oceanic response.

A. The Model and Wind Data

The model utilized by Busalacchi and 0'Brien (1980) is a 11/2 layer
reduced-gravity, 1{near transport model on an equatorial B-plane. The
model geometry is an idealization of the tropical Pacific from 18°N to
12°S (Fig. 1). Open boundary conditions at the northern and southern
boundaries allow coastal Kelvin waves to propagate freely out of the
model domain. A complete discussion of the model and its equations are
included in the author's previous work.

For the present study, we will focus on the vertical displacements

included in the author's previous work.
For the present study, we will focus on the vertical displacements

of the model pycnocline. From this point on, all discussions of
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pycnocline variability refer to the model results. The initial upper-
layer thickness, H, is taken to be 300 m. This depth is sufficient to
prevent any surfacing of the density interface during an 18-year
integration. The corresponding first baroclinic phase speed is 2.45m
s-1, This speed is the only dynamically important free parameter in the
model. The Laplacian friction coefficient only cosmetically smooths the
very high wave number numerical noise.

Details of the wind stress data base and a spectral analysis of that
data for 1961-1970 were discussed by Goldenberg and 0'Brien (1981).
Monthly estimates of the surface wind stress based on ship observations
over the tropical Pacific from January, 1961, to December, 1978, were
subjectively analyzed onto a 2° by 2° mesh. The resulting data set,
continuous in time and space, was input as a body force into the
momentum equations of the model. Though the approach used in
collecting and preparing the wind data is not the ultimate methodology
for monitoring the wind field over the tropical Pacific Ocean, it has
resulted in the only data set available with spatial and temporal
resolution suitable for interannual modelling studies.

A new open-boundary condition is implemented for this 18-year
simulation. After 7 years of integration, the variant of the Hurlburt
(1974) open-boundary condition used in the previous study becomes
unstable. The boundary condition at the northern and southern
boundaries is replaced with an open-boundary condition developed by

Camerlengo and 0'Brien (1980). This modification of the Orlanski (1976)

open-boundary treatment allows the model to be integrated for the full

Camerlengo and 0'Brien (1980). This modification of the Orlanski (1976)

open-boundary treatment allows the model to be integrated for the full
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18 years. Prior to the onset of any instability, calculations with the
Hurlburt open-boundary condition and those with the Camerlengo and
0'Brien open-boundary condition render the same solutions. The model
is initiated using the results from year 4 of the seasonal calculation
in Busalacchi and 0'Brien (1980). Thus, spin-up transients are

confined essentially to the first year of integration.

B, Eastern Pacific Response

The 18-year period of this numerical simulation encompasses several
notable eastern Pacific events of varying intensity. The strongest EIl
Nino since 1957 occurred during 1972 (Quinn et al., 1978). The
associated environmental changes resulted in the accelerated collapse
of the Peruvian anchoveta fishery. Sea surface temperatures (SST) off
the coast of Ecuador and Peru were up to 4°C higher than the
climatological monthly means (Fig. 2). Sea level was at its highest
point in years. The sea ieve1 record at the Galapagos Islands (Fig. 3)
is a useful indicator of this interannual varﬁabi]ity along the eastern
boundary (Wyrtki, 1975; Hickey, 1975). For the 1972 event, as opposed
to previous Los Ninos, large anomalies were present during the middle
of the year. Positive SST anomalies peaked in March and June. Sea
level began to rise in late 1971 and reached a maximum in June.
Consistent with several previous E1 Nino events another peak in SST and
sea level occurred at the end of the year.

During 1965 and 1976, moderate E1 Nino conditions were present in

the eastern tropical Pacific. Sea surface temperatures were 2°-3°C

During 1965 and 1976, moderate ET1 Nino conditions were present in
the eastern tropical Pacific. Sea surface temperatures were 2°-3°C

above normal. The 1965 event was characterized by elevated SST and
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sea level episodes at the beginning and end of the year. For the
1976 E1 Nino, SST was anomalously high throughout the year. Sea level
began to rise late in 1975 and peaked in June similar to the 1972
occurrence. A secondary sea level maximum was present late in the year
but was much smaller relative to the first peak than in the 1972 event.

The weakest of the year-long warm events during this 18-year period
were in 1963 and 1969. Positive SST anomalies were less than 2,5°C
(Quinn et al. 1978). Once again sea level was elevated along the
eastern boundary. However, for the very weak event in 1963 the sea
level anomaly at the Galapagos Islands was not truly representative of
the anomalies at coastal stations. Only at Galapagos was the sea level
for 1963 higher than during the 1965 E1 Nino. At all the South
American coastal stations monthly sea Tevels were higher in 1965,

Another period worthy of attention is 1975 even though it was not an
El Nino year. In 1974 it was noted that there was an ongoing decrease
in the Southern Oscillation Index (Wyrtki et al., 1976). Based on
previous studies linking a low Southern Oscillation Index with E1 Nino
(Quinn, 1974), a weak E1 Nino was predicted for 1975. An expedition
mounted to observe this event found anomalous conditions present off
the coast of Ecuador and Peru in February and March of 1975. The
distribution of positive SST anomalies, changes in thermocline depth, and
elevated sea levels were similar to the onset phase of previous E1 Nino
episodes. These conditions did not persist long enough and were not

large enough in magnitude for 1975 to be recognized as an EI Nino year.

large enough in magnitude for 1975 to be recognized as an E1 Nino year.
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By April and May the development of the warm episode had been aborted,
and conditions were returning to normal.

Interspersed among the E1 Nino episodes were periods of low SST and
depressed sea level. In this study of the linear wind-driven Pacific
response the dynamics responsible for pycnocline and sea level changes
during E1 Nino will be the same as in these non-E1 Nino events. Most
of the following discussion of the model results will focus on the EIT
Nino incidents since they often dominate the interannual variability,
have important climatic implications, and have been the subject of
previous observational and theoretical studies.

The sea surface and pycnocline fluctuate 180° out of phase in the
model formulation used. Meyers (1979) has shown, using sea level and
interfacial depth profiles, that the central and eastern Pacific act in
a manner compatible with the dynamics implicit in this reduced-gravity
approach. Since the model does not contain thermodynamics the results
cannot give a direct indication of SST change. 1In general, there is no
linear relation between upper-layer thickness, sea level, or thermo-
cline depth and SST. Yet, in the eastern tropical Pacific, high (low)
SST anomalies are significantly correlated with elevated (depressed)
sea level (Barnett, 1977; Enfield and Allen, 1980). Modelling efforts
including mixed-layer physics will provide much needed information on
such relations between thermocline depth, vertical velocity, and SST.

A time series of the pycnocline height anomaly (PHA) at a location

representing the Galapagos Islands (Fig. 4) depicts the vertical
disnlareament nf the mndel nvenncline thrainahant the 1R-vear

representing the Galapagos Islands (Fig. 4) depicts the vertical

displacement of the model pycnocline throughout the 18-year
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integration. The linear trend, resulting from a mean background wind
stress, has been removed. Upwelling and downwelling bursts of
relatively short duration constitute the variability in the entire
record. The model pycnocliine is the deepest during 1963, 1965, 1969,
1972, and 1976; the five E1 Nino years. The double-peak E1 Nino
signature found in the sea level record (Fig. 3) is present in the
model results for 1965 and 1969. During these years the upper layer
becomes deepest at the beginning and end of the E1 Nino year. The
onset of the 1972 E1 Nino is preceded by a deepening of the pycnocline
during the second half of 1971, The pycnocline reaches its maximum
depth in June followed by a secondary maximum at the end of the E1 Ninc
year. The 1§76 E1 Nino is characterized by downwelling from mid-1975
to early 1976, maximum pycnocline depths in June, and a deep pycnocline
again in the latter half of the year. The weak event of 1975 is
represented by a downwelled pycnocline at the beginning of the year
followed by a rapid upwelling leaving a shallow pycnocline for the
remainder of the year. Even though there are periods when the relative
amplitude of observed sea level change and pycnocline displacement do
not agree, the timing of major upwelling and downwelling events is
similar. The cross correlation of pycnocline variability and observed
sea level Tess the seasonal signals is maximum at zero lag with a
correlation of 0.52 which is significant at the 99% level. The degrees
of freedom used in the significance test were determined by dividing

the total record length by the integral time period needed to obtain

Lo Pl eduum don e Ve Ldgana fCuinite eS0T NMur wTUw e it Gy M vaaly

the total record length by the integral time period needed to obtain

two independent realizations (Davis, 1976). The number of equivalent
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degrees of freedom was 51. Changing the phase speed of the model by
+30% changes the phase of the eastern boundary response by less than
one month. When comparing with monthly mean observations this shift in
phase is not significant.

A major difference between the model pycnocline fluctuations and
observed sea level is the presence of more high frequency variability
in the pycnocline time series. This is to be expected since the
temporal resolution of the model pycnocline time series is much
greater than the monthly sea level record. Furthermore, in this single
mode calculation the time scales of the upwelling and downwelling
episodes in the east are indicative of the time and spatial scales of
the wind changes to the west. The addition of slower higher-order
vertical modes may lead to longer duration events. Another possible
reason for this discrepancy may be that the wind estimates used have
more power at high frequencies than the actual wind field.

The observed sea level and model pycnocline-time series for the
Galapagos Islands have been subjected to a 12-month, running-mean
filter (Fig. 5). This provides a more graphic representation of the
Tow frequency variability during the 18-year period. The similarities
and differences between the model and observations are clearly
displayed. The fi]teéed data indicate a tendency for the sea level and
the model pycnocline to be elevated or depressed for spans of 10-30
months. Discrepancies between the model and observations include the

phase of the response from mid-1961 through 1962, the relative

Aamnlidtudar Af +ha wacmAanen ..Qonm‘].a‘-;\.-loc—’_-ﬁ.o eawli . 10f0..crardetlaac v
phase of the response from mid-1961 through 1962, the relative

amplitudes of the response from late-1967 to early-1968, and the
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amplitude in 1972. The cross correlation between these two filtered
time series is .61.

The model pycnocline variability at the location of Talara, Peru
(Fig. 6) is very similar to that at the Galapagos Islands, except the
maximum cross correlation (r = .98, significant at 99% level) occurs
when the signal at Talara lags Galapagos by 1-3 days. This lag
increases when time series further poleward along the coast are cross
correlated with the Galapagos time series. For example, the pycnocline
time series at the Tocation of Callao, Peru (12°S) lags Galapagos by
approximately one week and is highly correlated. The great degree of
similarity between these time series attests to the large areal extent
of the variability near the eastern boundary. The poleward increase in
lag indicates a poleward propagation of information. Smith (1978),
Enfield and Allen (1980), and Romea and Smith (1982) have reported on
an observed poleward propagation along the coast.

The pycnocline variability at the Galapagos Islands and Talara
consists of discrete upwelling and downwelling events with a duration
of several months. What is the mechanism responsible for these changes
in depth of the pycnocline? A cross correlation of the pycnocline
variability at the equatorial eastern boundary with all points west
along the equator implies that the effects of internal Kelvin and
Rossby waves are important. The lag structure of the pycnocline
variability along the equator is illustrated in Fig. 7. The most

striking aspect is the linear increase in lag away from the eastern
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striking aspect is the linear increase in lag away from the eastern
boundary for high correlations. The solid Tine represents an eastward

phase speed of 2.45 m s-!, corresponding to the phase speed for an
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internal, equatorially trapped Kelvin wave in this model. As a result,
50% of the variability at the eastern boundary is accounted for by the
variability along the Kelvin wave characteristic in the central
Pacific. Knox and Halpern (1982) have observed eastward propagation
along the equator from 152°W to 91°W.

The linear increase in lead away from the eastern boundary (dashed
line) represents the westward propagation of the lTowest order Rossby
waves excited at the coast. The slope of the dashed line represents a
phase speed of .82 m s-!, one-third the speed of the Kelvin wave.

These waves were excited by the impingement of Kelvin waves or Tocal
changes in the wind stress. These waves have a noticeable effect on
the pycnocline variability westward to 160°W. There is also a notable
negative correlation when the eastern boundary leads the western
boundary by several months.

Away from the boundaries an equatdrial Kelvin wave can only be
generated by the equatorial divergence caused.by temporal fluctuations
of the symmetric component of the zonal wind stress at the equator. A
test calculation was performed in which the model was only driven by
the zonal wind stress for the period mid-1973 through 1977. This was
intended to test the premise that the interannual events in the eastern
part of the basin are remotely forced by Kelvin waves. The time
interval was chosen because it contained several large changes in depth
of the pycnocline. The resulting pycnocline response along the eastern

boundary was essentially the same as the total response to zonal and

~— - “"-'I"-‘l-'.]l""".'""""" TI(«’-\-'|'“°°..—--!J F—Jb-'-vv-'---L- luvr’b‘l\l\‘ ulvv‘-j red vl v 1

boundary was essentially the same as the total response to zonal and
meridional winds. The cross correlation between the zonal wind stress

solution and the total forced case was .99 at zero lag. The
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pycnocline variability at the eastern boundary of this linear model is
the integrated response to the zonal equatorial wind stress
fluctuations to the west. The evolution of significant events, e.qg.,
E1 Nino occurrences, can be traced back in time and space along the
Kelvin wave characteristics. The location of the forcing responsible

for each event has been identified in this manner.
lle now describe the character of E1 Nino events from 1961-1978

depicted in this model as periods when the pycnocline was persistently
deep. The period 1964-1965 is a good time frame within which to study
the transformation from a non-E1 Nino regime to an E1 Nino regime. The
semiannual pycnocline variability at the eastern boundary previously
discussed by others (Meyers, 1979; Kindle, 1979; Busalacchi and
0'Brien, 1980) has been associated with Kelvin wave signals excited
between 180° and 120°W. Evidence for this seasonal cycle is seen
throughout the model integration (Figs. 4,6). The semiannual
variability is typical of a non-E1 Nino year in the 1960's. From
January, 1964, to Aprii, 1964, the pycnoc]ine-in the eastern two-thirds
of the equatorial Pacific is being upwelled (Fig. 8). This is a result
of an upwelling Kelvin wave front excited during an October, 1963 to
March, 1964 intensification of the easterlies between 180°-160°V. The
downwelling at the western boundary through June, 1964, is caused by a
downwelling Rossby wave front excited by the same intensification of
the easterlies between 180°-160°W. Another large amplitude upwelling
Kelvin wave front is excited in the interior from July through

September. Towards the end of a non-E1 Mino year a downwelling Kelvin

Kelvin wave front is excited in the interior from July through

September. Towards the end of a non-E1 MNino year a downwelling Kelvin
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Fig. 8. An X-T section along the equator for the
upper-layer thickness (ULT) during 1964-65. The phase speed of
the downwelling Kelvin wave responsible for triggering the 1965
E1 Nifio in the model is indicated by the slope of an imaginary
Tine connecting a point at the western boundary for November,
}964, with a point at the eastern boundar%rfor Februarvtn(le%gbb
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E1 Nifio in the model is indicated by the slope of an imaginary
Tine connecting a point at the western boundary for November,
1964, with a point at the eastern boundary for February, 1965,
Such a line also indicates the end of the equatorial
downwelling associated with the passage of the Kelvin wave.
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wave front is excited in the central equatorial Pacific. A simulated
seasonal E1 Nino along the eastern boundary is associated with this
downwelling Kelvin wave front. Though the amplitude and precise timing
of these upwelling signals may vary amongst non-E1 Nino years, there is
often an upwelling of the pycnocline early in the year. The upwelling
is important because it causes the pycnocline to be upwelled following
the seasonal downwelling of the pycnocline during the austral summer.

The changes in pycnocline depth that typify the 1965 E1 Nino event
have their roots in the western Pacific during the latter half of 1964.
A 0.4 dynes cm~2 relaxation of the easterly wind stress between the
western boundary and the dateline from August-November, 1964, excites a
downwelling Kelvin wave front. The slope of the downwelling signal in
Fig. 8 represents the inverse phase speed of an internal Kelvin wave.
The equatorial pycnocline is depressed as the wave front propagates
eastward; terminating at the eastern boundary in January, 1965. The
timing of this wave is such that it greatly enhances the normal
seasonal downwelling during the Southern Hemispheric summer. The same
sequence of events preceeds the 1969 E1 Nino.

In addition to the downwelling Kelvin wave excited near the western
boundary, the semiannual upwelling signals of 1965 are much weaker than
those of non-E1 Nino years. As a result, there is no mechanism to
raise the deeper than normal downwelled pycnocline present in early
1965. The upwelling signals are weaker than non-E1 Nino years because

the intensification of the interior easterlies is not as strong. This
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the intensification of the interior easterlies is not as strong. This

cessation of the normal semiannual variability of the zonal wind stress
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also occurs during 1969. Therefore, over a one-year period of time the
pycnocline is deeper than the Tong term mean.

Towards the end of 1965 (Fig. 8), the seasonal relaxation of the
interior easterlies excites a downwelling Kelvin wave front. This
downwelling Kelvin wave is the cause of the downwelling at the eastern
boundary at the beginning of 1966. Though this Kelvin wave is
associated with the seasonal signal, it is atypical in the sense that
it was excited at a time when the pycnocline was deeper than normal.
Hence, there is a double-peak downwelling signature during 1965.

The excitation of a large amplitude downwelling Xelvin wave west of
the dateline, which then enhances the normal seasonal downwelling, and
the concomitant cessation of the semiannual interior zonal wind stress
is the scenario that describes the 1965 and 1969 E1 Nino events. The
minor E1 Nino of 1963 is solely due to weakened seasonally varying
zonal wind stress over the central equatorial Pacific. There were not
any large amplitude downwelling Kelvin waves excited during late 1962.

The events of the 1970's were somewhat different than in the
previous decade. Beginning in October 1971, there was a relaxation or
weakening of the trade winds west of the dateline (Fig. 9). This band
of wind relaxation progressed eastward (Wyrtki, 1977) to 160°W during
the entire E1 Nino year. Concurrent with the initial weakening in the
west there was an intensification of the central equatorial easterlies,
130°W-170°W, from mid-October until the end of 1971. The combined

effect of weakening winds in the west and intensifying winds in the
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effect of weakening winds in the west and intensifying winds in the

central Pacific yielded average pycnocline depths in the east at the
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Fig. 9. Zonal wind stress along the equator from
1971-1978. White areas indicate westerly flow. Time periods
in which the stress is greater than 1.0 dynes cm-2? are shaded
the darkest. Contour interval is .2 dynes cm-2.
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beginning of 1972 (Fig. 4). From January through April, at 120°W-180°,
there was a decrease in the zonal wind stress of more than .6 dynes
cm-2. Thereafter, the winds in the central equatorial Pacific remained
weak. This weakening of the easterlies excited a downwelling Kelvin
wave front responsible for the deep model pycnocline (Fig. 4)
corresponding with observed elevated sea level (Fig. 3) along the
eastern boundary in June. During the latter half of the year an
intensification-relaxation sequence at 100W-140W was responsible for
the second downwelling peak at the end of 1972. Recovery from the 1972
E1 Nino began with strengthening trades in January of 1973.

In September of 1974 the trade winds west of the dateline began
decreasing and continued until January, 1975, The winds in the central
Pacific did not change appreciably. The resulting downwelling Kelvin
wave front induced the deep pycnocline in the east at the beginning of
1975. As opposed to 1972, the trades in the western and central
Pacific did not continue to weaken. An intensification of the
easterlies beginning west of the dateline in January and east of the
dateline in March produced a rapid recovery from the downwelling at the
beginning of the year. A persistently deep pycnocline was not present
at the eastern boundary in 1975. Consistent with observations, the
event in early 1975 never matured into an E1 Nino.

The onset of the 1976 E1 Nino began when the winds west of 160°E
started decreasing in October of 1975. An eastward progression of this
weakening transpired similar to the wind changes in 1972. A more rapid

decrease in the trades between 140°W and the dateline durina the first

weakening transpired similar to the wind changes in 1972, A more rapid

decrease in the trades between 140°W and the dateline during the first
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four months of 1976 was once again responsible for the large
downwelling peak in June of the E1 Nino year. Continued weakening
between 160°W and 140°W produced the Tast downwelling pulse of the EIl
Nino year. The zonal wind stress remained weak up until December.
Récovery from the 1976 E1 Nino began with a short period of intensified
easterlies between 140°W and 180° (Wyrtki, 1979). The subsequent
upwelling Kelvin wave front produced shallow pycnocline depths along
the eastern boundary during the first half of 1977,

Comparisons of the simulated E1 Nino events of 1972 and 1976 with
those of 1965 and 1969 yield an important difference. The model
pycnocline variability during Los Ninos of the 1960's were comprised of
pycnocline depth maxima at the beginning and end of the E1 Nino year.
In the middle of the E1 Nino year the pycnocline was not significantly
deep. On the contrary, during the 1972 and 1976 E1 Nino events the
maximum pycnocline depth was attained in June. The reasons for this
difference bear out the uniqueness of each E1 Nino.

The central equatorial easterlies during the 1970's had a
significantly greater impact on the eastern boundary variability than
in 1965 or 1969. The downwelling pulses at the beginning of 1965 and
1969 were due to weakening trades in the western Pacific during the
four preceding months. During this same period the winds in the
central Pacific did not intensify. Similar conditions were present at
the beginning of 1975 and 1976; years in which the pycnocline was deep

in January. A deep pycnocline did not exist at the beginning of 1972

in January. A deep pycnocline did not exist at the beginning of 1972
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because the easterlies in the central Pacific intensified in late 1971
while the winds west of the dateline were changing from easterly to
westerly. From January to April of 1972 and 1976 the central
equatorial easterlies decreased markedly. This resulted in the deep
pycnocline along the eastern boundary in June. During the first four
months of 1965 and 1969 the central equatorial trade winds did not
weaken noticeably. Hence, the pycnocline was not deep in mid-1965 or
mid-1969. In 1975 the trade winds intensified and were anomalously
strong for the entire year resulting in a rapid upwelling from an

initially deep pycnocline.

C. Western Pacific Response

Since Wyrtki (1975) proposed a scenario of E1 Nino it has been
thought that, due to strong easterlies, sea level in the western
tropical Pacific was deserving of attention in the year preceding EIl
Nino. However, as Meyers (1982) recently reported, and, as shown in
Fig. 10, the sea level change at Truk Island is much more dramatic in
E1 Nino years themselves. The sea level record at Truk Island is
presented because it is representative of the interannual changes in
the western Pacific and is one of the lTongest time series available.

In every year classed as an "E1 Nino year" for the period 1961-
1978, a significant drop of the sea level is observed in the latter
half of the year. Sustained significantly high sea levels are not
necessarily observed in the year previous to every E1 Nino. The

decreases in sea level at Truk during E1 Nino years have a common

necessarily observed in the year previous to every E1 Nino. The

decreases in sea level at Truk during E1 Nino years have a common
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pattern. They begin in late winter or spring (February-May) and in
most cases (1963, 1969, 1972, and 1976) an initial sea level minimum is
attained in the middle of the year (June-September). The lowest sea
level, as low as 20 cm below the annual average, is reached at the end
of the year. This is followed by a rapid recovery within the next few
months, usually from January to April of the following year.

Wyrtki (1979) examined the sea levels at widely scattered islands
in the western Pacific Ocean for the 1976 E1 Nino event. Widespread
lTow sea levels were evident in the western tropical Pacific for the
second half of the year. The maximum sea level decrease was within a
zonal band at 5°N-10°N. This indicates that Truk Island is located in
an advantageous position to monitor the sea level change during E1 Nino
years. The sea level excursions in the Southern Hemisphere are much
smaller.

The time series of the model pycnocline displacement at the
location of Truk Island is depicted in Fig. 1l. The time series is
characterized by several shallow pycnocline events. Except for 1966,
these events occur during the latter half of an E1 Nino year and
correspond well to the sea level time series at Truk (Fig. 10). Note
again a shallow pycnocline (positive PHA) corresponds to low sea level,
As expected from this comparison, the correlation between the observed
sea level and the model pycnocline at Truk has a maximum as high as
0.76 at zero lag.

The spatial distribution of the anomalous model pycnocline depths
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The spatial distribution of the anomalous model pycnocline depths

in an E1.Nino year is also in agreement with the observations. Fig. 12
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Fig. 12. The change in upper layer thickness from October,
1975 to October, 1976 in the western portion of the model domain.
The stipled regions indicate where the pycnocline was shallower in
October, 1976. Contour interval is 10 m.
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shows the difference in depth of the model pycnocline for the western
Pacific between October, 1976 and October, 1975. The spatial structure
of the change in pycnocline depth agrees with the observations shown by
Wyrtki (1979, Fig. 7) except for the region close to the northern open
boundary of the model. The maximum pycnocline rise is also found
around 5°N-10°N. A smaller maximum is found in the Southern Hemisphere
near the western boundary.

A Y-T diagram of the model pycnocline at 160°E for the period 1971
to 1977 (Fig. 13) is convenient for examining the meridional
distribution of the shallow pycnocline during E1 Nino years. The
longitude 160°E is selected to avoid the effects of the western
boundary in the Southern Hemisphere. It is not considered inadequate
to choose 160°E as being representative of the western tropical Pacific
since the model pycnocline variability at 7.5°N, 160°E, has a similar
time series to that of Truk Island.

In both the 1972 and 1976 cases the maximum positive pycnocline
anomalies take place around 7°N. Anomalies in the Southern Hemisphere
are smaller for both E1 Nino events. Also common to both events are
smaller positive anomalies found in both hemispheres 3-4 months prior
to the main peaks. The latitudes of the smaller anomalies are 4° to 6°
from the equator depending on the event and the hemisphere but always
closer to the equator than the maximum anomalies. These earlier
periods of shallow pycnocline depth are more symmetric to the equator

than the latter ones and represent the initial shallowing of the
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than the latter ones and represent the initial shallowing of the

pycnocline at Truk Island. The maximum positive anomaly at 7°N
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model pycnocline is shallower than the 18-year mean. Contour
interval is 15 m.
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corresponds to the period when the pycnocline is shallow at Truk near
the end of the E1 Mino year. This nattern of pycnocline depth change
is not as evident in the E1 Nino events of the 1960's. For example,
during the 1965 E1 Nino the maximum positive pycnocline anomalies are
more symmetric to the equator. However, it can be stated that the Y-T
pattern of the shallow pycnocline anomaly near 7°N late in the year is
typical of an E1 Nino year for the 18-year record studied here.

A matrix of lagged cross correlations between Truk Island and all
points along 7.5°N (Fig. 14) shows the pycnocline variability at Truk
lagging that to the east. The inclination of maximum positive
correlations represents a westward propagation of the pycnocline signal
at approximately 40 cm s-!. This compares favorably with the 35 cm s-!
phase speed for third latitudinal mode Rossby waves in this calcula-
tion. Projection of the meridional pycnocline structure onto the free
modes of the system indicates the dominant response at Truk is due to
third-mode Rossby waves. Depending on the event, the variability at
Truk may also be influenced by first, second, and fourth-mode Rossby
waves.

As discussed in the previous section, relaxation of the easterlies
takes place in the central and western Pacific during E1 Mino. It is
suspected that the wind changes that are responsible for high sea level
in the eastern equatorial Pacific through the generation of equatorial
Kelvin waves may also be responsible for low sea level in the western

tropical Pacific through the generation of Rossby waves at the same
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tropical Pacific through the generation of Rossby waves at the same

time. McCreary (1977) showed that the onset of westerlies, which is
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equivalent to the relaxation of easterlies in linear theory, generates
an eastward-propagating, downwelling, equatorial Kelvin wave front and
a westward-propagating, upwelling, Rossby wave front which has minimum
pressure on both sides of the equator. Therefore, it seems quite
reasonable to attribute the decrease of sea level in the western
tropical Pacific to the relaxation of the easterlies. This would also
explain the negative correlation and phase lag between the equatorial
eastern boundary and western boundary vériabi]ity (Fig. 7). The
maximum cross correlation between the non-seasonal model pycnocline
signal at Truk and Galapagos is also negative and occurs when Galapagos
leads by a few months. Since the phase speed of the Kelvin wave is
several times faster than the Rossby wave, the maximum pycnocline depth
in the east may be expected to precede the minimum pycnocline depth in
the west during E1 Nino.

In McCreary's study, the wind stress and the resultant sea level
distributions were symmetric to the equator. The observed sea level
and the model pycnocline fluctuations presented here, nhowever, are not
symmetric to the equator. This tendency for the largest sea
level/pycnocline displacements to occur north of the equator suggests
that the relaxation of the easterlies may not be symmetric to the
equator. To judge if this is true the meridional distribution of the
wind stress variability is examined next.

Only the zonal component of the wind stress is considered because
it is more important in forcing low frequency motion in the equatorial

ocean. This is supported bv the test calculatinn when the mndel wac

it is more important in forcing low frequency motion in the equatorial
ocean. This is supported by the test calculation when the model was

forced only by the zonal wind stress for mid-1973 through 1977. At
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Truk the pycnocline response to zonal forcing was very similar to that
for the full model calculation forced by both zonal and meridional
components. The meridional structure of the zonal wind stress
variability is obtained by averaging the annual anomalies of the zonal
wind stress between 160°E and 140°W for 1971 to 1978 (Fig. 15). The
longitudinal range is chosen to include the major wind stress changes
in the E1 Nino years. The width of each wind event is 30°-40° of
longitude. The area west of 160°E is omitted because long Rossby waves
generated there have no influence eastward.

The winds are predominantly easterly for the range 160E-140W, so
positive values in Fig. 15 indicate weakened easterlies. The seasonal
variations are obvious and are basically out of phase between the
hemispheres; the weakest easterlies occur in the second half of each
year in the Northern Hemisphere and in the earlier half of each year in
the Southern Hemisphere. In 1972 and 1976, the weakening of the
easterlies in the Northern Hemisphere was larger and the area of
weakening (5°N-10°N) was closer to the equator. The easterlies at the
equator were also weaker than usual beyond March.

Does such a distribution of decreasing easterlies cause the pres-
sure field distribution found in Fig. 13? The response of the ocean to
an idealized wind forcing event Hs calculated to determine this. An
eastward wind stress anomaly which has a Y-T pattern shown in Fig. 16a,
constant in the zonal direction between two meridians, and zero outside

of it is assumed. The width of the region is taken to be 3300 km,
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of it is assumed. The width of the region is taken to be 3300 km,

corresponding to about 30° of longitude. This idealized forcing is a
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Fig. 15. A Y-T diagram of the zonal wind stress averaged
over 160°E-140°W for 1971 to 1978. White regions indicate the
easterlies are weaker (westerly anomaly) than the long-term
annual mean., Contour interval is .25 dynes cm-2.
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Fig. 16. Idealized model of the response of the
tropical ocean to the westerly wind stress anomaly confined
within two meridians 30° apart. a) Y-T diagram of the wind
stress forcing function. Contour interval is .2 dynes cm=2.
b) Y-T diagram of the pycnocline response along the western
edge of the forcing region. Contour interval is 10 m.
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crude approximation of the relaxation and recovery phase of the
northeast trades during the 1972 and 1976 Los Ninos. Initially the
ocean is assumed to be at rest. The geostrophic balance is assumed for
the zonal momentum equation. The Y-T distribution of pressure along
the meridian at the west end of the forcing region is calculated and
shown in Fig. 16b. Forcing functions for equatorial Rossby modes are
calculated analytically and integrated numerically along the
characteristics of each mode.

The response to the idealized forcing (Fig. 16b) has some
similarities with the modelled response of the western tropical Pacific
in E1 Nino years (Fig. 13). The response has a peak in each hemisphere
although the wind forcing is mostly in the Northern Hemisphere. The
largest response is north of the equator. The minimum pycnocline depth
appears around 7°N, about 1.5 months after the wind forcing minimum,
This supports the idea which attributes sea level anomalies in the
western tropical Pacific in the latter half of the E1 Nino year to the
weakening of easterlies centered north of the equator.

The response of the model ocean is fairly sensitive to the
location of the wind forcing. If the center of the forcing shifts
northward to around 10°N, similar to the Tlocation for the center of
normal seasonal weakening, the low-latitude response becomes consider-
ably smaller and the maximum response shifts northward more than the
shift of the wind forcing (Fig. 17). In this case the forced motion is

more like mid-Tatitude Rossby waves than equatorial Rossby waves.
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more like mid-Tatitude Rossby waves than equatorial Rossby waves.

Also, it may explain why the relaxation of the easterlies found in the
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Tatter half of most years produces only a small response in the Tow
latitudes of the western tropical Pacific except in E1 Nino years.

Four or five months prior to the main weakening of the northeast
trades, weakened easterlies exist about the equator in both 1972 and
1976 (Fig. 15). Since the wind anomalies are maximum near the equator,
the response of the ocean should be symmetric to the equator. Late in
the E1 Nino year the relaxation of the northeast trades is followed by
strong westward anomalies. The switch from eastward to westward
anomalies takes place very rapidly. This rapid recovery of the
easterlies, along with the earlier eastward anomalies near the equator,
might provide a more complete description of the typical sea level
change at Truk Island during an E1 Nino event, i.e., a two-step drop in
sea level during the E1 Nino year with lowest sea level occurring at
the end of the year followed by a rapid rising.

Another idealized forcing calculation is performed in which there
are minimum easterlies at the equator in April, minimum northeast
trades in September, followed by a rapid strengthening yielding
anomalously strong northeast trades in the following January and
February (Fig. 18a). The resulting pycnocline response (Fig. 18b) is
initially symmetric about the equator with minimum pycnocline depths at
+5° in May-June. The remainder of the response is not symmetric to the
equator whereby the pycnocline depth minimum is located at 9°N in
November. This compares favorably with the shallow pycnocline depths

of the 1972 and 1976 events depicted in Fig. 13. The pycnocline
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of the 1972 and 1976 events depicted in Fig. 13. The pycnocline

response (Fig., 18b) at 7.5°N is also similar to that at Truk Island
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during an E1 Nino year (Fig. 11). There is an initial shoaling of the
pycnocline from March to May, followed by a few months during which
there is a slight increase in pycnocline depth, further rising of the
pycnocline until October-November, and a final rapid increase in

pycnocline depth.

D. Central Equatorial Response

The two previous sections have demonstrated that for 1961-1978 the
variability in the eastern tropical Pacific may be influenced by
equatorially trapped Kelvin waves and the western tropical Pacific may
be influenced by westward-propagating Rossby waves. In the central
equatorial Pacific there are not many long-term observations. The sea
Tevel data at Canton and Christmas Islands are among the few available.
The Tocation of these two islands are important for two reasons.
First, longitudinally they are in a region where there are major wind
stress changes to the east and west. The sea levels at these islands
may therefore be affected by bhoth Kelvin waveslgenerated west of the
islands and Rossby waves generated east of the islands. Second,
latitudinally these islands are situated where both Kelvin waves and
first-mode Rossby waves have relatively high amplitudes in the pressure
field.

Unfortunately, the time series from these two islands are not
continuous and do not cover the entire 18 years of interest. Further-
more, data are missing during several EIl Nino events. Nonetheless, the

most significant features are high sea levels at both islands during

more, data are missing during several E1 Nino events. Nonetheless, the
most significant features are high sea levels at both islands during

the second half of an E1 Nino year. Smaller high sea level peaks are

e —
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often found at the beginning of an E1 Nino year . A lagged cross
correlation with the model pycnocline time series is impossible because
of the data gaps in the sea level record. A zero lag cross correlation
can be performed if the sea level observations are concatenated and
then correlated with the corresponding points in time for the model
pycnocline record. The zero lag cross correlations are 0,40 at Canton
and 0.67 at Christmas Island. Instead of comparing the observed sea
level and model pycnocline variations, it is of interest to know the
relationship of these variations at Christmas and Canton to those in
the eastern and western Pacific discussed in the previous sections.
This may aid future analyses of sea level records when complete time
series become available.

For the baroclinic phase speed chosen in this study the equatorial
radius of deformation is 2°57' (327 km). At the Tlatitudes of Christmas,
1°59'N, and Canton, 2°48'S, sea level variations due to an equatorial
Kelvin wave are 80% and 64% of that at the equator, respectively. At
Tow frequencies, the first-mode equatorial Rossby wave has its maximum
height field amplitude at *3°36' from the equator. The amplitude of
Rossby wave sea level variations at Christmas and Canton are 80% and
95% of the maximum, respectively. Therefore, it is suggested that the
sea level at these islands is strongly influenced by both Kelvin and
first-mode Rossby waves. It is impossible to separate Kelvin and
Rossby signals from the observed sea levels at these islands.
Fortunately, the model pycnocline variability is similar at times with

the observed sea level. It is possible to aget some hint of the

Fortunately, the model pycnocline variability is similar at times with

the observed sea level. It is possible to get some hint of the
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contributions of Kelvin and Rossby waves to the sea level variations by
projecting the model pycnocline structure onto the Kelvin and Rossby
wave components.,

In Fig. 19 and 20, Kelvin and first-mode Rossby wave components of
the model pycnocline are plotted for the 1965 £l Nino event at Canton
and Christmas. Most of the variations of the model pycnocline at both
isTands are attributed to Kelvin waves and first-mode Rossby waves.

The pycnocline variability at Christmas Island contains a slightly
larger Kelvin wave signal than at Canton. Since Christmas Island is
located closer to the equator than Canton, if the amplitudes of the
Kelvin waves at the longitudes of these islands are the same, Christmas
Island would experience a stronger Kelvin wave signal than would
Canton. In addition, the Tongitudinal location of these islands can
also lead to stronger Kelvin signals at Christmas since the Kelvin waves
generated between the longitudes of Canton and Christmas only reach
Christmas Island, which is further east. By similar reasoning, Canton
Island is Tikely to receive larger Rossby signals than Christmas if the
Rossby waves generated between the islands add constructively.

For the 1965 E1 Nino, the downwelling peak at the beginning of the
year at both islands is primarily due to the Kelvin wave component. The
shallow pycnocline in March-April is greatly influenced by the
upwelling Rossby wave front discussed in the previous section. Another
deep pycnocline episode occurs in the second half of the year. However,

in this latter downwelling event, the first-mode Rossby wave component
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in this latter downwelling event, the first-mode Rossby wave component

shares the role of depressing the pycnocline. At Christmas Island, the
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Fig. 19. Kelvin and first-mode equatorial Rossby wave
components (solid) of the model pycnocline signal (dashed) at
Canton Island for 1964 to 1966. a) Kelvin plus first-mode
Rossby wave compared with the pycnocline signal. b) Kelvin
wave compared with the pycnocline signal. c¢) First-mode
Rossby wave compared with the pycnocline signal.
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downwelling peaks of the Kelvin wave component and first-mode Rossby
wave component have a slight time lag and result in a double peak in
the pycnocline variability. This feature is also present in the
observed sea level record.

The temporal variation of the Kelvin wave component at these two
islands is similar at a slight time lag. The variability at Galapagos
Island is also similar at a lag of about 1.5 months. The downwelling
peak of the Kelvin wave component at the beginning of the year does not
change much in amplitude as it passes Canton, Christmas, and Galapagos.
The peak later in the year grows in amplitude as it passes Canton,
Christmas, and Galapagos. This suggests the forcing region of the
Kelvin wave front responsible for the deep pycnocline in the beginning
of the year is west of the forcing region for the Kelvin wave front
excited later in the year. This is common among several E1 Nino events
in this 18-year period and consistent with the previous identification
of the forcing regions.

The 1972 E1 Nino (Fig. 21) provides another interesting example of
the relationship between the effects of the Kelvin waves and the Rossby
waves. In this event the Kelvin wave component exhibits two downwell-
ing peéks: at the beginning and middle of the year. The initial
downwelling Kelvin wave signal of 1972, which emanates in the west, has
1ittle influence on the pycnocline depth at Galapagos because of
intensified easterlies in the central Pacific. This intensification,
from mid-October until the end of 1971, is responsible for a downwell-

ing Rossby wave response at Canton at the beainnina of 1972. The

from mid-October until the end of 1971, is responsible for a downwell-

ing Rossby wave response at Canton at the beginning of 1972, The
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Kelvin wave peak later in the year is not found in the total pycnocline
signal at Canton because the Kelvin wave component is canceled out by
an upwelling first-mode Rossby wave contribution excited to the east.
At Galapagos, this second Kelvin wave signal is no longer affected by a
Rossby wave and thereby contributes to a deep pycnocline in June. The
large downwelling at the end of 1972 is mainly a Rossby wave response.

It appears there may be great difficulty in interpreting the sea
level data at Canton and Christmas Islands due to the interplay between
Kelvin waves and Rossby waves from one event to the next. This is also
evident if the 18-year pycnocline records for all points along a
longitude representative of Canton or Christmas Island are correlated
with thé model pycnocline variability at Galapagos. At 2°-3° from the
equator the influence of the Kelvin waves have been reduced enough that
the resulting maximum positive correlation when the central Pacific
lTeads Galapagos is comparable to the maximum negative correlation due
to Rossby waves whén the central Pacific variability lags Galapagos.
At times the sea level data of these islands can be used to discuss the
passage of Kelvin waves. However, the present study suggests a strong
influence of the first-mode equatorial Rossby waves at these islands.
In order to fully understand the processes responsible for the observed
sea level variability at these islands, it is necessary to know the sea
Tevel and wind stress variability to the east and west or the
meridional structure of the sea level variability.

This study of the variability of the tropical Pacific from

.1.0(—'1-10.’10.'-00.e.'ov.«.—._-'-lorJ—v.—.‘.~o‘.l;Jrf."e‘_.».-a.F.-as',.-'\v_,J * T
This study of the variability of the tropical Pacific from
1961-1978 has shown that a combination of simple dynamics, realistic

coastline geometry, and a detailed description of the wind field can be
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used to interpret the interannual, wind-driven, oceanic response.
Kelvin waves excited by zonal wind stress changes in the central and
western equatorial Pacific are responsible for depressing the
pycnocline at the eastern boundary during E1 Nino. Associated wind
stress fluctuations generate upwelling Rossby waves which affect the
western tropical Pacific during E1 Nino. In the central equatorial

Pacific both types of waves combine to determine the variability.




[IT. SEASONAL VARIABILITY FROM A MODEL OF THE TROPICAL ATLANTIC OCEAN

In the upper tropical Atlantic Ocean the seasonal variations of
heat content are approximately ten times larger than the seasonal
variations of the heat gain from the atmosphere through the surface
(Merle, 1980a). This annual cycle of the heat content is caused mainly
by the horizontal redistribution of heat associated with wind induced
changes in the topography of the thermocline. Therefore,
understanding the dynamic response of the upper tropical Atlantic to
the seasonal surface winds is fundamental, and this would be the first
step toward the development of sophisticated, thermodynamic and coupled
tropical ocean-atmosphere models.

The Atlantic Ocean is a prime region to study the seasonal
response of a tropical ocean because of the strong seasonal cycle
present. Merle et al. (1980) determined that the annual sea surface
temperature (SST) signal in the Gulf of Guinea was several times
greater than the interannual variability. Katz et al. (1977) and Lass
et al. (1982) have shown that the zonal pressure gradient in the
western and central equatorial Atlantic varies almost in phase with
the seasonally varying winds. These findings are in contrast to the
tropical Pacific where interannual fluctuations often associated with
E1 Nino dominate (Wyrtki, 1975; Hickey, 1975). Studying the seasonal
variability may also help in understanding nonseasonal events since

interannual chanaes are freauentlv perturbations to the seasonal cvcle.

variability may also help in understanding nonseasonal events since
interannual changes are frequently perturbations to the seasonal cycle.

56
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The Gulf of Guinea is characterized by a shallow thermocline due
to the eastward shoaling of the thermal structure at low latitudes.
Thus, this is the region of the tropical Atlantic where the seasonal
variability of SST has the largest amplitude (5°-7°C compared to 1°-2°C
further west). Anomalous SST variability in this area has been linked
with extreme climatic events such as droughts and excessive rainfall
along the coast of the Gulf of Guinea, in Sub-Sahara Africa, and
possibly in northeastern Brazil (Hastenrath, 1976; Markham and Mclain,
1977; Lamb, 1978; Bakun, 1978). The presence of abnormal SST in the
tropical Atlantic may also have an important effect on cyclogenesis
(Namias, 1969). Moreover, this surface and associated subsurface
variability appear to have a significant effect on the coastal and
pelagic fisheries (Hisard and Piton, 1981).

The seasonal equatorial and coastal upwelling that produce cold
water outbreaks in this region have never been convincingly explained
by forcing due to the local winds or local currents (Houghton, 1976;
Berrit, 1976; Bakun, 1978; Voituriez, 198la,b). Moore et al. (1978)
suggested that a strong upwelling signal, generated by a significant
increase of the easterlies in the western Atlantic, can be transmitted
to the eastern Atlantic as an equatorially trapped Kelvin wave. When
this disturbance reaches the African coast part of the energy splits
poleward as coastal Kelvin waves and the remainder is reflected
westward as equatorial Rosshby waves. Following this idea, Servain et
al. (1982) found that the nonseasonal variability of SST in the Gulf of

fiinna ie hiahly rarralatad with tha nonceasonal variabilitv of the

al, (1982) found that the nonseasonal variability of SST in the Gulf of
Guinea is highly correlated with the nonseasonal variability of the

zonal wind stress in the western equatorial Atlantic. The correlation
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between the Tocal wind stress anomaly and SST anomaly in the Gulf of
Guinea was also considerably smaller. In a study of the seasonal SST
signal, Picaut (1982) found poleward propagation of the mean seasonal
coastal upwelling. Thus, there is a need to understand the relation
between the equatorial wind forcing and this upwelling in the Gulf of
Guinea. For a more detailed review of this Gulf-of-Guinea problem see
Picaut (1982).

Other prominent features of the subsurface thermal structure in
the eastern tropical Atlantic are the shallow thermocline regions of
the Guinea and Ango]a Domes (Mazeika, 1967; Voituriez, 198lc).
Although observations and modelling studies have been used to provide
an understanding of the Costa Rica Dome in the eastern tropical Pacific
Ocean (Wyrtki, 1964; Hofmann et al., 1981), 1ittle is known about the
counterparts in the tropical Atlantic.

The northwestern part of the equatorial Atlantic is characterized
by a north-south tilting of the thermocline near the mean position of
the Inter-Tropical Convergence Zone (ITCZ) (Merle, 1982). This pivot
line is situated where equatorial waves and Ekman pumping may play an
important role in determining the variability. Due to the Tocation,
the presence of this feature may influence the variability of the North
Equatorial Current and Countercurrent. Hence, an explanation is
desired for such an important oscillation,

Modelling efforts would substantially increase our applied

knowledge of the tropical Atlantic Ocean. This region is also
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knowledge of the tropical Atlantic Ocean. This region is also
interesting from a purely theoretical point of view. For example, the

presence of a zonal coast north of the equator in the Gulf of Guinea
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might induce a combination of Kelvin and Rossby wave modes which could
not exist in the other oceans (Hickie, 1977; Philander, 1977). In
addition, there is a considerable difference in the adjustment time of
equatorial regions and mid-latitudes. According to theory, the oceanic
adjustment time scale for a change in wind conditions is on the order
of one year or less in the equatorial oceans and can be greater than a
decade at mid-latitudes (Philander, 1979). Modelling the seasonal
cycle of the equatorial Atlantic in relation to one entire year of
intensive measurements, e.g., the SEQUAL (Seasonal Equatorial Atlantic)
and FOCAL (Francais-Ocean-Climate-Atlantique-Equatorial) experiments
would be invaluable in the study of this process.

Within the last five years some progress has been made in
model1ing the equatorial Atlantic Ocean. 0'Brien et al., (1978) and
Adamec and 0'Brien (1978) demonstrated the remote forcing mechanism of
Moore et al. (1978) with a linear, 1 1/2-layer model, in which the
wind in the western part of the basin was switched on impulsively.
Cane and Sarachik (1981) examined the linear, inviscid, response of a
meridionally infinite but zonally bounded equatorial basin to periodic
zonal forcings, with some implications for the Atlantic Ocean.
Philander and Pacanowski (198la, b), with a three-dimensional,
nonlinear model, studied the response to various x-independent and
y-independent periodic wind forcings in a rectangular basin comparable
to the width of the equatorial Atlantic. In all of these studies the

wind forcing and the coastline geometry had Timited resemblance to
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wind forcing and the coastline geometry had Timited resemblance to

those of the tropical Atlantic.
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McCreary et al., (1982) detailed the effect of remote forcing and
vertical propagation of energy in the eastern tropical Atlantic with a
three-dimensional, linear model forced by an annual periodic wind.
Despite the fact that the coastal geometry was an approximation of the
Brazilian and African coasts and the wind stress forcing was a simple
representation of the annual zonal wind stress west of 20°W, this model
succeeded in simulating several important features of the vertical
structure in the Gulf of Guinea, e.g. the annual variation of the
equatorial and coastal undercurrents and the upward phase propagation
of the upwelling signal. Another three-dimensional numerical
calculation has been performed by Anderson (1979) with realistic mean
seasonal winds and coastlines. The variability of the resultant
current fields were compared with the few observations available. The
discussion of upwelling features was limited by constraints imposed by
the surface boundary condition. Patton (1981) used a single baroclinic
model to study the seasonal cycle in the Gulf.of Guinea. The model was
forced by an analytical approximation of the real wind field. The
influence of the winds in the eastern and western halves of the basin
was examined. A subsequent extension of this calculation with the
Atlantic wind data of Hellerman (1980) simulated rather well the mean
seasonal sea level variation in the Gulf of Guinea (M. Cane personal
communication, 1982). Both these studies represent the Brazil coast by
a north-south boundary at 50°W,

In the present work a more detailed calculation is used to simu-
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In the present work a more detailed calculation is used to simu-
Tate more realistically the seasonal cycle in the tropical Atlantic.

Three-dimensional models have been suggested for this but they give
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results that are very difficult to interpret and are often sensitive to
the value of the eddy coefficients used. Furthermore, despite the
measurements in the tropical Atlantic, little is known about the three-
dimensional variability of this ocean. However, the historical measure-
ments are numerous enough to provide a good indication of the seasonal
variability of SST (Hastenrath and Lamb, 1977) and dynamic height for an
average year (Merle and Arnault, 1982). The historical seasonal wind
stress is also reasonably well known (Hastenrath and Lamb, 1977;
Hellerman, 1980). As demonstrated by Schopf and Harrison (1982),
perturbations to the dynamic height field respond in a Tinear manner to
the gravest vertical modes of the system. Therefore, a single-mode
linear model of the tropical Atlantic, with realistic coastline
geometry, forced by the mean seasonal wind stress, is amenable to
comparison with the mean surface dynamic height field available. The
success of a similar calculation for the tropical Pacific Ocean
(Busalacchi and 0'Brien, 1980) indicates such.a study may provide useful
information pertaining to the seasonal Atlantic Ocean response.

A description of the tropical Atlantic model is presented next.
This is followed by a discussion of the climatological wind stress data
which is used to form a periodic forcing function for the model. The
basin-wide response to the seasonal forcing is then compared with the
available dynamic height data. The important seasonal responses in the
western tropical, equatorial, and eastern tropical Atlantic are

subsequently analyzed in more detail.

subsequently analyzed in more detail.
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A. The Numerical Model
A Tinear, single baroclinic mode, numerical model on an equatorial
g-plane will be used to study the oceanic response to an applied wind
stress forcing. A similar approach was used by Busalacchi and 0'Brien
(1980) to study the wind-driven seasonal variability of the tropical
Pacific Ocean. The linear governing equations for the horizontal

dependency of a single baroclinic mode on an equatorial B-plane are as

follows:
N N
3o Layk x V- c2vn + T+ av2l (1a)
% -7 .V (1b)
V=ul o+ V5 (1c)
U=ut, V=uwi, (1d)

where U, V are the respective x, y components of the horizontal
transport, ¢ is the baroclinic phase speed taken to be 1.37 m s-!, and
the wind stress T is included as a body force. The pycnocline depth
anomaly is denoted by h. The initial depth of the pycnocline is H.

When computing current velocities a mean depth of 75 m is used. The
diffusive terms are included to bring the horizontal flow to zero along
closed boundaries. Bottom topography, thermohaline, and thermodynamic
effects have been neglected in the present model. These model equations
are the same as those used in the Pacific Ocean study but with a

different value for c.

aiTrerent vaiue T0r cC.
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Philander and Pacanowski (1980) pointed out that the presence of a
shallow tropical thermocline in a continuously stratified ocean will
result in the largest projection of the surface wind stress onto the
second baroclinic mode. McCreary et al. (1982) found that the second
baroclinic mode provided the dominant sea level response in a linear,
three-dimensional model of remote forcing in the Gulf of Guinea. The
vertical structure for their model was based on many observed density
profiles at the equator. The mean equatorial density profile implied a
1.34 m s~ (18.3 cm equivalent depth) phase speed for the second
baroclinic mode. An equivalent depth of 20 cm was suggested by Moore
and Philander (1977) as being typical of the second baroclinic mode in
the equatorial Atlantic. The phase speed chosen for the single
baroclinic mode of the model presented here corresponds to a 19 cm
equivalent depth. Parameter tests indicate the qualitative character
of the modelled oceanic response is relatively insensitive to changes
in the phase speed of *#.35 m s-1.

The model basin extends from 20°N to 20°S and 61°W to 12°E. It is
important that the model basin approximate the coastline geometry of
the Atlantic Ocean since the wind stress forcing is derived from wind
observations over the Atlantic. No regions of the wind field will be
ignored nor will the ocean wind field be extended over the continents
as in studies with rectanqular-type geometries. Boundary effects
present in the wind field will also influence the ocean in a

corresponding location. The coastline idealization chosen is shown in
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corresponding location. The coastline idealization chosen is shown in
Fig. 22. Meridional boundaries are taken to be solid walls. An open

boundary condition (Camerlengo and 0'Brien, 1980) is applied at the
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northern and southern boundaries permitting the passage of coastal
Kelvin waves, thus preventing contamination of the interior solution,

A staggered grid with 40 km spacing in both x and y is employed to
reduce computer storage. A 2 hour time step is incorporated for the
integration of the model equations over five years. This provides
sufficient time for the initial transients to die out and for a
seasonal signal to develop. All the results to be presented are from
the fifth year of integration. Hereafter, all references to pycnocline

variability pertain to the model results.

B. The Wind Field

The seasonal forcing for this study is based on monthly mean
ship-board estimates of the surface wind field compiled by Hastenrath
and Lamb (1977) for a climatological atlas of the tropical Atlantic.
The observations for each calendar month were averaged in time from
1911 to 1970 and averaged in space within a 1° square. Conspicuously
incorrect observations were deleted. The area of interest, 20°N-20°S,
is covered by a substantial number of ship tracks. Despite the high
density of observations (~ 2 million) there are still a few 1° squares
with 1ittle or no data for a particular month. Regions with the Towest
number of observations are along the southern limit of the model basin.

Fach monthly mean wind estimate was converted to wind stress using
the relation t = Pa CDlalﬁ, where © is the wind stress, py the
air density, Cp the drag coefficient and G the wind velocity. When

converting the monthly mean wind data to stress, Hastenrath and Lamb
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converting the monthly mean wind data to stress, Hastenrath and Lamb
(1977) used a rather large value of Cp = 2.8 x 10-3 to compensate for

underestimating the square of the resultant wind speed. Bunker (1976)
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created an alternate wind stress product in which each individual wind
observation was converted to stress using a drag coefficient that was
dependent on wind speed and atmospheric stability. Hellerman (1980)
interpolated this irregularly spaced, coarse resolution data onto a 1°
mesh. Comparison between the Hastenrath and Lamb monthly stress fields
and those of Hellerman indicates that both analyses are similar if the
drag coefficient used by Hastenrath and Lamb is reduced to 2.0 x 10-3
(Picaut, 1982).

For this study, as in Busalacchi and 0'Brien (1980), the air
density was assumed to be constant at 1.2 kg m=3 and a constant drag
coefficient of 1.5 x 10-3 was chosen. The precise value of Cp is not
critically important in this Tinear calculation since we will not focus
on the absolute magnitudes of the oceanic response. The phase and
relative amplitude of the response between one part of the basin and
another is more important. If a different constant drag coefficient is
chosen the model results would change in proportion with Cp.

The 12 monthly means at each point were decomposed into the first
five Fourier harmonics in time, 12 month, 6 month, 4 month, 3 month,
2.4 month, to provide a continuous time series for the model
integration. This resulted in a smoother profile of the seasonal cycle
than would Tinear interpolating from month to month. The possibility
of high frequency noise being generated in the model by rapid wind
stress changes at mid-month has thus been reduced. The implementation

of this harmonic forcing also allows the total ocean response at any
nnint +n ha_analvzed and decrrihad in terme nf fiva harmnanirc

of this harmonic forcing also allows the total ocean response at any

point to be analyzed and described in terms of five harmonics.
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Fourier decomposition of the wind stress data also helped in
editing the monthly means. The wind stress amplitude fields for the
five harmonics were used to Tocate 1° squares with anomalous data. The
nigher harmonics were very good indicators of noisy data. The monthly
mean time series for each 1° square in huestion were adjusted to
provide continuity in time and space:. All the points needing
correction were in regions where a few of the monthly means were
determined by only a small number of observations. Less than 0.5% of
the monthly means were corrected following this procedure. Next, the
zonal and meridional wind stress monthly means were interpolated from
the 1° grid to the finer model grid. A two-dimensional Hanning filter
was used to suppress small spatial scale variability in each monthly
stress field. These adjusted monthly means were once again Fourier
decomposed into their final form to be used as input for the model
calculation,

Representation of the climatological seasonal cycle by five
harmonics provides a reasonable fit with climatological daily mean data
(Picaut, 1982). This is primarily due to the large influence of the
lower harmonics. Spectral analysis and Fourier decomposition of wind
time series of up to 15 years at 10 coastal stations in the Gulf of
Guinea and at St. Helena Island (16°S, 6°W) indicate that the annual
and semiannual harmonics dominate the seasonal cycle with some
contribution from the third harmonic (Picaut et al., 1978). This is

confirmed for the entire tropical Atlantic by the Fourier decomposition
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confirmed for the entire tropical Atlantic by the Fourier decomposition
of the wind stress data in this study. Basin-wide, the largest

harmonic amplitudes are for the annual and semiannual signals.
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The spatial distribution of the annual mean, annual harmonic
amplitudes, and semiannual harmonic amplitudes for the zonal and
meridional wind stress are depicted in Fig. 23. The mean stress field
is characterized by the northeast and southeast trade wind systems
associated with the Azores and St. Helena anticyclones. The trade
systems flow toward South America and converge north of the equator to
form the ITCZ. West of the Gulf of Guinea the mean zonal wind stress
(Fig. 23a) is easterly and maximum near the Brazil Coast. Since the
ITCZ is located north of the equator the low-latitude meridional wind
field (Fig. 23b) is predominantly southerly. In the Gulf of Guinea
there is an eastward veering of the southerly wind towards the Tow
pressure of the Sahara. This forms the basis for the West African
monsoon. |

Annual variations in both stress fields (Fig. 23) are most
pronounced in the western tropical Atlantic. The core regions of the
northeast trades are strongest from January to March and the southeast
trades are strongest from July to September. This is also reflected in
the seasonal excursion of the ITCZ which is near the equator in March
and reaches its northernmost extent in August. The semiannual
variability of the trades, particularly in the west, is much smaller
than the annual. Strong semiannual wind variability has been detected
in the Caribbean Sea by Hellerman (1980) and Cochrane (personal
communication, 1981) but this is northwest of our area of interest.

The effect of semiannual forcing must not be dismissed. Studies of sea
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The effect of semiannual forcing must not be dismissed. Studies of sea
Tevel (Verstraete et al., 1980) and subsurface thermal structure (Merle

and LeFloch, 1978) in the Gulf of Guinea indicate the semiannual
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variability is almost as large as the annual signal. A four month sea
level oscillation was also dgtected by Verstraete et al. (1980). At
the four month period the amplitude of the tropical Atlantic wind
stress is still notable (roughly half that of the semiannual) but the
physical meaning, if any, of such an atmospheric oscillation is
unclear. The higher harmonics of the wind stress decomposition
probably have no physical basis, rather they are mathematical artifacts
accounting for small differences between the monthly means and the

lTow-order harmonics.

C. Tropical Atlantic Response to the Seasonal Wind Field

The seasonal variability of the model height field will be our
primary concern in this study. The model results will be examined in
terms of deviations about the local mean depth of the pycnocline.
Analysis of the height field yariabi]ity will provide some insight into
the processes responsible for. observed fluctuations in sea level and
dynamic height since these quantities are influenced by the gravest
baroclinic modes. The effect of wind stress curl, alongshore wind,
zonal equatorial wind, and remotely forced Kelvin waves and Rossby
waves at various points in the basin will be addressed. Analysis of
the current variability is of lesser importance since the current
fields are determined by only a single mode and nonlinear influences
have been neglected.

An overview of the pycnocline response to the tropical Atlantic
wind field will be presented first. This will consist of a discussion

of the mean and seasonal fluctations of the nvcnocline toooaranhv for

wind field will be presented first. This will consist of a discussion
of the mean and seasonal fluctations of the pycnocline topography for

the whole basin. Comparison with observed variations of dynamic height
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will be provided. A closer scrutiny of the response in the western
Atlantic, along the equator, and in the eastern Atlantic will follow.
1) basin-wide response

The model pycnocline response to the mean wind field over the
tropical Atlantic is presented in Fig. 24 as the mean displacement of
the pycnocline from a level surface. 1In this linear calculation the
mean undisturbed upper-layer thickness, H, was taken to be 75 m. The
mean depth chosen is relatively unimportant when discussing the height
field variability (not so for current magnitudes). The magnitude of c2
is of importance for pycnocline variations since H and the density
contrast across the pycnocline can be changed while keeping ¢2 or the
equivalent depth constant. Hence, we will only consider fluctuations
about the mean depth of the pycnocline, not the change in upper-layer
thickness.,

The mean height field is characterizéd by a shallow pycnocline in
the east and a deep pycnocline in the west. Superimposed upon this
east-west gradient are a zonal equatorial trough and a low-latitude
ridge in each hemisphere terminating at an upwelled, dome-like feature.
The zonal slope at the equator is induced by the mean zonal wind
stress, tX = czhx. The meridional pycnocline topography is determined
%55, (see Fig. 7 of
Hellerman, 1980) and the influence of cross-equatorial winds. The

by the wind-stress curl distribution, primarily

shallow region in the northeastern part of the basin is in the vicinity
of the Guinea Dome. This formation is well defined by observations and

has been described by Rossignol and Meyrueis (1964) and Mazeika (1967).

of the Guinea Dome. This formation is well defined by observations and
has been described by Rossignol and Meyrueis (1964) and Mazeika (1967).

The Angola Dome in the Southern Hemisphere is not clearly defined.
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Mazeika (1967) noted the existence of a subsurface dome structure
located near 10°S, 9°E during the austral summer but Bogorov et al.
(1973) described a larger cyclonic vortex centered at 13°S, 3°E,

ATl historical Nansen, CTD, MBT, and XBT data available have
recently been used by Merle and Arnault (1982) to update a computation
of the mean dynamic height field relative to 300db for the tropical
Atlantic. The MBT and XBT data were used to obtain salinity
information via the T-S relation following Stommel (1947) and Emery
(1975). The updated dynamic height data are more precise than the
previous calculation by Merle (1978) which only included Nansen data up
through 1972. The monthly mean dynamic height data (surface/300 db),
generously provided by S. Arnault and J. Merle, were subjected to a
weighted Teast squares method to extract the mean, annual harmonic,
and semiannual harmonic.

The mean dynamic height field (Fig. 25) and the model pycnocline
topography (Fig. 24) compare favorably. A sy;tem of troughs and ridges
delineates several equatorial currents (Katz, 1981) as in the tropical
Pacific (Wyrtki, 1974a,b). Based on the distribution of dynamic
height, the North Equatorial Current is located between 20°N and the
trough (pycnocline ridge) near 10°N., The North Equatorial
Countercurrent (NECC) is bounded by the trough at 10°N and the ridge at
3°N. In the model this ridge (pycnocline trough) is closer to the
equator as was the location of the Equatorial Ridge in the Pacific
Ocean model by Busalacchi and 0'Brien (1980). The sparse data in the

Southern Hemisphere indicate a poorly defined ridge in dynamic height

Ocean model by Busalacchi and 0'Brien (1980). The sparse data in the
Southern Hemisphere indicate a poorly defined ridge in dynamic height

at 8°S which may form the northern boundary of the South Equatorial



“gp 00€/0 e (wd “ukp) ybiay orue

.

/\\ ﬂﬁrf

Sy 7/
e —

MO¢ MO9S




76
Countercurrent (Merle, 1977). A corresponding feature is not present
in the annual mean of the model pycnocline topography. A seasonal
pycnocline trough is present south of the equator in the central and
eastern sections of the model basin from June to August.

The major thrust of this study will deal with the seasonal
variations about the mean state. Merle and LeFloch (1978) have shown
that the seasonal cycle of the surface and subsurface thermal structure
in the tropical Atlantic is mainly described by the annual and
semiannual harmonics. This is also true of the wind field. Since the
wind forcing the model is periodic and because the model is linear, it
is justified to Fourier decompose the model results in time. This
provides a straightforward method of assessing the basin-wide spatial
and temporal variability. The seasonal signals of both the model
pycnocline and observed dynamic height are governed by annual and
semiannual fluctuations (Fig. 26-28). The phase of the response should
be overlooked in regions where the amplitude is very small. Due to
errors inherent in dynamic height ca]cu1at10ns.on1y amplitudes greater
than 2 dynamic cm are significant.

The largest annual pycnocline and dynamic height changes (Figs.
26, 27) are in the western half of the basin north of the equator and
south of a band of rapid phase change. This area of large amplitudes
is associated with a north-south pivoting of the northern tropical
Atlantic about a line roughly parallel to the ITCZ. North of the pivot
line, near 10°N, a secondary amplitude maximum is present in the model.

The pivot line also indicates the location of the smallest seasonal SST

line, near 10°N, a secondary amplitude maximum is present in the model.
The pivot Tine also indicates the location of the smallest seasonal SST

variations for the tropical Atlantic (Merle and LeFloch, 1978). Along
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the equator the Targest amplitudes in the model and observations are
near the eastern and western boundaries. An amplitude minimum and a
large phase gradient in the central equatorial Atlantic represent a
pivot point for the east-west tilting of the pycnocline along the
equator (Merle, 1980a). In the eastern Atlantic, an area of notable
amplitude is along the southern coast of the Gulf of Guinea extending
northwestward towards the equator. The modelled and observed phase
compare rather well there. Near the equator between the eastern
boundary and 4°W, there is a very small westward increase in phase.
Between 4°W and the pivot point the phase increases eastward. An area
of major discrepancy between the model and observations is along the
coasts of Mauritania and Senegal. In this region the amplitudes of
dynamic height increase northward, but the model height field
amplitudes decrease northward. For the remainder of the basin, near
the northern and southern extremes, the modelled and observed
amplitudes are small and phase Tines indicate'the pycnocline is deeper
in the summer-fall of each hemisphere.

The distribution of the semiannual amplitudes for the model and
observations are presented in Fig. 28. The major areas of variability
are similar to those of the annual period. Regions of maximum
amplitude are along the eastern boundary and north of the equator in
the central and western Atlantic. In contrast with the annual signal,
there is no significant semiannual variability near the western
boundary at 10°N. At the equator in the central model basin there is

1ittle semiannual change. The phase lines (not shown) indicate this

boundary at 10°N. At the equator in the central model basin there is

Tittle semiannual change. The phase lines (not shown) indicate this
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area corresponds to a pivot point for a 6 month period east-west
tilting of the equatorial pycnocline. The smallest dynamic height
changes along the equator occur near the western boundary. An
important feature of the semiannual response is that the largest
amplitudes are in the east, opposite to that for the annual response.
The semiannual response in the Gulf of Guinea is roughly one-half of
the annual signal. Variations in subsurface thermal structure (Merle
and LeFloch, 1978) and sea level (Verstraete et al. 1980) also indicate
a strong semiannual component in the eastern Atlantic in agreement with
Fig. 28. Inspection of the wind stress fields (Fig. 23) does not offer
any explanation of these relations.

Several case studies were performed in order to understand the
interesting features reproduced by the model. These entailed
integrating the model equations with parametric wind distributions
representing portions of the total wind stress field. The separate
influences of the zonal and meridional wind stress were isolated by
repeating the model calculations with only zonal wind stress forcing,
i.e. the meridional wind stress was set identically equa1 to zero (Fig.
29). By comparing the annual and semiannual response to zonal winds
with the total forcing solution (Figs. 26, 28) it is evident that the
variations in the central and western parts of the model basin are due
to the variability of the zonal wind stress component. The only
notable influence of the meridional wind variability is along the
eastern boundary. The coastal signal along Mauritania and Senegal is

miich Taraer whan the alanachare winde are nealacted. The tanaie nf

eastern boundary. The coastal signal along Mauritania and Senegal is

much Targer when the alongshore winds are neglected. The tongue of
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large pycnocline changes in the Gulf of Guinea is not well defined when

annual zonal forci

ng is employed. The importance of meridional winds

near the equator and aiong the southern coast have been discussed by

Voituriez (198la)

and Philander and Pacanowski (198la). In the present

linear model nearly all of the annual and 75% of the semiannual

pycnocline fluctuations in the Gulf of Guinea are driven by changes in

the zonal component of the wind field.

Additional calculations were performed whereby the zonal wind

stress was limited to being either inside or outside the Gulf of Guinea

or was limited to

meridional stress

the eastern or western sides of the basin. Since the

was neglected, no erroneous wind stress curl was

produced by this fractional suppression of the wind stress. These

calculations will
seasonal changes i

results will provi

aid in determining the processes responsible for
n the western, equatorial, and eastern Atlantic. The

de a simple determination of whether the seasonal

response in a particular region of the model basin is dominated by

local or remote forcing.

2) western tropical response

The model res

ults and observations (Figs. 26-28) demonstrate that

the seasonal variability in the western tropical MNorth Atlantic is

characterized by two different annual oscillations. Close to the

equator (2°-3°) the annual variability is due to an east-west tilting

of the pycnocline.
reported that the

by the zonal wind
reported that the

by the zonal wind

Katz et al. (1977) and lLass et al. (1982) have
observed sea surface slope at the equator is governed

stress. This seasonal response alona the equator

observed sea surface slope at the equator is governed

stress. This seasonal response along the equator
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will be discussed in the next subsection. North of the equator there
is a north-south tilting of the sea surface/pycnocline topography. A
pivot Tine extending northeastward from the western boundary at 5°N,
parallel to the mean position of the ITCZ, separates two regions of
large, out-of-phase variability. The seasonal displacements of the
pycnocline are dominated by annual processes (Fig. 30). Semiannual
fluctuations are considerably smaller as they are in the local wind
field. North of the pivot 1line the annual signal is driven by zonal
wind stress changes in the western part of the basin (Figs. 29a and
3la). In the region to the south there is a contribution from the wind
stress east of 25°W (Fig. 31b) implying the influence of Rossby waves.

A convenient description of the vertical displacement of the
pycnocline can be obtained by forming the vorticity equation from the
inviscid version of (la), and then substituting for the divergence and

BV terms. The pycnocline fluctuations are then described by

ht = %y[th - Uyt + %Ut] - VX;%; + g; X o (2)
The magnitudes of the terms in (2) are calculated in order to isolate
the mechanisms responsible for the large amplitude variability in the
western tropical Atlantic. Theory and observations indicate that at
extra-equatorial Tlatitudes Ekman pumping and Rossby waves (last two
terms) may be important on seasonal time scales (Yoshida, 1955; Meyers,
1979). The acceleration terms have been included because the region

south of the pivot line is close enough to the equator to be influenced

by equatorial waves.

south of the pivot line is close enough to the equator to be influenced

by equatorial waves.
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The major contribution in (2) representing pycnocline
displacements centered at 10°N, 48°W is Ekman pumping (Fig. 32),
primarily 3(tX/pBy)/3y. The seasonal deepening of the pycnocline
during the first half of the year is a local response to an increase in
the easterly wind stress and an anticyclonic perturbation to the wind
stress curl. These wind stress changes are related to the southward
displacement of the ITCZ. A1l other terms in (2) are insignificant,
This is consistent with the case studies incorporating partial forcing
(Fig. 31) which demonstrate that the variability north of the pivot
1ine is locally forced. During the parameter range tests this region
north of the pivot line was the only part of the model basin in which
the magnitude of the pycnocline variations was independent of the phase
speed ¢. This also implied the relative importance of Ekman pumping
with respect to the Rossby wave influence at this Tlocation,

The case studies indicate remote and local effects are present
south of the pivot line (Fig. 31). Ekman pumping and Rossby waves are
the dominant mechanisms (Fig. 33a). The seasoﬁa] displacement of the
pycnocline is determined by the phase relation between the two
processes. The effects of the acceleration terms are small but only
the Vy¢ term can be ignored. The contributions from Uy and Uyt (Fig.
33b) are not negligible because of the proximity to the equator.

Rossby waves emanating from the east are downwelling favorable from
March to August. The sign of the Ekman pumping in this area is
governed by the changes in the wind stress curl. From June to November

the ITCZ is shifted north of its mean position. The associated influx

governed by the changes in the wind stress curl. From June to Movember

the ITCZ is shifted north of its mean position. The associated influx
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of the southeast trades results in an anticyclonic perturbation to the
wind stress curl. The combination of the two effects causes a seasonal
deepening of the pycnocline from May through September. The pycnocline
deepens at the equator during the same period in response to
strengthening equatorial easterlies.

These Targe pycnocline displacements are in locations where
seasonal variations in the NECC may be produced. The mean position of
the NECC in the western model basin is between a pycnocline ridge (sea
surface trough) near 8°N and an equatorial pycnocline trough (Fig. 24).
The pycnocline displacements at 10°N determine the seasonal depth and
location of the pycnocline ridge forming the north flank of the NECC.
Similarly, the large annual changes near 3°N influence the location and
strength of the low-Tatitude trough south of the NECC. Since the two
regions are out of phase there are large seasonal changes in the
meridional pressure gradient. The pycnocline ridge is most shallow and
the equatorial trough is deepest from July through December (Fig. 30).
Both features are north of their mean position at this time. During
the first part of the year the ridge and trough are weak and not well
defined.

The simulated NECC undergoes significant spatial and temporal
variations in response to the pressure field changes in the model.
Early in the year the current is weak and close to the equator. From
May to September the NECC progresses northward and becomes well formed
between 5°N-8°N, This displacement of the NECC is similar to the

nhservations at 35°W-50°W comniled bhv Roisvert (1967Y. As in the

between 5°N-8°N, This displacement of the NECC is similar to the
observations at 35°W-50°W compiled by Boisvert (1967). As in the

observations, the longitudinal extent of the current is not clearly
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defined. The zonal current within a rectangle from 3°N-9°N and
30°W-42°W has been averaged to provide an indication of the seasonal
variability of the NECC (Fig. 34). Within this region the NECC is
strongest in August and is non-existent in April. Dynamic height
differences across the NECC at 5/500 db averaged between 20°W-40°W
imply that the current is weakest from February to June and strongest
from July to November (Merle, 1977).

In the Southern Hemisphere there is no well formed convergence
zone in the atmosphere. The western South Atlantic is always under the
influence of a single trade wind system. Therefore, there is only one
area of large pycnocline displacements south of the equator. Off the
coast of Brazil at 6°S the seasonal pycnocline displacements are
produced by Ekman pumping and Rossby waves. The Ekman pumping
contribution is downwelling favorable from July through January due to
a seasonal increase in the southeast trades. -The Rossby wave influence
has the same phase as north of the equator. The combined effect of the
two processes is a downward displacement of the pycnocline from June
through November.

3) equatorial response

The seasonal changes in the height field along the equator are
presented in Fig. 35%a. The mean zonal tilt of the pycnocline has been
included to aid in discussing the pressure gradient variations. The
western side of the model ocean is characterized by a deep pycnocline
which has a minimum depth in April-May and maximum depth in September-

October. The seasonal variatian is dominantlv annual. The eastern

which has a minimum depth in April-May and maximum depth in September-
October. The seasonal variation is dominantly annual. The eastern

side is characterized by a shallow pycnocline which attains a maximum
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Fig. 35. Temporal variability of the model pycnocline (meters)
along the equator. a) Shaded regions indicate the pycnocline is
shallower than the initial state of no motion. The annual mean east-
west pycnocline tilt is included in this plot. b) The annual mean
east-west pycnocline tilt has been removed. Shaded regions indicate
the pycnocline is shallower than the annual mean.
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depth in February-March and minimum depth in July. A secondary maximum
is present in October-November followed by a secondary minimum. The
timing of the shallow model pycnocline in July is very close to that of
the observed minima of thermocline depth and SST in July-August. The
small upwelling episode later in the year has also been observed.
These seasonal pycnocline displacements on each side of the basin are
linked through a pivot point between 20°W-30°W. The oscillation along
the equator is not a simple east-west tilting or "seesaw" because of
the phase and amplitude differences on opposite ends.

Katz et al. (1977) studied the seasonal change in slope of the
dynamic topography along the equator from 10°W to 40°W. It was noted
that the zonal pressure gradient was weak in spring and maximum in
summer. A reasonable agreement was found between the vertically
integrated pressure gradient and the zonal wind stress. Additional
calculations by Lass et al. (1982) also indicated the zonal pressure
gradient was weak in March-April and maximum in September-October. The
east-west slope of the model pycnocline undergoes a similar seasonal
cycle. A comparison of the zonal wind stress along the equator (Fig.
36a) and the equatorial height field (Fig. 35a) suggests this simple
equilibrium response, with the ocean lagging slightly, holds true in
the western half of the basin. In the east, changes in pycnocline
depth do not appear to be consistent with local wind stress changes.
Thus, the zonal pressure gradient is strongly dependent on the Tocation
in time and space. A high degree of temporal and spatial resolution by

ocean measurements is needed to fully understand the seasonal pressure

in time and space. A high degree of temporal and spatial resolution by
ocean measurements is needed to fully understand the seasonal pressure

gradient.
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included. Shaded regions indicate easterly wind stress. b)
The annual mean has heen removed. Shaded regions indicate an
easterly wind stress perturbation.
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Analysis of the pycnocline and zonal wind stress variability is
simplified if the annual mean at each point in space is removed. It is
now more evident (Fig. 35b) that the height field change is not a rigid
oscillation about a fulcrum in the mid-Atlantic. The amplitude of the
variability is largest in the west as are the winds. The annual and -
semiannual pycnocline displacements in the eastern Atlantic are
significant but the overlying wind changes are small. The response at
each boundary is in phase for roughly one-third of the basin width.
There is also a lag between the minimum pycnocline depth in the east
(July) and the maximum depth in the west (September-October). A
similar lag appeared in the heat content calculations by Merle (1980a)
and has recently been detected in thermocline depth variations
(Houghton and Garzoli, personal communication, 1982).

The seasonal cycle of the equatorial model pycnocline indicates
the upwelling season at the eastern boundary is not associated with any
explicit eastward phase propagation. Based on climatology, the largest
intensification of the equatorial easterlies (Fig. 36b) is in the
western Atlantic from April to September. In terms of a single train
of impulsive Kelvin waves, this would result in remotely forced
upwelling at the eastern boundary on into October. Hence, there is no
indication that the shallow pycnocline in July is induced by an
eastward-propagating Kelvin wave front.

Kindle (1979) and Cane and Sarachik (1981) have studied the linear
response of a zonally bounded equatorial ocean to periodic zonal

forcina. The resultina periodic solution is a-complex superposition of

response of a zonally bounded equatorial ocean to periodic zonal
forcing. The resulting periodic solution is a-complex superposition of

a locally forced response, equatorial Kelvin waves, Rossby waves, and
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multiple wave reflections. The phase and amplitude of the total
response depends on the Kelvin wave speed, the frequency of the
forcing, and the width of the basin. These in turn determine the
interference pattern set up by the various waves. Zonal phase
gradients are therefore not necessarily indicative of any single
propagating wave.

The analytical study of x-independent forcing by Cane and Sarachik
(1981) included a case where an equatorial basin having the width of
the Atlantic was driven by annual symmetric zonal winds. The
equatorial response consisted of an east-west tilting of the pressure
field about a point one-third of the basin width away from the western
boundary. The maximum amplitude of the response was at the eastern
boundary. Upwelling at the eastern boundary led downwelling at the
western boundary by one month. The solution from the numerical
calculation presented here is similar. Some of the differences are
that the response in this study is largest at the western boundary and
upwelling at the eastern boundary leads downwelling at the western
boundary by two months. The influences of x-dependent forcing, higher
frequency forcing, and non-constant basin width are among the reasons
why the solutions will differ.

The importance of the local response and remotely forced
equatorial waves will vary across the basin because there is a definite
zonal structure to the equatorial wind field. Observations suggest
that an equilibrium response exists between the zonal wind stress and

the pressure gradient between 10°W and 40°W. In the western part of

that an equilibrium response exists between the zonal wind stress and
the pressure gradient between 10°W and 40°W. In the western part of

the model basin the height field changes appear to be in qualitative
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agreement with zonal wind stress fluctuations (Figs. 35, 36). The time
history of each term in the x-momentum equation has been analyzed for

several intervals along the equator. The seasonal cycles of c2hX
X
and %— in the western equatorial Atlantic are Targe in amplitude and

nearly in phase. Most of the annual pycnocline variability in the
western equatorial Atlantic is therefore associated with the overlying
zonal wind stress changes. The influence of remote effects is small
when compared with the magnitude of the locally forced signal. The
pressure gradient lags the wind by about 10 days. This slight time
delay produces a seasonal acceleration of the equatorial current. Lass
et al. (1982) reported that the observed pressure gradient lags the
wind stress by approximately one month. The seasonal amplitudes of the
pressure gradient and wind stress terms in the eastern Atlantic are
smaller than in the western Atlantic. The amplitude of the pressure
gradient variation in the Gulf of Guinea is larger than the local wind
stress amplitude. The seasonal cycles of the two are not in phase. It
appears the response in the western equatorial Atlantic is
predominantly Tocal but not in the Gulf of Guinea.

The case studies incorporating partial forcing show that the
annual equatorial variability in the western Atlantic is dominated by
the local wind (Fig. 3la). Annual fluctuations of the zonal wind
stress east of 25°W (Fig. 31b) have a measurable effect on the
pycnocline depth in the west but the amplitude is much smaller than the
locally forced response. The remote effect from the semiannual wind

~

changes in the east are more important than the local & month period

locally forced response. lhe remote errect Trom tnhne semiannual wina

~

changes in the east are more important than the local 6 month period

wind oscillations in the west (Figs. 3lc,d). However, the total
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amplitude of the semiannual pycnocline displacements is much smaller
than the annual cycle.

The annual pycnocline motion in the eastern equatorial Atlantic is
comprised of equal contributions from zonal wind stress changes east
and west of 25°W (Figs. 3la,h). The amplitude of the semiannual
pycnocline displacement is half of the annual signal. This relatively
large semiannual variation is responsible for the intriguing secondary
upwelling season. The entire semiannual response induced by the zonal
wind stress (Fig. 29) is a result of the forcing east of 25°W (Fig.
31d), there is no contribution from the semiannual wind field in the
western Atlantic.

4) eastern tropical response

Several mechanisms have been proposed in theoretical and
observational studies to explain the coastal and equatorial variability
in the eastern tropical Atlantic. A detailed review is provided by
Picaut (1982). Philander and Pacanowski (198la) modelled the relation
between southerly winds, Rossby waves, advection, and coastal upwelling
south of the equator. Berrit (1976) correlated SST with the local wind
field along the southern coast of the Guinea Gulf. South of 15°S there
was good agreement between strong southerly winds and Tow SST, but
there was no correlation at all further north. Comparisons of offshore
Ekman transports and coastal SST, provided by W. Wooster, yield the
same conclusion (Picaut, 1982).

Along the northern coast of the Gulf of Guinea, Houghton (1976)

determined there was no significant correlation between the coastal

Along the northern coast of the Gulf of Guinea, Houghton (1976)
determined there was no significant correlation between the coastal

wind and observed upwelling. Clarke (1978) tried to explain the
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seasonal coastal upwelling off Ghana and the Ivory Coast using
coastally trapped wave dynamics since the maximum alongshore wind
stress (Fig. 23a) occurs to the east. Philander (1979) proposed that
the seasonal variations of the cross-equatorial wind contribute to the
intensification of the Guinea Current. An associated shoaling of the
thermocline, needed to satisfy the geostrophic balance, would result in
Tow SST.

Since there was a lack of evidence throughout the Gulf of Guinea
in support of locally forced coastal upwelling, a remote forcing
mechanism was offered by Moore et al. (1978). As illustrated by
0'Brien et al. (1978) and Adamec and O0'Brien (1978), a rapid increase
of the zonal wind observed in the western Atlantic would excite an
equatorially trapped Kelvin wave. The eastward-propagating wave front
would reflect at the eastern boundary and induce a coastally trapped,
poleward-propagating upwelling response symmetric about the equator.
For nonseasonal events, Servain et al. (1982) found a good correlation
between the zonal wind stress in the west and SST in the Gulf of
Guinea. The correlation between local wind stress and SST was small.
Picaut (1982) noted a southward propagation of the primary lTow SST
episodes along the coast south of 1°S, westward propagation along the
coasts of Benin-Togo-Ghana-Ivory Coast (3°E to 8°W), and a one month
delay between the upwelling events at the equator and the Benin coast
(5°N). An upward propagation of phase was detected for the summer
upwelling event south of Abidjan and has recently been studied using a

three-dimensional, remote-forcing model (McCreary et al.. 1982). The

upwelling event south of Abidjan and has recently been studied using a
three-dimensional, remote-forcing model (i4cCreary et al., 1982). The

secondary upwelling event observed Tater in the year has never been
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explained satisfactorily. This event also propagates westward along
the northern coast (Roy,1981).

The seasonal displacement of the model pycnocline along the
eastern boundary is presented in Fig. 37. Annual and semiannual
coastal upwelling/downwelling events are symmetric about the equator.
Poleward propagation of the seasonal signal is evident in both
hemispheres. The amplitude of the coastal response decreases offshore
while the phase increases. The variability along the northern and
southern coasts is a symmetric response to equatorial Kelvin waves
impinging on the boundary . Upon reflection, the zonal velocity
associated with the incoming Kelvin waves must be eliminated to satisfy
the no-flux condition at the coast. Thus, a finite number of Rossby
waves and an infinite series of Hermite modes which asymptote to
coastal Kelvin waves are generated to satisfy the boundary condition
(Moore, 1968).

The most extensive monitoring of the thermal structure in the Gulf
of Guinea has been performed by the Oceanographic Research Centers
(ORSTOM) off of Abidjan, Ivory Coast and Pointe Noire, Congo.. The
seasonal movements of the model pycnocline are compared with the
mean seasonal cycles of dynamic height (surface/300 db) at Abidjan
and Pointe Noire in Fig. 38, Four marine seasons are simulated by the
model with similar phase. The seasonal cycle of SST in these areas
consists of a secondary cold season in December-January, a primary warm

season from February to May, a major cold season from June to

mid-Netoher. and a secondarv warm season around November (Berrit.

season from February to May, a major cold season from June to
mid-October, and a secondary warm season around November (Berrit,

1961, 1962). Annual and semiannual contributions dominate the model
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Fig. 38. Comparison of a) dynamic height for 0/300 db
and b) model pycnocline depth at Abidjan (dashed) and Pt.
Noire (solid). Negative values indicate the pycnocline is
deeper than the annual mean.
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pycnocline, observed thermocline depth, SST, and dynamic height.
Temperature measurements at a depth of 15 m indicate the seasonal
variability at Pointe Moire leads the comparable signal at Abidjan
by one and a half months (Morliere, 1970). A similar lag is evident in
the dynamic height signal (Fig. 38). The modg] pycnocline deviations
at Pointe Noire have the same amplitude as at Abidjan hut lead by two
to three weeks.

The main region of low summer SST (22°-24°C) extends along the
northern coast of the Guinea Gulf west to 8°W, ~2500 km from the
equator in Fig., 37 (Morliére and Rébert, 1972). The outbreak of Tow
SST follows a dramatic upwelling of the thermal structure from April to
August. In the model there is a notable diminution of this main
upwelling signal 1000 km north of the observed limit (Fig. 37).
Morthward along the coasts of Senegal and Mauritania the surface waters
are warm from July to October (Rossignol, 1972; Wooster et al., 1976),
at this time atmospheric heating is maximum and the deviation from the
mean coastal winds is downwelling favorable. Off Dakar a subsurface
upwelling is present in late summer-early fall (Rossignol, 1972;
Servain, personal communication, 1982) and may be related to the main
upwelling occurrence in the Gulf of Guinea. The subsurface upwelling
signal is strong enough to result in a sea level minimum at Dakar in
September (Portolano, 1981); one month later than the sea level minimum
at Abidjan. This apparent sinking of the upwelling event has been
studied with a three-dimensional model by McCreary et al. (1982) via

downward propagation of energy. In the present model we sacrifice

studied with a three-dimensional model by McCreary et al. (1982) via
downward propagation of enerqgy. In the present model we sacrifice
vertical resolution in order to treat the wind field and horizontal

structure more realistically than in McCreary et al. (1982). Thus, the
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main upwelling event along the coast of the Guinea Gulf, though weaker,
is still present along the Senegal-Mauritania coasts.

Observations and the model results indicate an upwelling event
along the coasts of Senegal and Mauritania early in the year. A large
part of this event in the model is locally forced. The largest
response to alongshore winds occurs in this region of the model. The
local meridional wind stress is predominantly annual. The prevailing
northerly wind is maximum in February and March. As suggested by
Wooster et al. (1976) and Speth and Detlefsen (1982), the February
upwelling along Senegal and Mauritania is mainly driven by the local
winds. During the remainder of the year the local winds are not in
phase with the pycnocline motion.

Many current measurements in the Gulf of Guinea have been taken
on the continental shelf of the Ivory Coast within the Guinea Current.
Observations by Lemasson and Rebert (1973) indicate the current is
strongest in early summer and weakest in fall and again in late winter.
The zonal coastal current from the model has been averaged between 4°E
and 11°W (Fig. 39). The seasonal variations compare favorably with the
observations: the maximum eastward current is in June-July and is near
zero or reverses in February-March and October-November. The majority
of the Guinea Current signal is associated with the hasin-wide response
to the zonal wind field. The meridional wind stress induces seasonal
Guinea Current fluctuations one-fourth the size of the total response.

Away from the coastal regions much less is known about the

seasonal variabilitv in the eastern Atlantic. The model results

Away from the coastal regions much less is known about the
seasonal variability in the eastern Atlantic. The model results

indicate that the pycnocline displacements near the Guinea Dome are
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small compared with the pycnocline excursions in the western and
southeastern parts of the basin (Fig. 26). The pycnocline is deepest
from March through May and shallow from August through October. The
terms in (2) indicate the pycnocline movement north of the pivot line
is governed by Ekman pumping. A cyclonic perturbation to the wind
stress curl causes upwelling from May to September. The upwelling
favorable wind stress curl is due to an increase in the meridional
gradient of the zonal wind stress as the ITCZ migrates northward.
Rossby wave effects are not important north of the pivot line. The
Guinea Dome in this model is therefore more stationary than the Costa
Rica Dome in a numerical simulation of the eastern Pacific discussed by
Hofmann et al. (1981).

Near the eastern terminus of the pivot line (24°W, 13°N) the
pycnocline deviations are small (Fig. 26). The pycnocline is slightly
deeper during the first six months of the year. There is little
seasonal éhange in this area because the Ekman pumping and Rossby wave
contributions are out of phase and have similar amplitudes. The
pycnocline displacements are much Tlarger to the south in a region of
westward increasing phase. At 20°W, 7°N the pycnocline is deepest in
June and shallow in October-November. The seasonal signal is
determined by Rossby waves which radiate away from the boundary
throughout the year. Ekman pumping is second order. Observations in
this area during GATE suggest that the Tocal summer upwelling is not
related to Ekman pumping (Perkins, 1981). The Rossby waves are

upwelling favorable from June to November. The zonal phase gradient

related to Ekman pumping (Perkins, 1981). The Rossby waves are
upwelling favorable from June to November. The zonal phase gradient

represents the phase speed of the nondispersive, westward-propagating
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Rossby waves at this latitude. As evidenced by the phase distribution,
the pivot line in the northeastern model basin separates regions
influenced by the wind stress curl from regions influenced by Rossby
waves.

The pycnocline movement at the center of the Angola Dome is
smaller than and out of phase with the pycnocline motion within the
Guinea Dome. Small contributions from the wind stress curl and Rossby
waves produce the pycnocline deviations. The wind stress curl
variability is several times smaller than in the Northern Hemisphere.
Northeast of the Guinea Dome the influence of Ekman pumping is still
small but the seasonal response is much larger. The phase lines and
the vorticity equation imply that Rossby waves determine the seasonal
cycle.

In the previous subsection it was demonstrated that the annual
equatorial variability within the Gulf of Guinea was formed by equal
contributions from the zonal wind stress on either side of 25°W. The
entire semiannual pycnocline response was caused by wind forcing east
of 25°W. The choice of 25°W as a dividing Tine had no a priort
geographical significance because it is difficult to choose a mid-line
for such a non-rectangular basin. It did however prove a postertori to
be a good choice for isolating the wind stress effects of different
regions. VYet, the case studies did 1ittle to answer the question of
whether the annual and semiannual variability in the Gulf of Guinea
are locally or remotely forced.

A convenient definition nf the Gulf of Guinea for the madel

are locally or remotely forced.
A convenient definition of the Gulf of Guinea for the model

coastline geometry chosen is the region between the eastern boundary
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and approximately 10°W. Additional case studies were performed in
which the model ocean was driven by the zonal wind stress west of the
Gulf of Guinea and another with the zonal forcing limited within the
Guinea Gulf (Fig. 40). Comparison with Figs. 26 and 29 indicates that
most of the annual variability in the Gulf of Guinea is remotely
forced. This remotely forced periodic response is formed by the
superposition of a train of equatorial Kelvin waves and their
reflections as Rossby waves. The influences of annual zonal and
meridional winds within the interior of the Gulf of Guinea are much
smaller than the influence of the zonal wind stress west of 10°W.
There is however a notable annual pycnocline response along the zonal
coast driven by the zonal component of the southwesterly wind within
the gqulf (Fig. 40b), but this coastal signal is cancelled in the total
forcing solution (Fig. 26a) by the effects of the meridional wind
stress fluctuations at the eastern boundary (0°-4°N).

The response to semiannual forcing is somewhat different (Figs.
28b, 29b, 40c,d). Only half of the semiannual pycnocline signal is
remotely forced by the zonal wind stress. The remaining half of the
response is formed by equal contributions from zonal and meridional

wind stress fluctuations within the Gulf of Guinea.
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IV, SUMMARY

Linear numerical models incorporating a single baroclinic mode,
realistic coastline geometries, and ship-board estimates of the surface
wind fields have been used to interpret the wind-driven responses of
two different tropical oceans. The first objective of this work was to
analyze the interannual variability of fhe eastern, central equatorial,
and western Pacific for a span of 18 years. The Pacific Ocean model
was forced by monthly estimates of the observed surface wind field for
1961-1978. Such a model provides a straightforward way of assessing
the basin-wide response ‘to the overlying wind field in a manner that
would not be possible by studying the wind field variability. Of
interest during the period of study were several Los Ninos. The
character of these events in the model results and their relation to
the forcing were described in detail.

The model pycnocline variability in the eastern Pacific was
induced by internal, equatorially trapped Kelvin waves excited by
fluctuations in the equatorial zonal wind stress in the western and
central Pacific, The model pycnocline variability at the Galapagos
Islands was remarkably similar to the observed sea level variability
there. Cross correlation between the model pycnocline variability and
observed sea level indicated a maximum significant correlation at zero
lag. One important discrepancy between the model pycnocline time

series and observed sea level was the presence of more high frequency

lag. One important discrepancy between the model pycnocline time
series and observed sea level was the presence of more high frequency

113
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fluctuations in the pycnocline record.

The five Los Ninos years of 1963, 1965, 1969, 1972, and 1976, were
depicted as years when the pycnocline was anomalously deep. Los Ninos
of 1965 and 1969 have been classified as being the strongest for the
1960's, The variability of the southeast trades on both sides of the
dateline was the cause of these two events in the model. The onset of
the 1965 and 1969 Los Ninos was due to the excitation of a large
amplitude downwelling Kelvin wave front west of 180°. This Kelvin wave
front was excited by a 0.4 dynes cm=2 relaxation of the easterly wind
stress during the latter half of the year preceding E1 Nino. The
relaxation in 1964 and 1968 was so large that the zonal wind stress
changed from easterly to westerly. The timing of this Kelvin wave is
such that it enhanced the remotely forced seasonal downwelling at the
eastern boundary.

Besides the initial downwe]jing impulse, the 1965 and 1969 Los
Ninos were characterized by the persistence of a downwelled pycnocline.
The pycnocline remained deep because the seaséna] intensification of
the central Pacific easterlies was not as strong as during non-E1 Nino
years. The upwelling Kelvin waves excited were small in amplitude.
Hence, the pycnocline was not significantly upwelled. This Tack of a
normal seasonal upwelling kept  the pycnocline deeper than normal
throughout the Los Ninos years. Towards the end of 1965 and 1969 the
semiannual variability of the interior easterlies was reestablished.
The resulting downwelling Kelvin wave front generated towards the end

of the year created the second major downwelling pulse of the E1 Nino

The resulting downwelling Kelvin wave front generated towards the end

of the year created the second major downwelling pulse of the E1 Nino
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year. This completed the double-peak downwelling signature
characteristic of the 1965 and 1969 Los Ninos events.

In contrast, the minor E1 Nino of 1963 was only influenced by the
wind stress variability east of 180°. During 1962 there was not a
large relaxation of the wind field west of the dateline. After the
seasonal downwelling at the beginning of 1963 there was a cessation of
the semiannual intensification of the southeast trades. The pycnocline
remained depressed throughout 1963 and did not recover until 1964,

Anomalous changes in the wind field Teading up to the model
expression of the 1972 E1 Nino began with an eastward progression of
weakening trade winds west of the dateline in late 1971. A nearly
simultaneous intensification of the central equatorial easterlies
negated any influence from the west. This resulted in mean annual
pycnocline depths at the eastern boundary in early 1972. From January
through April a significant decrease of the zonal wind stress between
120°W and 180° excited a downwelling Kelvin wave front responsible for
deep pycnocline depths at the eastern boundary in June. Observations
indicated unusually high sea level for the same period. Late in the
year, a relaxation of the easterlies at 100°W-140°W created a second
downwelling episode, smaller relative to that in June. A second peak
in sea level was observed at the end of the year. Intensification of
the trade winds in January of 1973 led to a recovery from the 1972 EIl
Nino.

Wind changes and their effects associated with the 1976 E1 Nino

were similar to 1972. An eastward progression of weakening trade winds

Wind changes and their effects associated with the 1976 E1 Nino

were similar to 1972. An eastward progression of weakening trade winds
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began west of 160°E in late 1975 and generated a downwelling Kelvin
wave front. As opposed to late 1971, the winds in the central Pacific
did not intensify. Thus, the model pycnocline was deep along the
eastern boundary at the beginning of 1976. A decrease in the
equatorial easterlies between 140°W and 180° during the first several
months of 1976 was once again responsible for the deep model pycnocline
at the eastern boundary in June of the E1 Nino year. Additional
weakening of the wind stress in the central Pacific produced a final
downwelling burst later in the year. The recovery phase began with
intensified easterlies in December,

There was one major difference between the simulated Los Ninos of
the 1970's and those of 1965 and 1969. For the 1960's events, observed
sea level was highest and the mode] pycnocline was deepest towards the
beginning and end of the E1 Nino year in the eastern Pacific. During
the 1972 and 1976 E1 Nino occurrences , elevated sea level and maximum
pycnocline depth were in June. Common to all these events was a
weakening of the trade winds west of the dateiine late in the preceding
year. The model pycnocline was deep in June of 1972 and 1976 because
the central equatorial easterlies had decreased considerably from
January to April. The pycnocline was not deep in mid-1965 or mid-1969
because the trade winds in the central Pacific did not weaken during
the first four months of the year. Thus, during the 1970's the
easterlies in the central equatorial Pacific had more of an active role
in the evolution of E1 Nino than in the previous decade. This in turn

implies there are important differences in the location and timing of

in the evolution of E1 Nino than in the previous decade. This in turn
implies there are important differences in the location and timing of

the wind changes responsible for each E1 Nino.
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The E1 Nino sequence of initial wind relaxation west of the
dateline followed by weakening or quiescent winds in the central
Pacific did not apply to 1975. This event began when winds west of the
dateline decreased in late 1974 similar to the type of relaxation prior
to an E1 Nino. A downwelling Kelvin wave was excited and resulted in a
deep pycnocline at the eastern boundary in early 1975. The similarity
with an E1 Nino event stopped there. After the initial weakening, the
winds intensified and remained anomalously strong for the remainder of
the year. At the eastern boundary, there was a rapid upwelling and the
model pycnocline remained shallow. Hydrographic observations in the
eastern Pacific indicated E1 Nino type conditions were present at the
beginning of 1975 but soon deteriorated (Wyrtki et al., 1976).

The interannual variability in the western tropical Pacific was
characterized by a shoaling of the model pycnocline and an observed
drop in sea level in all E1 Nino years. Maximum changes in model
pycnocline depth and observed sea Tevel occurred at 5°N-10°N. Truk
IsTand at 7.5°N, 151.9°E is in a strategic position to monitor these
fluctuations. The model pycnocline time series at Truk was highly
correlated at zero lag with the observed sea level record. A majority
of the pycnocline variability at Truk was due to westward-propagating,
third latitudinal mode Rossby waves.

The shallow pycnocline and low sea level at the end of the E1 Nino
year was attributed to an upwelling Rossby wave front excited by a
decrease in the trade winds to the east. Related wind changes at the

equator were responsible for downwelling at the eastern boundary in the

decrease in the trade winds to the east. Related wind changes at the

equator were responsible for downwelling at the eastern boundary in the
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middle and end of the E1 Nino year. This accounts for the out-of-phase
relation between the eastern and western tropical Pacific during the EI
Nino simulations.

The meridional structure of the zonal wind stress variability
between 160E -and 140W indicated that the largest perturbation to the
wind field during E1 Nino was not symmetric about the equator and
involved the northeast trades. The seasonal weakening of the northeast
trades was larger in area and closer to the equator {5°N-10°N) during
the 1972 and 1976 Los Ninos. A simple analytical model forced by an
idealization of this weakening yielded an upwelling Rossby wave
response in both hemispheres west of the forcing with maximum upwelling
at 7°N, 1.5 months after the minimum wind forcing. When the idealized
forcing consisted of decreasing southeast trades symmetric about the
equator at the beginning of the E1 Nino year, followed by the E1 Nino
weakening of the northeast trades, and a subsequent recovery of the
northeast trades, the response at 7°N-8°N was in qualitative agreement
with the model pycnocline variability at Truk during the 1972 and 1976
events. The oceanic response is strongly dependent on the location of
the weakened trade winds. This may account for differences between the
seasonal and nonseasonal response in the western tropical Pacific.

When the center of the northeast trade wind forcing was shifted to
10°N, similar to the normal location of the maximum seasonal weakening,
the low-latitude response was considerably smaller and the maximum

response was displaced northward more than the shift of the forcing.

response was displaced northward more than the shift of the forcing.
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In the central equatorial Pacific, limited sea Tevel records were
available for Canton Island and Christmas Island. This is an area for
which there are important wind changes to the east and west during EI
Nino. These islands are therefore subject to the influence of
equatorially trapped Kelvin waves excited to the west and long Rossby
waves generated to the east. Since these islands are located 2°-3°
from the equator, the Kelvin wave amplitude is reduced and the Rossby
wave amplitude is increased relative to that at the equator.
Decomposition of the model pycnocline variability at these islands
indicated that almost all of the signal was due to Kelvin waves and
first latitudinal mode Rossby waves. The superposition of Kelvin and
Rossby waves during E1 Nino, changes from one event to another depend-
ing on the Tocation and timing of the forcings. Analysis of sea level
variability in the central equatorial Pacific is therefore difficult
because Kelvin wave signals generated in the west and ultimately
causing pycnocline displacements in the east_may be masked temporarily
by a superposition with Rossby waves of opposite sign.

The second objective of this work was to study the linear, dynamic
oceanic response to the seasonally varying wind field of the tropical
Atlantic. A linear, single baroclinic mode model driven by the
climatological seasonal wind stress was used. Based on previous
studies implying the dominance of the second baroclinic mode in the
tropical Atlantic, an equivalent depth of 19 cm (¢ = 137 m s-!) was
chosen for the gravest mode of this calculation. The coastline

geometry of the model was an idealization of the tropical Atlantic

chosen for the gravest mode of this calculation. The coastline

geometry of the model was an idealization of the tropical Atlantic
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basin from 20°N to 20°S. Monthly estimates of the Atlantic surface
wind field on a 1° x 1° mesh averaged over 60 years (Hastenrath and
Lamb, 1977) provided the basis for the seasonal periodic forcing
function. Important regions of variability were identified for the
atmosphere and ocean. Of interest were the physical mechanisms
responsible for the seasonal signal of key features such as the
meridional topography in the western Atlantic, the equatorial pressure
gradient, and the response within the Gulf of Guinea. Observations of
the seasonal cycle throughout the tropical Atlantic were compared with
the results of the simple model to ascertain whether the simulated
response had any relevance.

The mean topography of the model pycnocline consisted of a series
of troughs and ridges bounding the various equatorial currents. The
combined effects of wind stress curl and cross-equatorial winds
determined the meridional structure. The distribution of the
pycnocline features compared favorably with observed dynamic topography
except at 8°S off the Brazilian coast. At this location sparse data
indicate a ridge is present in the dynamic topography but there is no
corresponding permanent formation in the model.

The modelled seasonal response to the Atlantic wind field, depend-
ing on the location, consists of a combination of a Tocally forced
response, Kelvin waves, Rossby waves, and multiple wave reflections.
Throughout the tropical Atlantic basin the seasonal cycles of the
atmospheric forcing, the observed dynamic height, and the model

nvenoncline denth are laraelv annual and semiannual. In aeneral. there

atmospheric forcing, the observed dynamic height, and the model

pycnocline depth are largely annual and semiannual. In general, there
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is a reasonable comparison between the phase and amplitude distribu-
tions of the observed dynamic height and the model pycnocline depth.

The largest amplitudes of the dynamic height and pycnocline fields
are in the western Atlantic. Observations and the model results
indicate the northwest part of the basin is characterized by a
north-south tilting about a pivot Tine which roughly parallels the mean
position of the ITCZ. The pivot line separates two regions of large
amplitude pycnocline displacements which are out of phase. North of
the pivot Tine (~10°N) wind stress curl and divergence of the Ekman
transport govern the annual response. An increase of the zonal wind
stress and an anticyclonic perturbation to the wind stress curl during
the first half of the year cause the pycnocline to deepen. The ITCZ is
displaced southward at this time. The pycnocline response south of the
pivot line is a combination of local and remote effects. An influx of
the southeast trades from June to November when the ITCZ is shifted
northward produces an anticyclonic perturbation to the wind stress
curl. From March to August westward-propagating Rossby waves are
downwelling favorable. The two processes combine to produce a seasonal
deepening of the pycnocline from May through September. Close to the
equator the pycnocline deepens during the same period as the easterlies
intensify. These two regions of significant pycnocline fluctuations
determine the seasonal strength and location of the trough and ridge
which bound the NECC in the western Atlantic. The meridional pressure
gradient‘between these features has a large annual signal. The

resulting NECC is strongest in August and is non-descript in April.

gradient between these features has a large annual signal. The

resulting NECC is strongest in August and is non-descript in April.
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There is only one area of large pycnocline variations south of the
equator because only one trade wind system is present, i.e., there is
no analog to the ITCZ., Notable pycnocline displacements at 6°S are
induced by Ekman pumping and Rosshby waves. An increase in the
southeast trades from July through January causes a locally forced
downwelling contribution. Remotely forced Rossby waves have the same
phase as north of the equator. The total response results in
downwelling from June through November,

Observations and model results along the equator indicate an east-
west tilting of the pycnocline, Large model pycnocline displacements
in the west are a locally forced near-equilibrium response between the
annual zonal wind stress and the zonal pressure gradient. Effects from
the annual zonal wind stress in the east and the basin-wide semiannual
zonal wind field are present but smaller in comparison to the locally
forced annual response. The equatorial zonal pressure gradient in the
eastern Atlantic is not balanced by the local wind stress. Annual
equatorial pycnocline movements in the east are the response to equal
contributions of the zonal wind stress on each side of 25°W. All the
semiannual pycnocline motion in the eastern equatorial Atlantic is
associated with wind changes east of 25°W. In agreement with
observations, the minimum pycnocline depth in the east (July) leads the
maximum depth in the west (September-October).

The pivot line in the northeastern part of the basin separates
regions influenced by the wind stress curl from areas influenced by

Rossby waves. The curl of the wind stress north of the pivot line

regions influenced by the wind stress curl from areas influenced by
Rossby waves. The curl of the wind stress north of the pivot line

determines the vertical displacement of the model pycnocline. The
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pycnocline is shallow from August through October in this area which
includes the Guinea Dome. Large pycnocline movements south of the
pivot Tine are produced by Rossby waves radiating away from the eastern
boundary. The influence of Ekman pumping is small there. The
pycnocline displacements between these two regions are negligible
because Rossby waves and Ekman pumping have similar amplitudes and are
out of phase along the pivot line.

The seasonal variations of the wind stress curl in the south-
eastern part of the basin are much smaller than north of the pivot
line. Most of the pycnocline motion is driven by Rossby waves.
Pycnocline fluctuations within the Angola Dome are smaller than within
the Guinea Dome and have opposite phase.

The simulated seasonal signal at the eastern boundary is symmetric
about the equator. Pycnocline displacements along the northern and
southern coasts are related to the reflection of annual and semiannual
frequency equatorial Kelvin waves which are part of the forced periodic
response of the basin. The phase of the eastern boundary response is
similar to that observed at various coastal stations. Of particular
importance are the simulations of the major (mid-year) and secondary
(year-end) upwellings and the isolation of the forcing responsible.

The only significant contribution from meridional winds is along the
coasts of Mauritania and Senegal. Large fluctuations in the alongshore
wind stress produce an upwelling season in February.

Case studies in which the model was forced by various partitions

of the wind field indicate the annual wind-driven variability in the

Case studies in which the model was forced by various partitions
of the wind field jndicate the annual wind-driven variability in the

Gulf of Guinea is remotely forced. Fluctuations of the zonal wind
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stress west of 10°W are responsible for a majority of the simulated
annual pycnocline displacements in the Gulf of Guinea. The annual
zonal wind east of 10°W has only a secondary influence along the
zonally oriented coast which is cancelled by meridional wind stress
variations at the eastern boundary. The dominant response in the
Guinea Gulf is a superposition of annual Kelvin waves excited by zonal
equatorial wind changes to the west and Rossby waves generated by the
reflection of the Kelvin waves at the boundary. Thus, the major summer
upwelling is primarily a response to changes in the equatorial
easterlies remote from the Gulf of Guinea. Half of the semiannual
pycnocline signal in the Gulf of Guinea is forced by 6 month period
zonal wind stress oscillations west of 10°W. The remaining portion of
the signal comes from zonal and meridional winds within the gulf. This
suggests the secondary winter upwelling season is an expression of wind

variability remote from and within the Gulf of Guinea.



V. DISCUSSION AND CONCLUSIONS

The results of the Pacific Ocean model demonstrate that
interannual changes of the zonal wind stress in the central and western
Pacific are very important in determining the sea level/pycnocline
responses of E1 Nino. For most Los Ninos during the period of study
the onset phase was linked to perturbations to the zonal wind field in
the western Pacific. How the E1 Nino event progressed and matured was
subsequently determined by the nature of the wind field in the central
Pacific. Recently, it was noted (Keen, 1982) that there is often a
greater incidence of tropical cyclone pairs in the western Pacific
prior to EIl Nino. A succession of these disturbances, at times
penetrating east of 180°, results in strong eastward perturbations to
the wind field several times per month. In the future.it will be
necessary to determine how these high frequency disturbances affect the
wind field monthly means. It would be of interest to know how the
model results would change if there was a greater temporal resolution
of the wind field.

The season in which an anomalously deep pycnocline occurs might
have important ramifications for determining the size of anomalous SST.
For the E1 Nino events of the 1960's the model pycnocline was
anomalously deep during the periods of seasonal warming in the Southern
Hemisphere. For the E1 Nino events of the 1970's the pycnocline was

deensct dirina tha Tnw SST <eacnn and SST annomalies were laraer than

Hemisphere. For the E1 Nino events of the 1970's the pycnocline was
deepest during the low SST season and SST anomalies were larger than
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in the previous decade. Does a depression of the thermocline during
the auroral fall and winter result in a larger positive SST anomaly
than a thermocline depression in summer? Modelling efforts including
thermodynamics will provide the information needed to understand
relations between thermocline depth, vertical velocity, and SST.

The results of this numerical simulation have also provided some
information regarding monitoring the tropical Pacific wind field. In
view of the correlations between the model resu]té and observations at
several locations, important fluctuations in the low latitude surface
wind field must have been large enough in space and time to have been
resolved by ship-board estimates. Admittedly, there are several
problems with this method of observing the wind field, but it is the
only data set available suitable for interannual mbde]]ing studies.
Monetheless, this study has demonstrated a definite need for continuous
monitoring of the detailed structure of the entire tropical Pacific
wind field.

With respect to real-time wind monitoring, the simulations of the
E1 Nino events for 1961-1978 indicate that a predictive capability for
E1 Nino will not be straightforward. At the present time, persistence
of anomalous conditions in the tropical atmosphere cannot be predicted.
An example of why this is important is the aborted event of 1975 when
the winds in the western Pacific initially weakened in a manner similar
to the onset of previous E1 Nino events. Shortly thereafter the winds

abruptly intensified and remained strong. Monitoring a significant

abruptly intensified and remained strong. Monitoring a significant
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wind relaxation without knowledge of a subsequent intensification may
lead to an erroneous E1 Nino prediction. Furthermore, equal weight
must be given to all regions when monitoring the tropical Pacific wind
field. As illustrated by the conditions during the first several
months of 1972, an anomalous decrease in the trade winds in the western
Pacific may be followed by an intensification of the winds in the
central Pacific. The net result of such circumstances being no change
in the eastern Pacific.

The wind-driven modelling results presented here have shown that a
significant amount of the observed interannual sea level variability in
the eastern, central equatorial, and western Pacific can be accounted
for by linear theory when reasonable estimates of the wind field are
provided. Internal Kelvin and Rossby waves play important roles in
determining the variability throughout the tropica] Pacific. Drastic
shoaling of the pycnocline in the western Pacific during E1 Nino may be
induced by Rossby waves excited by changes in strength and position of
the northeast trades. In the eastern tropical Pacific, remotely forced
Kelvin waves generated in the central and western equatorial Pacific
are responsible for the E1 Nino pycnocline displacements. By
definition E1 Nino is associated with elevated SST but at present the
cause and effect relation of a Kelvin wave induced deep thermocline and
SST is not understood.

Even though there was some agreement between observations and the

results of the Atlantic Ocean model there were several Timitations to

results of the Atlantic Ocean model there were several Timitations to
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this work. The model was constrained to be linear and consisted of a
single baroclinic mode. The vertical resolution was therefore poor and
wind induced changes to features such as the undercurrent could not be
studied. In addition, the effects of downward energy propagation could
not be determined. It is not known whether nonlinearities or the
vertical propagation of Kelvin waves and Rossby waves will significant-
ly alter the superposition constituting the forced periodic response.
The lack of any thermodynamics precluded any firm understanding of the
SST variability in regions where pycnocline depth and SST are uncor-
related. A prime example is the Senegal and Mauritania coasts where
there are important differences between the surface and subsurface
thermal structure.

Another limitation of this study was the use of climatological wind
data to represent the seasonal cycle. Averaging the wind field over
many decades results in smaller temporal variations than may occur in a
particular year. This approach was chosen rather than having to make a
subjective judgement of which year had "typical" seasonal variations.
This was not a severe limitation for the present study since most des-
criptions of the seasonal cycle in the tropical Atlantic Ocean are based
on time averaged observations. The results from the numerical calcula-
tion were dependent on this wind field having the same periodicity from
one year to the next. A periodic solution was thereby allowed to
develop. This was achieved at the equator in less than one year.

Since annual Tocal forcing was not important in the Gulf of

Guiinea. the nhase of the annial resnonse was denendent on the interfer-

Since annual local forcing was not important in the Gulf of
Guinea, the phase of the annual response was dependent on the interfer-

ence pattern of a continuous series of annual frequency Kelvin waves
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excited by the equatorial wind field in the west and the Rossby waves
reflected at the boundary. In contrast, the response of an equatorial
ocean to impulsive forcing is a single eastward-traveling Kelvin wave
front which reflects at an eastern boundary as a train of
westward-propagating Rossby waves. This was the premise used by Moore
et al. (1978), O'Brien et al. (1978), and Adamec and O'Brien (1978) as
a possible explanation of the seasonal upwelling in the Gulf of Guinea.
A rapid seasonal increase of the easterlies in the western equatorial
Atlantic would excite an upwelling Kelvin wave front.

The impulsive remote forcing hypothesis assumes that the upwelling
at the eastern boundary lags the wind change in the west by the time
required for a Kelvin wave to travel from the forcing region to the
eastern boundary. Climatology indicates the initial strengthening of
the easterlies takes place in the mid-Atlantic and then progresses
westward (Fig. 27). The most dramatic wind changes are in the western
Atlantic where the easterlies continue to increase after the peak
upwelling in the Gulf of Guinea. This suggests the timing may not be
correct for the impulsively excited Kelvin wave concept. However, a
rapid increase of the easterly wind in spring 1979 at St. Paul Rocks,
0°55'N, 29°21'W (Katz et al., 1981), which is not unusual (Servain et
al., 1982), indicates that the impulsive forcing idea might still be
relevant for specific years. Servain et al. (1982) also found a good
correlation between nonseasonal perturbations of the zonal wind stress
in the western Atlantic and nonseasonal SST in the Gulf of Guinea. The

SST laaged the remote winds by one month: the time it would take a

in the western Atlantic and nonseasonal SST in the Gulf of Guinea. The

SST Tagged the remote winds by one month; the time it would take a
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1 m s-! phase speed Kelvin wave to travel from the forcing area to the
Gulf of Guinea. Interannual short time scale events observed in the
Gulf of Guinea thermal structure have also been compared with the EIl
Nino phenomena of the eastern Pacific (Hisard, 1980; Merle, 1980b). It
has been suggested that these episodes may have important implications
for fisheries, coastal rainfall, and cyclogenesis.

An interannual calculation similar to the Pacific Ocean study is
needed to address these differences between the climatological seasonal
cycle and the seasonal signal of an individual year. The difference
between the forced periodic response and the seasonal- cycle from one
year to the next could then be determined. It would also be of
interest to know how the seasonal response would change if the temporal
resolution of the wind field was increased. At present no such data
set exists.,

The Atlantic study has demonstrated that a significant part of the
seasonal dynamic height signal can be accounted for via linear,
periodic, wind-driven processes. As previous modelling studies of the
seasonal and interannual variability of the tropical Pacific have
shown, the oceanic response can be studied with some degree of skill if
a realistic estimate of the wind field variability is provided. The
degree of comparability is affected by the Timitations of the
observations and the model. Since the observed variability is
imprecise a simple linear model is adequate for simulating the oceanic

response. The wind driven response in this simulation was a
romhinatinon nf 1ncal and remnte farcina effects which were straonalv

response. The wind driven response in this simulation was a

combination of Tocal and remote forcing effects which were strongly
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dependent on location. Only the northernmost and western equatorial
parts of the basin were totally dominated by Tocal forcing. Therefore,
continuous monitoring of the entire tropical Atlantic surface wind
field at small time and space scales is vital to our understanding of

the seasonal oceanic response.
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