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Abstract

Upwelling events in the Gulf of Guinea (GoG) impact climate and fisheries along the West
African coastline. It has long been argued that the classical theory of coastal upwelling
due to winds and Ekman transport is not the primary cause of the GoG upwelling. Rather,
upwelling in the region has been hypothesized to be largely associated with Kelvin waves
propagating eastward from the Brazilian coast along the equator. In this paper we test
this hypothesis, using satellite observational data and output from the state-of-the-art
Estimating the Circulation and Climate of the Ocean (ECCO) model. Kelvin waves are
extracted from the satellite data and compared with those from the model. The phase
speed of the Kelvin waves from satellite observations and model data is about 1.8 m/s,
consistent with previous studies using only satellite observations. The correlations be-
tween the Kelvin waves (their displacements) from satellite observations and ECCO ap-
pear to increase in recent years, indicating model improvement. We also find high lagged
correlation between the wind stress in the Brazilian region versus SST anomalies in the
GoG region, from both satellite observations and model output, with a lag of about one

month, thereby implicating the remote-forcing hypothesis for the GoG upwelling.

1 Plain Language Summary

There are several unanswered scientific questions regarding upwelling in the Gulf
of Guinea. The classical paradigm of coastal upwelling involves Ekman transport (trans-
port in the upper ocean that is directly driven by wind), but evidence suggests that the
upwelling in the Gulf of Guinea may be different from the classical case. This knowledge
led to the hypothesis that upwelling in the Gulf of Guinea is likely caused by equatorial
Kelvin waves generated around the Brazilian coast propagating towards the Gulf of Guinea,
bringing cold water. However, earlier studies lacked enough observational and realistic
model data to validate or evaluate the hypothesis of remote forcing. This study revis-
its and tests the hypothesis using relatively recent satellite observational data and out-
put from state-of-the-art numerical models such as the Estimating the Circulation and
Climate of the Ocean (ECCO) model. The correlation between remote winds off the Brazil-
ian coast and upwelling in the Gulf of Guinea is high, with a one-month lag time con-
sistent with the time for Kelvin waves to travel across the Atlantic. On the other hand,

the correlation between local winds and upwelling in the Gulf of Guinea is low.



2 Introduction

Upwelling is the process whereby cold water and nutrients from the deep ocean are
displaced to the surface along coasts or along the equator. Upwelling events experienced
in the Gulf of Guinea impact the climate along the West African coastline. Along the
Gulf of Guinea, a major upwelling period is usually experienced from June to Septem-
ber, characterised by the seasonally low Sea Surface Temperature (SST) of the ocean,
while a minor upwelling period usually occurs in January and February. During upwelling
events, there is an increase in biological activities. For instance, there is an increase in
phytoplankton and zooplankton, at the bottom of the food chain, thus triggering an in-
crease in activity farther up the food chain. The increase in fish catch in areas that ex-
perience coastal upwelling is an important driver of local economies. Secondly, the cold
water from upwelling in the Gulf of Guinea impacts West African climate (e.g., Koua-

dio et al. [2013]).

An important lingering question is whether Gulf of Guinea upwelling is forced by
local versus remote factors. Previous studies (e.g., O’Brien [1978]; Adamec et al. [1978];
Picaut [1983]; Wiafe et al. [2015]) suggest that upwelling in the Gulf of Guinea is not
strongly linked to the local winds. Various mechanisms have been hypothesized for the
Gulf of Guinea upwelling. The study by Bakun [1978] suggested that geostrophic adjust-
ments of the Guinea Current and the Ekman transport underlie Gulf of Guinea coastal
upwelling. However, Philander [1979] showed that the amplitude of upwelling induced
by the Guinea Current is negligible compared to observations. Moore et al. [1978] used
observations to suggest that seasonal upwelling events in the Gulf of Guinea are not con-
nected with fluctuations of the local winds, but are instead caused by an increase in west-
ward wind stress, which releases a strong upwelling signal that travels as an internal Kelvin
wave eastward along the equatorial Atlantic. When this upwelling signal reaches the east-
ern boundary of Equatorial Guinea, it splits into waves traveling poleward in both hemi-
spheres along the coast (e.g., Roundy et al., [1982], Tulich et al. [2009]). A number of
these coastally trapped Kelvin waves reflect as propagating westward Rossby waves and/or
coastal Kelvin waves. Moore et al. [1978] suggested that a definite time lag must exist
between an equatorially trapped upwelling signal and the coastal upwelling event, but
there was not enough observational or realistic model data to test this idea at the time.
O’Brien [1978] and Adamec et al. [1978] used a two-layer model of a linear and non-linear

form of the Navier-Stokes equations respectively, with wind stress limited to the west-



ern part of the ocean basin, to simulate equatorial and coastal Kelvin waves. Their stud-
ies were the first to use simple models to test the potential of propagating internal Kelvin
waves as a mechanism for Gulf of Guinea upwelling. However, their models lacked re-

alistic topographic effects, coastal geometries, and background flows.

The remote forcing hypothesis has also been supported by Picaut [1983], Katz et al.
[1977], and Katz et al. [1982], who suggested that the strengthening of westward wind
stress along the equatorial Atlantic Ocean causes surface water to pile up against the west-
ern boundary around the Brazilian coast, thus initiating a zonal pressure gradient bal-
anced by the wind stress. This process triggers Kelvin waves which propagate eastward
at a speed of ¢ = v/¢’"H where ¢ is the reduced gravity, and H is the height of the wa-
ter column. Servain et al. [1982] analyzed historical observational data, employing lag
correlation analysis, to show evidence of remote forcing of the Gulf of Guinea upwelling.
However, it has been four decades since the study by Servain et al. [1982], and there have
been a lot more observational data collected and major improvements in realistic (op-
erational) numerical models. This paper revisits and test the hypothesis of Moore et al.
[1978] using relatively recent satellite observational data and output from state-of-the-

art numerical models like ECCO.

3 Two-layer theory

We briefly derive the solution to the two-layer theory for Kelvin wave propagation

by Adamec et al. [1978]. They considered the following system of linear equations:
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where ¢’ is the reduced gravity, u is the velocity in the zonal direction (z-direction), v
is the velocity in the meridional direction (y-direction), 5 is the perturbation of the sea
surface, H is the resting water column thickness on a flat bottom, § is an approxima-
tion which provides a linear variation of the Coriolis force along the equator, 7% and 7Y

are the wind stress in the zonal and meridional direction respectively. Assuming a wave
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For bounded solutions we require k£ > 0, implying that wave propagation is in the
eastward direction. The solutions have maximum amplitude at the equator and decay
exponentially with increasing latitude away from the equator. The Kelvin wave solution
gives some insight into the wave characteristics (e.g., their spatial and time scales), and
hence, how waves could be extracted and characterized from observational and model
data. Kelvin waves have wavelengths of about 1,000 to 10,000 km and have a period of
25 to 95 days (e.g., Polo et al. [2008]). The filter employed to extract Kelvin waves uses
both their spatial extent (wavelength) and time (period). Using methods provided in Polito
et al. [2003], Kelvin waves are extracted from observational data and model output at
about one-month, three-month, and six-month periods for analysis. We will also employ
lag correlation analyses to understand the physical link between Kelvin waves and up-

welling events in the Gulf of Guinea from these data sets.

4 Observational Data

We obtain altimeter gridded Sea Level Anomalies (SLA) data from Copernicus ma-
rine and Environment Monitoring Service (CMEMS; CMEMS2019 [2019]). CMEMS are
responsible for processing and distributing Duacs grided “allsat” Sea Level Anomaly (SLA),
formally distributed by Aviso as seen in https://doi.org/10.48670/moi00145. The
SLA was sampled daily from the 1/4 degree x 1/4 degree resolution data and spans from
01-01-1993 to 03-06-2020. Kelvin waves are extracted from the SLA via techniques pre-

sented in Polito et al. [2003] on the characterization of Rossby waves. The Kelvin wave



extraction was done for several spectral bands of the equatorial Atlantic basin ranging
from 15° North to 15° South, and 50° West to 15° East. A finite impulse response (FIR)
filter of Polito et al. [2003] was applied to the global SLA to extract the Kelvin waves

for the Atlantic region.

Wind and SST products are obtained from ERAS, a fifth-generation ECMWF (Eu-
ropean Centre for Medium-Range Weather Forecasts) reanalysis of the global climate
and weather for the past 40 to 70 years, as stated in Hersbach et al. [2018]. The wind
stress is obtained by multiplying the air density by the speed of the wind squared and
by a drag coefficient of 0.002 (Servain et al. [1982]). 36-year time series from 1981 to 2016
of monthly means of wind and SST was used to construct a monthly climatology of wind

stress and SST anomalies.

5 Model Output (ECCO)

Model output is obtained from the Estimating the Circulation and Climate of the
Ocean (ECCO) model. Zhang et al. [2018] and Forget et al. [2015] provide detailed doc-
umentation on the model output. The model employs the adjoint to reconstruct ocean
states that minimize misfits between the model and observational data from satellites
such as the Topex/Poseidon altimeter as well as in-situ measurements. The ECCO model-
observational fit is performed while obeying the dynamical constraints of the underly-
ing model equations. Data fitting is done by altering a set of ocean model initial con-
ditions, parameters, and atmospheric boundary conditions that obey the laws of physics
and thermodynamics. The version of the ECCO product used here is ECCO LLC270
(1/3 degree), which was interpolated to a 1/4 degree latitude-longitude (lat-lon) grid.
SST and SSH were obtained from the ECCO LLC270 output product. SLA from Aviso
and SSH from ECCO are both 1/4 degree.

6 Methodology

Using satellite observations from Copernicus (formerly AVISO), we denote the Sea
Surface Height (SSH) or Sea Level Anomaly (SLA) as 1. The SLA data are composed
of different signals whose characteristics differ in terms of their period, wavelength, fre-
quency, amplitude, and phase speed. The SSH, 7, as discussed by Polito et al. [2003] can
be decomposed as:

n=nr+nr+ 10k + 18+ 1N, (1)



where ng, nr, Nk, NE, and Ny, represent Rossby waves, tropical instability waves, Kelvin
waves, mesoscale eddies, and non-propagating signals, respectively. We briefly discuss
some of the signatures of Rossby waves. The characteristics of Kelvin waves from ob-
servations and the model will be discussed later. Rossby waves (nr) are westward prop-
agating waves with wavelengths of about 1,000 to 10,000 km long. Rossby waves have

a period of months to years and cause a surface displacement of about 1 to 10 cm. Rossby
waves are long, non-dispersive, and transport energy westwards, thus intensifying cur-
rents at the western boundary. Rossby wave energy and phase travel at about the same
speed with a typical magnitude of 0.01 to 1.2 m/s. For instance, along latitude 0.125°N
on the eastern equatorial Atlantic ocean, the Rossby waves with a period of 44 days, am-
plitude of 7 mm and wavelength of 2625 km have a phase speed of about 0.70m/s. Polito
et al. [2000], Polito et al. [2003], and Oliveira et al. [2013] used a filtering code to extract
and characterize Rossby waves at a specified bandpass. Their filtering code generates

a series of Hovmoller diagrams of SLA from observations (Topex/Poseidon) or model data.
We modified the filtering code used by Polito et al. [2003] to characterize Kelvin waves

in the eastern equatorial Atlantic ocean. Thus, from the global SLA data, we construct
Hovmoller diagrams, and compute the phase speeds, amplitude and wavelengths of Kelvin

waves at different periods.

7 Results

In this section, the variables nx1 (m1), nxs (13), and nke (1) are used to repre-
sent Kelvin waves extracted using three time periods: one month, three months, and six

months, respectively.

7.1 Equatorial Kelvin Wave Signatures from Observations and ECCO

To demonstrate the methodology of extracting Kelvin waves from the data, we per-
formed one month, three month, and six month bandpass filters on SSH signals from ECCO
for the three wave periods. Figure 1 shows Hovmoller diagrams at latitude 0.125°N, and
longitudes 45 °W to 12 °E for the year 1997. A rough estimation from the figures gives
phase speeds of about 1.92 m/s, illustrated with white arrows on the left and middle pan-
els. From left to right of Figure 1, we see that as the wave period increases the distance
between wave crests (or troughs) also increases as expected. The phase speeds are con-

sistent with those obtained by Polo et al. [2008] who analyzed oceanic Kelvin waves prop-



Time in days (1997)

mm
D 60 D
N N N
o 0 0
s s s
A EA gA
(=] [=;]
J z = J
n 0
> >
J g 3
£ c
] o M oM
E E
A = A 20 = A
] 7] - M

40 F

-60

Figure 1: Kelvin waves from ECCO ~ 1/3 degree at latitude 0.125°N along the Atlantic
ocean for the year 1997, where g1, N3, and nge correspond to Kelvin waves at one
month, three month, and six month period respectively. The white arrows represent the

slopes for the Kelvin waves suggesting a uniform phase speed of 1.92 m/s.

agating eastward in the tropical Atlantic region. The mean wave amplitudes are in the
range 1.2-2.2 cm at the equator. The Kelvin waves at one-month period (Figure 1, left
panel) appear to have larger amplitudes between January and May and relatively smaller

amplitudes from June to December.

The spatial patterns of the equatorial Kelvin waves were also constructed to visu-
alized their eastward propagation (as dictated by theory; Section 3) from the observa-
tional and model data, and to compare and contrast the two data sets. There are some
years when Kelvin waves from observations and ECCO agree quite well. For example,
in the year 2011, Kelvin waves from observations match well with ECCO (Figure 2). Fig-
ure 2a shows an almost symmetric height field of Kelvin waves around the equator with
a latitudinal extent of about 300 km on either side of the equator, comparable to the e-
folding length (see Section 3). The wave propagates eastward, and about two weeks later
(Figure 2b) we find that the observational signal appears more symmetric about the equa-

tor than the signal in ECCO.
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Figure 2: (a) Snapshots of Kelvin wave SSH from satellite observations (upper panels)
and ECCO (lower panels) on March 25, 2011. Panels (b), (¢) and (d) are the same as in

(a) but at two week intervals. Waves are propagating from west to east in each panel.



The Hovmoller diagram in Figure 3 shows that the modeled Kelvin waves match
very well to those from the satellite observations as seen in Figure 2. In both data sets,
the waves have larger amplitudes between January and May and become less energetic
from June to the end of the year. Lag correlation analysis will be used later to quantify

the similarities and differences between the model and observations.
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Figure 3: Kelvin waves (1) from satellite observation (left panel) and ECCO ~1/3 (right

panel) in the year 2011, constructed along latitude 0.125°N.

The spatial pattern and amplitude of Kelvin waves in ECCO do not always match
well to those in the satellite observations (e.g. Figure 4) for some years. The wave sig-
nals are not as symmetric about the equator as in Figure 2 for both data sets. However,
the amplitudes appear larger in ECCO (e.g., Figures 4b,c,d). This is more visible in Fig-
ure 5, constructed along latitude 0.125°N with wave period Tk = 44 days and wave-
length of 6726 km. The phase speed is about 1.8 m/s, which is consistent with the re-
sult of Polo et al. [2008]. Similarly, Kelvin waves extracted along the same latitude with
period of T3 = 85 days and wavelength of 12336 km have comparable phase speeds
(1.8m/s) in both data sets but the amplitudes in ECCO are larger than in the obser-

vations (Figure 6).
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Figure 4: (a) Snapshots of Kelvin wave SSH from satellite observations (upper panels)

and ECCO (lower panels) on September 14, 1997. Panels (b), (¢) and (d) are the same as

in (a) but at two week intervals. Waves are propagating from west to east in each panel.
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for the year 1997 using 1.5 months bandpass filtering.
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Figure 6: Kelvin waves from satellite observations (left panel) and ECCO (right panel)

for the year 1997 using 3 months bandpass filtering.



7.2 Relationship between Upwelling and Kelvin waves

In the previous section, we saw that the characteristics of Kelvin waves in ECCO
and satellite observations are comparable to each other in some years, whereas they ap-
pear to be out of phase and to have differences in amplitudes in other years. In this sec-
tion, lag correlation analysis is first used to quantify these differences and to determine
whether ECCO has been improving over the years in capturing these equatorial Kelvin
waves. We then perform lag correlation analysis to determine if there is high correlation
between signals in the western equatorial Atlantic region and those from the Gulf of Guinea

region in both observed and modeled data sets.

In Figures 2 and 3 (for 2011), we saw that the modeled and observed data matched
quite well. A lag correlation analysis between the two data sets reveals a phase lag of
0 days with a correlation coefficient of 58.4% (Figure 7). Thus, in the year 2011, the two
signals appear to be in phase and the difference in amplitudes yields the obtained cor-

relation coefficient.

0.6

T
Correlation = 0.5844
Lag = 0 days

0.2 - -

Correlation Coefficient

04 i

0.6 | | | | |
-300 -200 -100 0 100 200 300

Phase Lag in days

Figure T7: Lag correlation between Kelvin waves (1;) from observations and Kelvin waves

(m) from ECCO in the year 2011 from the Brazilian region.
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Figure 8: Hovmoller diagram of Kelvin waves (n3) from satellite observations (left panel)

and from ECCO~1/3 (right panel) in the year 1994, and taken along latitude 0.125°N.
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Figure 9: Lag correlation between Kelvin waves (n3) from satellite observations compared
with Kelvin waves (n3) from ECCO in the year 1994 from the Guinea West of West Africa

sub-region.



The Hovmoller diagram in Figure 8 shows Kelvin waves with about 3-month pe-
riod from satellite observations and ECCO, with the amplitudes matching quite well. A
lag correlation analysis indicates a high correlation coefficient of 77.2% but with a phase

lag of 10 days, as shown in Figure 9.
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Figure 10: Lag correlation between Kelvin waves about one month (1) extracted from

satellite observations and ECCO (1993 to 2016).

We next compute all the phase lags and correlation coefficients between model and
satellite observations from 1994 to 2016 in the Brazilian region (BR) 5°N-5°S, 35°W-—
25°W to determine if there is some improvement in the modeling of equatorial Kelvin
waves. Figure 10 (upper panel) shows that there appears to be a general decrease in phase
lag between ECCO and satellite observations with time but the trend is not monotonic.
This decreasing trend suggests an improvement in the model for simulating equatorial
Kelvin waves. Similarly, it appears that signals with the highest correlation coefficients

tend to have smaller phase lags (Figure 10, lower panel).

We now consider some selected areas of relevance in the Atlantic region as shown
in Figure 11 to compute lag correlations between different fields to test the hypothesis
of remote forcing by Kelvin waves. These areas include the Brazilian region (BR) 5°N-

5°8, 35°W-25°W, Guinea North region (GN) 0°N-5°N, 10°W-10°E, Guinea West re-
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Figure 11: Selected areas of relevance in the Atlantic region as in Servain et al. [1982].

gion (GW) 5°N-5°S, 10°W-5°W, Northeastern region (NE), and Southeastern region (SE)
as was done in Servain et al. [1982]. We let A7, be the wind stress anomaly in the zonal
direction, A7, the wind stress in the meridional direction, and ASST the sea surface tem-
perature anomaly. In Figure 12, we observe that the zonal wind stress anomaly in the
Brazilian region (BR) correlates well with the SST anomaly in the Guinea West (GW)
region (Figure 11). However, the correlation of the zonal wind stress and SST anomaly

in the GW region is poor (Figure 13). This indicates that the local zonal winds have lit-
tle or no effect on the low SST in the Gulf of Guinea. This suggests that upwelling in

the Gulf of Guinea is not likely connected in any obvious way to the local winds, as in-

dicated by Bakun [1978] and Servain et al. [1982].

Observational wind products and sea surface temperature (SST) data were obtained
from ECMWF ERA5. The nonseasonal variations of SST and wind stress from zonal (A7)
and meridional (A7,) components were computed by subtracting the monthly mean val-
ues from the actual data. These monthly means were obtained by calculating monthly

climatology from 1981 to 2016 to produce a 36-year time series. Similarly, for ECCO,
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the SST monthly averages were obtained by calculating monthly climatologies from 1993

to 2016 to produce a 24-year time series.
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Figure 14: Lag correlation between 7, and SST from satellite observations for the differ-

ent regions (see legend).

The lag correlations from observations for the selected regions are displayed in Fig-
ure 14 and look similar to the lag correlation obtained by Servain et al. [1982], who used
60-year time series from 1911 to 1972. The fact that the highest correlation occurs be-
tween AT, from the Brazilian region and SST from the Gulf of Guinea region (GW) sug-
gests the plausibility that the SST signals during upwelling are influenced by a remote
source around the Brazilian region. A similar lag correlation analysis using data from
ECCO is shown in Figure 15, and looks very much like those obtained from the satel-
lite observations. By comparing Figures 14 and 15, and the results of Servain et al. [1982],
we see that increasing the duration of the time series provides a better representation

of lag correlations.

8 Conclusions

In this research, we analyzed upwelling events from time series of about 20 to 36

years in the Gulf of Guinea using satellite altimeter data and ECCO model output. Our
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analysis helps to zero in on the causes of upwelling in the Gulf of Guinea. Early histor-
ical discussions of the possible causes of upwelling events in the eastern Atlantic region
and the Gulf of Guinea used limited observational data and simple numerical model out-
puts to analyze and study upwelling events (e.g., Moore et al. [1978], O’Brien [1978], Ser-
vain et al. [1982], Picaut [1983], and Adamec et al. [1978]). Adamec et al. [1978] had is-
sues with the irregular geometry of the equatorial Atlantic basin, which approximately
extends 5000 km zonally, and 1500 km on either side of the equator, leading to some er-
rors in the numerical model. Such errors are minimized in the ECCO model, making the

model more realistic than previous models.

Moore et al. [1978], O’Brien [1978], Adamec et al. [1978] and Picaut [1983] suggested
that upwelling events in the Gulf of Guinea are not associated with local winds. This
is because upwelling in the Gulf of Guinea is different from the classical (theoretical) case
of wind and Ekman transport. They hypothesized that upwelling in the Gulf of Guinea
results from Kelvin waves propagating eastward from the Brazillian coast along the equa-
tor. The equatorially trapped Kelvin waves reach the eastern coast of Africa and then

propagate along the coastal boundary of West Africa as coastally trapped Kelvin waves.



This research uses SSH (SLA), SST, and wind data from the satellite (observations) and
ECCO (model) data. One of the research questions was to determine how well Kelvin
waves in the Gulf of Guinea region are predicted from the output of the ECCO model.
We found that there were some years where the satellite observational results correlated
well with model data for the extracted Kelvin waves. This research also helps to pro-
vide some documentation of the signatures of Kelvin waves in satellite observations and

ECCO output in the Gulf of Guinea region.

Servain et al. [1982] discussed the relationship between the wind stress from the
Brazilian region and SST anomalies from the Gulf of Guinea region. Their results in-
dicated that the upwelling is due to events closer to the Brazilian coast. In this research,
a similar analysis was done using relatively recent data from 1981 to 2016 to obtain a
36-year time series for the wind stress anomaly in the Brazilian region and the SST anomaly
from the Guinea-west region. We also use output from a state-of-the-art global ocean
model to study this phenomenon, in contrast to Servain et al. [1982] who used only satel-
lite data. The lag correlation is similar to the lag correlation obtained in Servain et al.
[1982] which used 60-year time series. ECCO data from 1993 to 2016 produced a 24-year
time series. We find that the lag correlations from ECCO are also similar to those from
observations, with the highest correlations occurring between the zonal wind stress from
the Brazilian region and the SST signals from the Gulf of Guinea region. This provides

some hope that ECCO could be used to make predictions of upwelling in the Gulf of Guinea.

Further work is still needed in the future to properly link the equatorial Kelvin waves
that reach the eastern part of Equatorial Guinea and propagate west to the Gulf of Guinea
to cause upwelling. Once the connection between the equatorial Kelvin waves and up-
welling events in the Gulf of Guinea has been bridged, the results could be used to pre-
dict upwelling events on the West African coast. This will help measure, if possible, the
strength of upwelling events over time and will help fully understand the causes of the

minor and major upwelling seasons in the region.

Other studies suggests some contribution of local winds to the Gulf of Guinea up-
welling. Another future endeavour would be to determine the fraction of upwelling caused

by these local winds versus those attributed to remote forcing by Kelvin waves.
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