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Abstract
The intraseasonal variability (ISV) of the stratiform cloud cover over Western
Equatorial Africa (WEA) is analysed during the dry season (June–September,
JJAS 1971–2019). Each JJAS daily sequence of a regional-scale index of the
stratiform cloud cover could be assimilated as a red-noise process, without
any significant recurrent periodicities. At local scale, cloudier conditions than
usual are preceded by and synchronised with sustained easterly wind and warm
anomalies near the top (850 hPa) and above the stratiform cloud deck, indicating
higher stability. Anomalous easterlies or northeasterlies bring also anomalously
moist air from either the Congo Basin or the West-African rainbelt region to
WEA. At low levels (<850 hPa), there is a clear switch between antecedent warm
easterlies and synchronous cool and dry westerlies from the cold-tongue area
over the equatorial Atlantic. This switch may reflect a negative feedback loop,
operating on a short time-scale (i.e., ∼3–5 days) and involving low-level ther-
mal and geopotential gradients, zonal winds between the cold-tongue area and
the Congo Basin, as well as the deep convection over the latter region. Kelvin
waves appear to be a possible trigger of this loop, which could be sustained
internally. Another main process operates at longer time-scales (i.e.,∼6–10 days)
and involves a near-standing Rossby wave over the South Atlantic and adja-
cent southern Africa. A ridge over the central South Atlantic and downstream
trough over southern Africa lead to an overall strengthening of the St. Helena
high, and increased thermal and geopotential gradients between the southeast
South Atlantic and southern Africa. The ridge–trough couple is also related to
an anomalous warming over equatorial Africa in the middle troposphere asso-
ciated with increased lower-tropospheric stability over WEA a few days later.
All these mechanisms contribute to the knowledge regarding the intraseasonal
atmospheric variations over equatorial Africa during boreal summer.
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1 INTRODUCTION

Western Equatorial Africa (WEA) exhibits an almost
unique seasonal character across the whole tropical zone,
namely a long June–September (JJAS) almost absolute dry
season combined with a compact stratiform cloud cover
(Dommo et al., 2018; Philippon et al., 2016, 2019) limiting
both direct solar radiation and evapotranspiration, thus
leading to very specific climatological conditions. This
combination of dry conditions and overcast skies, rather
common over the oceanic eastern edges of subtropical
anticyclones (Eastman et al., 2011; Wood, 2012) is here
not strictly restricted to a narrow coastal plain, as usually
observed along the tropical and subtropical cold ocean
currents, but penetrates more than 500 km inland and
thus covers the coastal plains, as well as the low moun-
tain ranges in the coastal hinterland and inland plateaus
(i.e., Mts de Cristal, Massif de Chaillu, Batéké Plateaus)
(Champagne et al., 2023; Dommo et al., 2018; Magnan
et al., 2024) of the southwestern Republic of Congo (RC),
most of Gabon and southern Cameroon. The most per-
sistent and thick low-level cloud cover is observed on the
windward, i.e., western, side of the low mountain ranges
of WEA, while it disappears rather fast on their leeward
slopes, roughly east of 14◦ E toward the Congo basin
(Champagne et al., 2023).

The seasonality of the stratiform cloud cover
(Champagne et al., 2023; Dommo et al., 2018) is strongly
phase-locked to the development of the equatorial
upwelling over the Atlantic cold-tongue area mostly
between 5◦ S and the equator, and to the regional-scale
atmospheric system related to the boreal summer
West-African monsoon, including the northward migra-
tion of the Intertropical Convergence Zone (ITCZ),
subsidence over the equatorial upwelling and increased
southerly low-level flow over most of the southern and
equatorial Atlantic (Gu & Adler, 2004; Janicot et al., 2011).
Note that, even though being a relative dry season (Hart
et al., 2019; Washington et al., 2013), the JJAS period, over
the Congo Basin is related to outbreaks of deep convec-
tion and significant rainfall roughly east of 15–20◦ E (Hart
et al., 2019; Washington et al., 2013).

The stratiform cloud deck is also strongly modulated
at the diurnal scale with low-level cloud fraction peaking
between late night and morning and decreasing during
the afternoon and early nights (Champagne et al., 2023;
Dommo et al., 2018, 2022; Magnan et al., 2024). Moron
et al. (2023) show that the afternoon decrease of the
low-cloud fraction (LCF) is frequently combined with a
transition from stratiform clouds to more or less frag-
mented cumulus genus. Dommo et al. (2022) associate the
diurnal changes in ERA5 low clouds over WEA to a com-
plex mixture of processes, with their formation in early

night mostly due to the combination of radiative cooling
with horizontal advection of moisture and convergence
in the boundary layer when the low-level westerlies are
the fastest. They also related fast low-level westerlies with
turbulent upward mixing motion below and in the cloud
deck. The partial or complete lysis of the stratiform cloud
deck from noon is mostly due to increased heat fluxes from
the surface and deepening of the boundary layer, decreas-
ing the relative humidity in the boundary layer (Dommo
et al., 2022; Lohou et al., 2020).

The interannual variations of the stratiform cloud
cover over WEA mostly involve the equatorial Atlantic sea
surface temperatures (SST), but also the El Niño–Southern
Oscillation (ENSO) phenomenon (Moron et al., 2023).
The SST variations in the eastern equatorial and SE
Atlantic play a dominant role. Anomalously cold SE
Atlantic SST enhance the low-level thermal and geopoten-
tial zonal gradients with the Congo Basin, and promote
anomalous advection of cool air, increasing the in-situ
lower-tropospheric stability (LTS). Anomalously cold SST
anomalies over the equatorial Atlantic are also related to
a shallow meridional overturning, combining anomalous
ascent around 5–7◦ N and anomalous subsidence over the
equatorial Atlantic and nearby WEA (Moron et al., 2023).
Remote warm ENSO events also impact the stratiform
cloud cover at interannual time-scales, due to sustained
warm and easterly anomalies in the middle troposphere,
increasing LTS from above.

The main objective of this study is to analyse the
intraseasonal variations (ISV) of the stratiform cloud cover
over WEA. We used the same database of 26 synoptic sta-
tions created in Champagne et al. (2023) mostly from the
Extended Edited Synoptic Cloud Report Archive (EECRA)
database (Eastman et al., 2011; Hahn et al., 2003) and
already used in Moron et al. (2023). The observed LCF
from the stations is combined with ERA5 LCF to produce
a single index depicting the LCF intraseasonal variation
over the cloudiest area of WEA. Section 2 describes the
data used in this study. Section 3 details the analysis of the
ISV, including an exploratory analysis of the role of the
coupled convective equatorial waves. Section 4 discusses
the main findings while Section 5 concludes the paper.

2 DATA AND METHODS

2.1 LCF and other oceano-atmospheric
data

Analyses are restricted to the main cloudy season, i.e.,
June–September (Dommo et al., 2018; Magnan et al., 2024;
Moron et al., 2023; Philippon et al., 2016) and the
1971–2019 period (i.e., 49 JJAS seasons). Regarding the
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F I G U R E 1 (a) Location
map with the 26 stations as
yellow squares superimposed
on the topography in meters
above sea level. Correlations
between WEAisv and (b)
observed LCF, (c) ERA5 LCF at
the same location as stations
with the same missing entries,
(d) ERA5 LCF at the same
location as stations without
missing entries, (e) gridded
ERA5 LCF (shadings) and
observed LCF (dots). All
correlations are computed for
the period JJAS 1971–2019. The
red circles (and shadings on
panel e) indicate significant
correlations at the two-sided
95% level according to a
random-phase test. EV is the
percentage of explained
variance (spatial average of
squared correlations) across the
15 stations chosen to compute
WEAisv (in the area bounded by
a black dashed line on panel a).

observed LCF, we used the same dataset of 26 synop-
tic stations, updating the EECRA from Ships and Land
Stations Over the Globe database (Hahn et al., 2003),
as in Champagne et al. (2023) and Moron et al. (2023)
(Figure 1a). The atmospheric variables (temperature [T],
zonal [u] and meridional [v] components of the wind,

geopotential height [z], vertical velocity [w], and spe-
cific humidity [q]) and SST are all extracted from ERA5
(Hersbach et al., 2020) at the native spatial resolution
(0.25◦) and three-hourly time-scale (from 0000 UTC)
to match the temporal resolution of the observed LCF
(Aellig et al., 2022). We focus on the 1000, 925, 850 and
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700 hPa levels, the third level being close to the usual
top of the stratiform cloud deck over WEA (Champagne
et al., 2023; Dommo et al., 2018), but also explore the
geopotential height at 300 hPa to analyse the possible role
of extratropical Rossby waves.

2.2 Extraction of intraseasonal
variability

All data are processed in exactly the same way to extract
the intraseasonal variability. First, for each variable, the
daily climatology has been computed and removed to get
deseasonalised anomalies still including the interannual
variability. Then, the yearly JJAS mean has been com-
puted from the deseasonalised anomalies and removed
to get the ISV only. As a consequence, the intraseasonal
variability (ISV) defined here contains all variations
beyond two days, thus including synoptic-scale variabil-
ity and the Madden–Julian oscillation (i.e., 20–60 days).
For LCF data which are at a three-hourly resolution, a
three-hourly climatological mean is first computed and
all three-hourly values are expressed as anomalies. Then,
these three-hourly LCF anomalies are averaged at daily
time-scale to get daily anomalies.

2.3 Definition of the intraseasonal
variations of the low-cloud cover

The index used for studying WEA LCF intraseasonal vari-
ability is constructed by blending observed and ERA5
data. The aim is to tackle the uncertainties due to the lim-
ited available entries, such as the low number of available
stations which are also unevenly distributed (Figure 1),
and the possible bias related to the uneven sampling
of the diurnal cycle (Champagne et al., 2023; Dommo
et al., 2018). As explained in Moron et al. (2023), the ERA5
LCF is prefiltered using the convective rainfall to filter out
the bases of cumulonimbus. This method improves the
matching between observed and ERA5 LCF data.

The amount of missing data in the three-hourly LCF
data at the 26 stations is huge (55%), especially during the
night (69%–71% of missing entries between 2100 UTC and
0300 UTC vs 40% of missing entries at 1200 UTC; Aellig
et al., 2022). The uncertainties related to the space–time
sampling, combined with the intrinsic difficulty to observe
low-cloud cover and its space–time variations, introduce
random noise in the data. This is especially true at a daily
time-scale, since a monthly or a seasonal average, or by
definition any climatological mean, tends to partially can-
cel out inconsistent variations across time. Having also
more three-hourly data at daytime than at nighttime may

potentially distort the daily average as the diurnal cycle is
large: mean LCF peaks between 0300 UTC and 0900 UTC
and is minimum at 1500 UTC (Champagne et al., 2023;
Dommo et al., 2018, 2022; Magnan et al., 2024; Moron
et al., 2023).

A first challenge is thus to extract a robust intrasea-
sonal LCF signal. The accuracy of ERA5 LCF at seasonal
and interannual time-scales (Moron et al., 2023) offers the
opportunity to evaluate the impact of some uncertainties.
We consider two strategies to compute a robust index: (a)
the weighted spatial average of the cloudiest area defined
as the 15 stations with a mean JJAS daily LCF of at least
4 octas (roughly between 2◦ N and 6◦ S and west of 14◦ E,
Figure 1). It is referred to as a standardised anomaly index
(SAI – Katz & Glantz, 1986) as the weights are proportional
to the average cross-correlations between one station and
the others. The variance of the SAI is also adjusted for the
variable number of available stations to not bias its vari-
ance (Osborn et al. 1997); (b) the first Empirical Orthgonal
Function (EOF) mode of all stations obtained by apply-
ing a probabilistic algorithm (Verbeek et al., 2002) able to
handle sparse matrices with a large number of missing
entries.

These two strategies were applied to four different sam-
ples: (1) the observed LCF; (2) the ERA5 LCF co-located
with the 26 stations and with the same three-hourly miss-
ing values as observations; (3) the ERA5 LCF co-located
with the 26 stations without missing entries; (4) the ERA5
LCF grid points approximately bounded by the extreme
latitudes and longitudes of the observed network. By com-
paring (1) with (2–4), we can estimate the overall accuracy
of ERA5 at the intraseasonal time-scale; the comparison
between (2) and (3) gives an approximation of the impact
of missing entries in time; the comparison between (3) and
(4) gives an approximation of the impact of horizontal sam-
pling. The solutions (1) and (4) seem the furthest apart in
terms of sampling.

Computing either an SAI or the leading EOF over all
the stations/grid points leads to similar variations with
correlations of 0.77–0.83 between the two corresponding
time series. Note that correlations are always higher than
0.9 when the index (SAI or leading EOF) is restricted to
the core cloudiest area (i.e., the 15 cloudiest stations/grid
points bounded by the black dashed line in Figure 1a).
All correlations are significant at the two-sided 95% level
according to a random-phase test (Janicot et al., 1996).

Finally, a hybrid SAI (referred to as WEAisv here-
after) is computed using the observed LCF data at the
15 cloudiest stations concatenated column-wise with the
complete ERA5 LCF data at the co-located grid points,
so that a total of 30 variables are used (Figure 1a). Note
that this index is nearly insensitive to several method-
ological choices. For instance, WEAisv is correlated at 0.83
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with the SAI using the observed LCF at the 15 stations
only (solution 1), 0.87 with the SAI using the complete
ERA5 LCF data on the 15 co-located grid points with
observed stations (solution 3) and 0.80 with the SAI
using the complete gridded ERA5 LCF data bounded
by the black dashed line in Figure 1a. Moreover, using
a filtered annual cycle by a fifth-order recursive Butter-
worth filter with a cut-off at 1/60 cycle-per-day to estimate
the intraseasonal anomalies, leads to a nearly identical
WEAisv (correlation= 0.9882 with our initial index on the
5978 available days).

Figure 1b–e shows the correlations between WEAisv
and the four different networks. The spatially-consistent
pattern covers, as expected, the core of the cloudiest area
over most of Gabon and SW of the Republic of Congo
(RC) especially windward and over the first hills from
the Atlantic coast (Figure 1 of Champagne et al., 2023).
The amount of explained variance, given by the spatial
average of the squared correlations with WEAisv, is mod-
erate: 18%–28% over the core cloudy area. However this
is consistent with the large amount of spatial variance
revealed by satellites (Champagne et al., 2023) and again,
the uncertainties in the LCF database. WEAisv is used as
the reference time series for the analysis of the intrasea-
sonal variability of the WEA stratiform cloud cover in the
following analyses.

The fraction of variance of WEAisv due to the 62 fre-
quencies (i.e., including the periods from two days to
infinity) has been extracted using a fast Fourier trans-
form processed on each of the 49 JJAS seasons. There are
no clear, precise and recurrent periodicities across the
seasons (not shown). Figure S1a shows the fraction of
variance conveyed by four non-overlapping bandwidths.
The largest fraction of variance is usually conveyed by the
shortest time-scale of less than seven days (mean= 43.5%,
sd= 11.5%) while the second-largest one is usually due to
the longest time-scale longer than 21 days (mean= 25.8%,
sd= 11.2%). The medium time-scales explain respec-
tively 20.5% (7–14 days, sd= 6.1%) and 10.2% (14–21 days,
sd= 5.5%) of the total variance. These fractions do not
significantly differ from what is expected for random time
series having the same variance and one-order autocorre-
lation as each JJAS WEAisv time series. The mean relative
fractions of total variance across 1000 simulations of 49
red-noise time series of 122 observations equal 44%, 23%,
11%, and 22% respectively for less than seven days, 7–14,
14–21 and more than 21 days bandwidths. The observed
fraction is higher than the one expected by chance (at the
one-sided 95% level) only in 1980 for less than seven days,
in 2008 for 14–21 days and in 1993 and 2003 for more than
21 days (Figure S1a). Considering other bandwidths, such
as periods shorter than four or five days, does not change
these conclusions (not shown). The variations of WEAisv

in JJAS 1980 and 1993 are shown in Figure S1b,c and
illustrate the aperiodicity of the LCF ISV.

As WEAisv does exhibit an aperiodic behaviour, we
do not restrict our initial analyses to specific ISV band-
widths and prefer to use unfiltered ISV to compute con-
current, then lead–lag correlations (from day −10 to day
+3 vs WEAisv) with atmospheric fields. To complete this
point of view, we also performed the same lead–lag cor-
relations using low pass 10 days or longer and high pass
less than 10 days filtered intraseasonal anomalies. We also
explored lagged composite analyses targeted to the occur-
rence of WEAisv above or below a given threshold at day
0. In these lagged composites (not shown) anomalies are
usually symmetrical (negative vs positive), though their
absolute amplitude could vary. This justifies the use of a
linear approach based on correlations and a linear step-
wise regression. The lead–lag correlations are tested for
significance using a random-phase test (Ebisuzaki, 1997;
Janicot et al., 1996) able to consider the number of degrees
of freedom and in particular its loss due to filtering. The
first analysis (Figure 3) focuses on time–altitude varia-
tions of ERA5 atmospheric parameters over WEA only
at a three-hourly time-scale. Then, the following analyses
(Figures 4–9) are extended to a regional window includ-
ing tropical Africa south of 15◦ N, as well as most of the
southern Atlantic, and consider a daily time-scale.

2.4 Extraction of tropical wave phase
and amplitude for WEA

Tropical waves (e.g., Kiladis et al., 2009) are known to
modulate JJAS rainfall in the rainy zone located around
12–16◦ N (e.g., Schlueter et al., 2019a). Tropical waves in
their wet phases foster rainfall in that region by causing
low-level convergence and moistening, or by enhancing
shear in the lower troposphere (Schlueter et al., 2019b). As
Kelvin waves, for example, are symmetric about the equa-
tor, it is tempting to assume that low-level convergence
in their wet phase can also enhance low-level cloudiness
in WEA, yet not trigger deep convection due to high ver-
tical stability. Following the methods described in van
der Linden et al. (2016) and Schlueter et al. (2019a), the
local phase and amplitude of the Madden–Julian Oscil-
lation (MJO), Kelvin waves (KW), Equatorial Rossby
waves (ER), Tropical Disturbances (TD), Mixed Gravity
Rossby (MRG) Waves, and Eastward Inertio-Gravity waves
(EIG) for the period 1979–2019 have been determined.
Daily National Oceanic and Atmospheric Administra-
tion (NOAA) Outgoing Long-Wave Radiation (OLR) data
(Liebmann & Smith, 1996) at 2.5◦ × 2.5◦ lon–lat reso-
lution have been frequency-wave-number-filtered (see
Schlueter et al., 2019a) over the 5◦ N–5◦ S equatorial

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4974 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [25/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 24 MORON et al.

belt. As explained in van der Linden et al. (2016), local
time-derivative and total OLR are then represented in a
phase diagram from which normalised amplitudes of the
waves can be inferred. The longitude used in the present
study was 12.5◦ E, centred over the WEA region.

2.5 A linear stepwise regression model
to forecast WEAisv

A statistical model is built in section 4 to synthesise the
lagged (from 10 days before WEAisv) and synchronous
(lag 0) relationships between WEAisv and a set of 124
atmospheric (= 6 sectors× 4 atmospheric levels between
1000 and 700 hPa× 5 atmospheric variables – T, u, v, w
and q + 4 other atmospheric indices, see Fig. 11a) and
three SST indices (see Figure 11 below and Section 4).
A leave-one-out crossvalidated linear regression model is
used (i.e., a full JJAS season is withheld at each turn). The
atmospheric and SST indices and WEAisv are standardised
at each iteration and the selection of the predictors is made
using a 95% significance level with a maximum of 3–10
predictors included in the model. Note that for lags longer
than 4–5 days, less predictors can be allowed to enter the
model at the 95% significance level. The crossvalidated
skill is estimated as the correlation between observed and
retrospective hindcast WEAisv on the verification periods
only, after having standardised the predictors and WEAisv
using the standard deviations of the training periods.

The three SST indices (defined in Fig. 11b) are never
selected in the stepwise models, while the selected atmo-
spheric indices may change according to the training peri-
ods. Nevertheless, such changes seldom occur for the mod-
els that use less than six predictors. Including more predic-
tors does not really inflate the skill, but largely decreases
the stability of the predictors selected. These linear step-
wise models are discussed in Section 4, especially the one
with five predictors, which helps us to decipher the differ-
ent mechanisms involved in the intraseasonal variability
of the low-cloud cover over WEA. Lastly, we performed
the same crossvalidated stepwise models on low-pass and
high-pass ISV variations.

3 RESULTS

3.1 Effect of intraseasonal variations
on unfiltered LCF

As many preprocessing steps are used to extract ISV of
the stratiform cloud cover, and also because ISV repre-
sents, at best, a moderate fraction of the whole variance,

it is relevant to check the effect of intraseasonal varia-
tions seen through WEAisv onto unfiltered stratiform cloud
cover. To do this, we considered the five quintiles (q1–q5
from the lowest to the highest low-cloud cover) of WEAisv
and examined the associated modulations in daily ERA5
LCF, in the three-hourly unfiltered observed LCF (spa-
tially averaged over the cloudiest sector, i.e., black dashed
line in Figure 1a), and in the occurrence of the canon-
ical three diurnal types defined in Moron et al. (2023),
respectively representing overcast conditions all day long,
afternoon clearings and clear days. As expected from the
definition of WEAisv, the largest signal is observed over
the cloudiest sector, that is the coastal plain, windward
slopes of the modest mountains (Massif du Chaillu, Mont
Cristal, Plateaus Batéké, Figure 1a) as well as the hills
and plateaus themselves (Figure 2a), while the differ-
ences amongst the quintiles are negligible further east
toward the Congo Basin. The rather frequent afternoon
clearings, or even clear days, over Gabon and SW RC in
q1 of WEAisv (Figure 2a,f) are also associated with less
cloudy conditions off the coast and over the eastern equa-
torial Atlantic (Figure 2k). On the contrary, q5 of WEAisv
shows 75% or more of overcast days (Figure 2e), a+2
oktas anomaly peaking in the afternoon (Figure 2j) over
the cloudiest sector and anomalously cloudy conditions
off the coast (Figure 2o). These opposing anomalies are
also observed for q2 (Figure 2b,g,l) and q4 (Figure 2d,i,n),
but with an expected weaker amplitude. Logically, q3
(Figure 2c,h,m) corresponds to the climatological JJAS
conditions. So, as observed at the interannual time-scales
(Moron et al., 2023), the main ISV signal could be sum-
marised mostly through the level of afternoon clearing
over the cloudiest area of Gabon and SW RC.

3.2 Vertical structure of atmospheric
anomalies related to WEAisv at local scale

We first explore the synchronous and lead/lagged (at the
three-hour resolution) linear correlations between WEAisv
and the vertical thermodynamic structure of the atmo-
sphere between 1000 and 200 hPa over Gabon (spatial
average over 3◦ S–2◦ N, 10–14◦ E, Figure 3).

We interpret the correlations in Figures 3–9 from the
atmospheric anomalies related to cloudier conditions than
usual (i.e., a positive anomaly of WEAisv). Indeed clearer
conditions than usual are, by definition, related to opposite
anomalies in T, q, u, v and w. Anomalously cloudy condi-
tions at day 0 (D0 in Figure 3) are preceded by (i) warm
anomalies from the surface to 450 hPa, peaking in the mid-
dle troposphere around 700 hPa (i.e., the free atmosphere
above the cloud deck) around mid day −1; (ii) generalised
low and middle tropospheric anomalous easterlies (mostly
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MORON et al. 7 of 24

F I G U R E 2 (a–e) Relative frequency of the three diurnal types (DTs) of LCF defined in Moron et al. (2023), depicting clear (yellow),
clear afternoon (red) and overcast (black) days when WEAisv is in its first (q1), second (q2), third (q3), fourth (q4) and fifth (q5) quintile. The
black line in panel (a) contours the cloudiest sector. (f–j) Spatial average of raw three-hourly low-cloud fraction (LCF, in oktas) over the
cloudiest sector (cf. Figure 2a) (black lines) and outside this area (blue lines) for q1–q5 of WEAisv. The bold lines with circles represent the
spatial averages for each quintile and the thin lines represent the climatological spatial averages. (k–o) Mean daily ERA5 LCF (in oktas)
prefiltered using convective rainfall (see text) for q1–q5 of WEAisv.

NE above 900 hPa and SE below 950 hPa, Figure 3); and
(iii) anomalously moist air below 700 hPa, with a peak
amplitude between 900 and 800 hPa (Figure 3), the usual
top of the stratiform cloud deck (Champagne et al., 2023;
Dommo et al., 2018). There is also an anomalous ascent
between 900 and 800 hPa, while anomalous subsidence is
seen above 800 hPa (Figure 3).

From late day −1 and early day 0, the low-level winds
below the cloud deck veer clearly to anomalous SW (below
900 hPa) and NW (above 900 hPa), while the tempera-
ture anomalies switch to negative values, just after the
low-level winds veer to westerlies (Figure 3). These cold
anomalies from early day 0 are strongest during day-
time, with a decreasing amplitude to day +2, while warm
anomalies below 950 hPa and during late nights are still
observed on day +1 and day +2 (Figure 3). These vary-
ing thermal anomalies across the diurnal cycle may be
part of a local radiative response (stronger during the
afternoon, Figure 3) to the increased stratiform cloud
deck: a late-night anomalous warming, partly related
to an increased greenhouse effect, and an anomalous
cooling during most of the day, mostly driven by the
reduced incoming solar radiation. This modulation of the

diurnal cycle is superimposed on the cold anomalies below
800 hPa from day 0, linked to an intensified advection
of cool Atlantic air by anomalous westerlies in low lev-
els (Figure 3). A strong ascent is also seen just below
the cloud deck during day 0 at night and morning, i.e.,
when the usual SW winds are the strongest (Dommo
et al., 2022). The addition of westerly anomalies onto
the SW basic flow denotes increased wind speed. This
may enhance turbulence below and in the cloud deck
(Champagne et al., 2023; Dommo et al., 2018), thus favour-
ing the in-situ condensation of water vapour (Dommo
et al., 2022), especially when it is combined with cold
anomalies and antecedent anomalously moist conditions
(as seen in Figure 3). Anomalous low-level ascent reverses
to anomalous subsidence from the night between day
0 and day +1, with a decreasing amplitude (Figure 3),
while a weak anomalous ascent is still observed during the
anomalously warm late nights below 925 hPa (Figure 3).
Again, these changes may be part of a local thermody-
namic response to the low-level thermal anomalies due to
the increased stratiform cloud deck.

In the middle troposphere, above the stratiform cloud
deck, the T, q and wind anomalies just decrease in
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8 of 24 MORON et al.

F I G U R E 3 Lead–lag correlations (from day 5 to day +2 vs WEAisv) between WEAisv and three-hourly ERA5 T, q, u, v and w spatially
averaged over Gabon (3◦ S–2◦ N, 10–14◦ E). Shadings are for temperature. Arrows are for zonal and vertical winds. Letters are for meridional
winds distinguishing only between negative (N) and positive (S) correlations. For clarity, wind information is shown at the six-hourly
timescale. Full (dashed) black lines are for positive (negative) correlations of absolute humidity. Only significant correlations at the two-sided
95% level are shown.

amplitude, without any clear change in sign or direction
on day 0, as observed below 800 hPa (Figure 3). Wind
anomalies are the first to decrease, before the T and q ones.
Lastly, note that warm anomalies are also observed above
300 hPa around day 0 (Figure 3).

3.3 Atmospheric anomalies related
to WEAisv at continental scale

Figures 4–6 show the lagged (from day −10 to day +3) cor-
relations between WEAisv and T, q, u, v at 925 (Figure 4)
and 700 hPa (Figure 5), and the geopotential height at
300 hPa (Figure 6). The lagged correlations have also been
computed at 1000 (Figure S2) and 850 hPa (Figure S3) and
the patterns are similar to those seen at 925 hPa (Figure 4),
especially for the T and wind anomalies.

At 925 and 700 hPa, a first weak signal emerges at day
−10 (Figures 4a and 5a) as an anomalous anticyclonic
centre (referred to as ‘H1’ in Figure 4a–l) located over
the central subtropical southern Atlantic. An anomalous
cyclonic pattern (referred to as ‘L1’ in Figure 4c–h) shortly
follows over southern Africa from day−8 (Figure 4c) to day
3 (Figure 4h). This pattern at 700 hPa (Figure 5) is located
slightly west (by 5–15◦) of the one at 925 hPa (Figure 4e).
An anomalous anticyclonic curvature is also visible over
the eastern coast of South Africa from day −7 (Figure 4d),

and reinforces itself the following days. This suggests a
slow or even a near-standing Rossby wave associating, for
cloudier conditions over WEA, a reinforced St. Helena
high and a trough centred over southern Africa, causing
anomalous southerlies over the SE Atlantic, thus advecting
anomalously cool air, and anomalous easterlies over the
equatorial cold tongue (Figure 4e–j). The anomalous low
pressure system ‘L1’, initially located over the SW and then
over the central Republic of South Africa, is associated
with anomalous northerly winds advecting anomalously
warm air from the southern Congo Basin to tropical south-
ern Africa from day −7 (Figure 4d–g). Overall, the H1–L1
dipolar pattern peaks from day −6 to day −3 (Figure 4e–h),
then progressively decays. The 925-hPa zonal dipolar
thermal pattern between southern Atlantic and southern
Africa, visible from day −6 (Figure 4e–j), may indeed be
intensified by the positive feedback from the static adjust-
ment of pressure to the surface temperature anomaly. The
signal in moisture at 925 hPa over the southern Atlantic
is positive (i.e., cloudier conditions are associated with
moister air), but relatively weak, since the increased wind
speed over the ocean (increasing evaporation) may be
partly offset by negative temperature anomalies due to
advection (decreasing evaporation). The anomalous west-
erlies seen over western South Africa (Figure 4d–g) should
also inhibit ‘Berg’ winds which advect dry warm air from
the Namib and Kalahari deserts, adiabatically warmed
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MORON et al. 9 of 24

F I G U R E 4 Lagged correlations between WEAisv and daily T, u, v and q at 925 hPa from 10 days before to three days after the low-cloud
variations over Western Equatorial Africa. The shadings show the correlations for temperature; vectors show the correlations for the wind
with the scale for a value of 0.3 displayed in the upper right corner, and contours show those for the specific humidity. The shades and arrows
are displayed only when the correlations (at least zonal or meridional component for the wind) are significant at the two-sided 99% level
according to a random-phase test and contours are displayed every 0.1 value starting at 0.1 (blue) and−0.1 (red). For display purposes, the
wind arrows are shown every 2◦ and specific humidity is linearly interpolated onto a 1◦ grid. ‘H1’, ‘H2’ and ‘L1’ are anomalous centres of
action discussed in the text.

when flowing down the Great Escarpment towards the SE
Atlantic. The low-level wind signal over tropical south-
ern Africa almost disappears from day −3 (Figure 4h),
while it is still visible over the southern Atlantic until
day −1 at least (Figure 4j), reinforcing the hypothesis of a
positive air–sea feedback near the surface able to sustain
the low-level in-situ atmospheric anomalies (i.e., faster
SE winds cool surface temperature, increasing the zonal
geopotential and thermal gradients with the continent).
However, the temporal association between these features
does not necessarily establish that they are physically
connected. This will be analysed in the next subsection.

With regards to signals north of and at the equa-
tor, a strong feature appears mostly from day −3 (‘H2’
in Figure 4h–k). Anomalous E–NE wind associated with

warm anomalies are related to a westward moving anti-
cyclonic pattern located East of Lake Chad. The E–NE
anomaly intensifies on day −2 and day −1 while mois-
ture over WEA tends to increase. It is not fully clear
whether the wind anomaly is only related to the ‘H2’
pattern which is located over central Sahel on day −1
and vanishes thereafter (Figure 4j–n). The warm anoma-
lies spreading from the Congo Basin to eastern Sahel
from day −3 (Figure 4h) have also a larger spatial scale
than the anomalous anticyclonic centre ‘H2’. They coin-
cide with more intense warm and easterly anomalies over
WEA at 700 hPa (Figure 5h). Note that warm anoma-
lies already exist on day −4 at 700 hPa over the equato-
rial Atlantic and WEA, still in association with anoma-
lous easterlies (Figure 5f,g). In summary, the rather
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10 of 24 MORON et al.

F I G U R E 5 Same as Figure 4 except for 700 hPa T, u, v and q.

strong E–NE anomalies to the east of WEA, mostly
from day −3 at 925 hPa and 700 hPa, advect anoma-
lously warm and moist air over WEA, as already observed
in Figure 3.

The low-level wind anomalies over WEA and the adja-
cent equatorial cold tongue clearly change from day −2
(Figure 4i) to day 0 (Figure 4k) while those observed at
700 hPa are near-constant (Figure 5i–k): on day 2, anoma-
lous easterlies are recorded over the whole equatorial
zone, decreasing to near zero just off the WEA coast on
day −1 (Figure 4j), and switching to anomalous west-
erlies on day 0 (Figure 4k). Transient significant cold
anomalies are then observed at 925 hPa (Figure 4k,l) and
1000 hPa (Figure S2k,l) and with a larger amplitude at
850 hPa (Figure S3k,l) over the cloudiest area of WEA,
that is, windward of and over the mountains. This could
be related either to advection of cold Atlantic air or to
cloudier conditions reducing the incoming solar radia-
tion during the day (but increasing the greenhouse effect
during the night, Figure 3).

The signal observed first over the southern Atlantic,
and shortly after over southern Africa, suggests a slow
or even near-standing Rossby wave. This hypothesis is
further explored by considering the correlations between
WEAisv and z at 300 hPa over a larger spatial window
extending westward to South America (Figure 6). A clear
dipolar pattern is indeed observed over the southern sub-
tropics combining a positive pole around 30◦ W and a
negative pole around 0◦ from day 9 (Figure 6b). The cor-
relations peak in amplitude between day −6 and day −4
(Figure 6e–g). Note also the emergence of a positive cor-
relation near the equator mostly from day −6 (Figure 6e).
Two separate lobes of significant positive correlations, one
off the Brazilian Nordeste and the other over equatorial
eastern Africa (Figure 6e–g) merge at day −3 (Figure 6h).
The positive correlations near the equator then strengthen
till day −1 (Figures 3 and 6j), while the E–W dipolar
pattern over the southern Atlantic has almost vanished.

Analysing the correlations on 10-day filtered data
brings subtle nuances to these findings. First, the pattern
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MORON et al. 11 of 24

F I G U R E 6 Lagged correlations between WEAisv and daily geopotential height at 300 hPa from 10 days before to three days after the
low-cloud variations over Western Equatorial Africa. The shadings show the significant correlations at the two-sided 99% level according to a
random-phase test. The dashed boxes identify two sectors used to describe the amplitude of a Rossby wave between the western (W) and
eastern (E) box.

emanating from the subtropical South Atlantic seems
mostly restricted to low-pass ISV (Figures S4 for 925 hPa
and S6 for 700 hPa) as it persists from day −6 (Figures S4e
and S6e) till day +3 (Figures S4n and S6n), and it is absent
in correlations with the high-pass-filtered data (Figure S5
at 925 hPa). Note also that the signal at 700 hPa, com-
bining anomalous warming and easterlies, is stronger
and again more persistent for low-pass-filtered variations
(Figure S6) than for unfiltered ones (Figure 5). For the
high-pass-filtered data (Figures S5 at 925 hPa and S7 at
700 hPa) the most significant correlations are restricted to
the subequatorial area roughly between 10◦ S and 10◦ N.
There is now a clear switch at 700 hPa (also seen at 925 hPa
with a weaker amplitude), with transient westerly and
cold anomalies on day −5 and day −4 (Figure S7f,g) veer-
ing to anomalous easterly and warm anomalies on day −2
and day −1. Curiously, these easterlies and warm anoma-
lies are also seen at day +1 (Figure S7l), while they are
weak over WEA on day 0 at 700 hPa (Figure S6k), and local
westerlies and cold anomalies are observed at 925 hPa

(Figure S5k). It is also interesting to note that correla-
tion patterns at low pass and high pass may be opposite,
thus explaining the weak correlations using unfiltered
data. Such opposite relationship occurs for example over
the equatorial Atlantic at 925 hPa on day −6 and day −5,
where anomalous westerlies (respectively easterlies) are
observed for high-pass- (respectively low-pass)-filtered
data (Figures S5e,f and S6e,f).

In order to better understand the mechanisms explain-
ing WEAisv the lagged teleconnections with two different
areas, namely the subtropical southern Atlantic and the
subequatorial area, are next explored.

3.4 The pathway from the South
Atlantic

Figure 7 shows the lagged correlations of z at 300
and 925 hPa (Figure 7a,d,g,j), T, u, v and q at 700 hPa
(Figure 7b,e,h,k) and 925 hPa (Figure 7c,f,i,l) with a
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12 of 24 MORON et al.

F I G U R E 7 Same as Figure 4 except that the lagged correlations are computed between the 300-hPa geopotential index (dZ300, see
Figure 6) of (40–20◦ W, 45–25◦ S) minus (5◦ W–15◦ E, 15–35◦ S) starting for lags of no, two, four and six days after dZ300 for (left column); z at
300 hPa (shadings) and at 925 hPa (contours with red for values from 0.1 with an interval of 0.1 and blue for values from −0.1 with an interval
of 0.1); (middle column); u, v, T, and q at 700 hPa (same displays as in Figures 6 and 7); (right column): u, v, T, and q at 925 hPa (same
displays as in Figures 6 and 7).

dipolar index (dZ300) measuring the difference in 300 hPa
geopotential between the central (40–20◦ W, 45–25◦ S)
and eastern (5◦ W–15◦ E, 15–35◦ S) southern Atlantic
(Figure 6). Our interpretation follows the sequence asso-
ciated with a positive anomaly of dZ300, that is an
upper anticyclonic ridge over the western-central South
Atlantic combined with an upper cyclonic trough above
SE Atlantic. The zero lag correlations show a clear
expected dipolar, slightly tilted, structure at all levels con-
sidered (Figure 7a–c), combining, at 925 hPa, a strength-
ened St. Helena high-pressure system with a downstream
anomalous low, standing over South Africa at day +2
(Figure 7d,f), while the signals north of 10◦ S are still weak

(Figure 7a–c). The cooling/moistening at 925 hPa over the
Benguela area is associated with anomalous westerlies on
day 0 (Figure 7c), then anomalous southerlies from day
+2 (Figure 7f). The increased thermal land–sea contrast
at 925 hPa from day 0 to day +6 is able to sustain partly
the increased southerlies along SW Africa, due to the
anomalous increased (decreased) surface pressure over the
anomalously cold (warm) SE Atlantic (southern Africa).
Anomalous SE–E winds strengthen also over the equato-
rial cold tongue on day +2, before progressively decaying
(Figure 7f,i,l). The correlation between dZ300 and the SST
over the equatorial cold tongue peaks at day+8 (r =−0.18),
while the one with the SST over the Benguela current
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MORON et al. 13 of 24

peaks just before, at day +7 (r =−0.16), consistent with a
northward-propagating signal originating from the south-
ern Atlantic. Except for the slight tilt, the signals at 700 hPa
match those observed at 925 hPa even if the thermal sig-
nals above the Benguela current are stronger near the
surface, reinforcing the hypothesis of a positive feedback
in the shallow marine boundary layer.

The anomalies south of 10◦ S tend to weaken after
day +2 (Figure 7g–l), while significant anomalous SW–W
winds appear over WEA at 925 hPa from day+4 (Figure 7i)
and then propagate eastward, covering most of the Congo
Basin from day +6 (Figure 7l). Note also the persistent
anomalous warming over equatorial Africa, appearing on
day +2 at 700 hPa (Figure 7e) and day +4 at 925 hPa
(Figure 7i). This warming is stronger at 700 than at
925 hPa, and persists till day+6 (Figure 7k,l) while anoma-
lies at 300 hPa over the southern Atlantic are very weak at
this lag (Figure 7j).

It is interesting to note that the spatial pattern of cor-
relations with dZ300 at zero lag (Figure 7a–c) almost
perfectly matches the one with WEAisv on day −8
(Figures 4c,5c and 6c) especially south of 10◦ S (pattern
correlations between the same variables are usually >0.6
for the spatial window of Figures 4–5 and usually >0.75
south of 10◦ S). So, overall, the statistical teleconnection
involving dZ300 (Figure 7) includes most of the signals
related to WEAisv (Figures 4–6). The correlations between
dZ300 and WEAisv peak to 0.17 when dZ300 leads WEAisv
by six days, reinforcing the hypothesis of a causal link
initiated by the Rossby wave over the South Atlantic. The
favourable ingredients to cloudier than usual conditions
over WEA (Figures 4, 5) and possibly initiated by the
dZ300 positive anomaly (Figure 7) include: (1) the over-
all strengthening of the St. Helena high; (2) a cooling of
the eastern South Atlantic and then, the equatorial cold
tongue; (3) anomalous low-level westerlies advecting cool
maritime air toward WEA, (4) warm anomalies at 700 hPa
over WEA and the whole Congo Basin, and associated
with anomalous easterlies. At least two ingredients propi-
tious to more clouds over WEA (Figures 4–5) do not really
appear on the sequence linked to dZ300 (Figure 7); it is
(i) the strong positive in-situ anomaly of moisture at low
levels (and peaking near 850 hPa, which corresponds to
the top of the stratiform cloud deck) on day 0 (Figure 4k),
and (ii) the anomalous northeasterlies associated with
anomalous warm air NE of WEA from day −3 at 925 hPa
(Figure 4h–k).

The main difference between correlation patterns with
low-pass- and high-pass-filtered data (not shown) is found
mostly in the amplitude of the warm anomalies at 700 hPa
over equatorial Africa: it is strongly reduced for the
high-pass-filtered data. The tilted and alternate pattern
over subtropical southern Atlantic is observed for both

cases (low pass and high pass), but with a larger amplitude
for the former (not shown).

3.5 The regional pathways

To depict and understand the teleconnections not clearly
related to dZ300, we choose two atmospheric indices spa-
tially averaged over WEA (10◦ E–15◦ E, 5◦ S–5◦ N) from
day −5 to day +5: (q850_WEA), (Figure 8a–k) and
u925_WEA (Figure 9a–k). q850_WEA is the index which
is the most correlated to WEAisv at zero lag (r = 0.49,
Figure 3) and this correlation shows a ‘slow’ variation,
that is a positive correlation emerging a few days before
WEAisv (Figure 8a–f) and gradually decreasing after day
0 (Figure 8g–k). Note that considering 925 or 1000 hPa
instead of 850 hPa for the specific humidity leads to very
similar, albeit slightly weaker, correlations with WEAisv.
The latter is close to the usual top of the low cloud (Cham-
pagne et al., 2023), and any change occurring here may be
critical for the variations of the low-cloud cover.

u925_WEA is less correlated to WEAisv (r = 0.19 at zero
lag) but, contrary to WEA_Q850, it shows a clear switch
between negative correlations, peaking at r =−0.19, at day
−2, and positive correlations from day 0. More interest-
ing, u925_WEA and q850_WEA are negatively correlated
at zero lag (−0.32) and the correlation peaks even to −0.52
when u925_WEA leads q850_WEA by one day. In other
words, both indices contribute positively to WEAisv (i.e.,
more low-level clouds are related to a combination of
in-situ anomalous westerlies strengthening the basic flow,
shortly after anomalous easterlies at 925 hPa, and a high
moisture content at 850 hPa), but anomalous westerlies at
925 hPa are more or less synchronous (and shortly lead) to
a negative moisture anomaly at 850 hPa. The negative cor-
relation at zero lag between u925_WEA and q850_WEA
is fully consistent with the fact that the Atlantic airmass
holds less moisture than the continental Africa one pri-
marily due to its lower temperature (Moron et al., 2023).
The continental air mass staying north and east of WEA
is warm and moist since during the boreal summer it
originates from the Congo Basin where rainfall still occurs
and forests provide moisture to the atmosphere. Both the
u925_WEA and q850_WEA indices thus reveal different
mechanisms contributing partly to WEAisv. Figures 8 and
9 explore the relationships between these two indices and
T, u, v and q at the corresponding level from day −5
to day +5.

The lead–lag correlations with q850_WEA show
two distinct features. First, a weak increase of the
western-central part of St. Helena high is visible on day
−5 (Figure 8a) to day −3 (Figure 8c). This reflects a
weak relationship with dZ300 (r = 0.14 when dZ300 leads
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14 of 24 MORON et al.

F I G U R E 8 Lagged correlations at 850 hPa from five days before to five days (days are computed as the average of three-hourly records)
after q850_WEA for the intraseasonal variability. The shadings show the correlations for temperature; vectors show the correlations for the
wind with the scale for a value of 0.3 displayed in the upper right corner, and contours show those for the specific humidity. The shades and
arrows are displayed only when the correlations (at least zonal or meridional component for the wind) are significant at the two-sided 99%
level according to a random-phase test and contours are displayed every 0.1 value starting at 0.1 (blue) and−0.1 (red). For display purposes,
the wind arrows are shown every 2◦ and specific humidity is linearly interpolated onto a 1◦ grid.

q850_WEA by five days). Second, an E–NE anomaly asso-
ciated with a warm anomaly is visible over the Congo
Basin and Sudanian belt from day −5 (Figure 8a), that
strengthens and extends westward on the following days.
Again, an anomalous anticyclonic cell over the eastern
Sahel is clearly visible on day −3 (Figure 8c) that then
shifts westward and decreases in intensity. We cannot
state that the E–NE anomaly is entirely driven by this
anticyclonic cell which is compatible with a ridge behind
an easterly wave (Berger, et al. 2025; Gu et al., 2004;
Thorncroft & Hoskins, 1994), but both phenomena seem
coincident in time. The continental warm anomaly

intensifies from day −2 (Figure 8d) with two lobes sur-
rounding the positive moisture anomaly over WEA. The
warm anomaly is stronger and larger from the Guinea
Gulf to the Congo Basin on day 0 and day +1 while a
small weak cold anomaly appears at zero lag just off WEA
(Figure 8f,g). The easterly anomaly over equatorial and
Sudanian Africa weakens clearly from day +1 (Figure 8g)
and anomalous westerlies are observed over the equato-
rial cold tongue from day +3 (Figure 8i), while the positive
moisture anomaly decreases.

With regards to u925_WEA (Figure 9a–k), the first
consistent signal is a large-scale warming of the whole
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MORON et al. 15 of 24

F I G U R E 9 Same as Figure 8 except that the target is u925_WEA and the T, u, v, q fields are at 925 hPa.

African land mass as soon as day −4 (Figure 9b) which
peaks NE of WEA on day −2 (Figure 9d). The warm
anomalies are followed by W–SW anomalies over WEA
from day −2 (Figure 9d), which strengthen the following
days in combination with cold and dry anomalies peak-
ing over WEA at zero lag (Figure 9f). It is clear that the
wind anomaly leads the temperature anomaly over and
downstream WEA from day −2: preceding warm anoma-
lies over the Congo Basin are replaced by cold anomalies
moving eastward, shortly (∼1 day) following the westerly
anomaly (Figure 9d–h). The westerly anomaly gradually
vanishes first on the equatorial cold tongue from day +2
(Figure 9h) and an easterly anomaly appears here two days
later (Figure 9j,k).

In summary, q850_WEA and u925_WEA reveal partly
different and opposing processes; the increasing mois-
ture content at 850 hPa over WEA is clearly induced by

a E–NE anomaly advecting moisture from the north of
the Congo Basin or eastern Sudanian belt, partly coin-
cident with, if not driven by, a westward easterly wave
whose amplitude is the strongest over the eastern Sahel.
The increased low-level moisture content till the top of
the cloud deck has a positive effect on the thickening
of the cloud deck which may then be harder to break
up. u925_WEA shows partly contradictory signals since
increased westerlies advect anomalously cold, but also
anomalously dry Atlantic air over WEA. The cold anoma-
lies at low levels increase the static stability and decrease
the threshold to condensate the water vapour, even if the
Atlantic airmass is drier than its Congo Basin counterpart.
Schuster et al. (2013) also noted that during the West
Africa monsoon season, low-level cloud formation is asso-
ciated with dry air advection from the Gulf of Guinea, but
this is counteracted by cold air advection and boundary
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layer turbulence. When considering separately low- and
high-pass variations, correlations with q850_WEA are
larger at least for the temperature and humidity for the
former ones, and the wind signals are broadly persistent
with anomalous easterlies over the equatorial zone.

u925_WEA shows a switch of the zonal wind over the
cold-tongue area (see also Figure 3) while q850_WEA is
preceded by an E–NE anomaly starting over the continent
and peaking at day −1/day 0, and is followed by anoma-
lous westerlies at day +3 and day +4. Neither index shows
large negative autocorrelations at day 3–6 (minimum auto-
correlation is −0.03 at day 6 for u925_WEA and−0.004
at day 10 for q850_WEA) but q850_WEA is more per-
sistent than u925_WEA (autocorrelation at day 2 is 0.21
for u925_WEA and 0.44 for q850_WEA). It suggests that
the switching between easterlies and westerlies over the
cold-tongue area and WEA may be either intermittently
self-sustained or driven intermittently by an external pro-
cess (see section 3.6) rather than induced by a systematic
internal quasi-periodic oscillation.

3.6 Potential influence of convectively
coupled equatorial waves (CCEWs)

We first evaluate the impact of 6 CCEWs on WEAisv
through an analysis of variance, that is, the contribution
of total variance due to the four (or eight in case of ER
and MJO) phases. We also estimate the fraction of variance
due to strong phases defined as the normalised amplitude
in each wave phase (Schlueter et al., 2019a). The percent-
age of explained variance of WEAisv is negligible (0.3% at
maximum) for MRG, EIG, TD and ER, even when only the
strong phases are considereded. MJO accounts for 0.52%
(1.28%) of the variance of WEAisv when all intensities (only
strong phases) are considered. The KW-related variance of
WEAisv is around three times the one of MJO with 1.7%
(3.9%, only strong phases). This amount of explained vari-
ance is still very modest but the anomaly pattern related to
KW (Figure 10) is interesting.

Figures 10 and S10 indicate that strong KW have the
highest impact on T and u fields over the central Congo
Basin. The eastward-travelling wave takes the form, in
the lowest levels, of a signal almost symmetric to the
equator which combines anomalous westerlies (easterlies)
with lower (higher) land temperature than usual. The
belt of anomalous easterlies (and warm anomalies over
land) moves from the Gulf of Guinea area in phase #4
(Figure 10d,h,l), to WEA in phase #1 (Figure 10a,e,i), the
central Congo Basin in phase #2 (Figure 10b,d,j) and east-
ern Africa in phase #3 (Figure 10c,g,k). Over the equatorial
Atlantic and WEA, the anomalous easterlies in phases #4
and #1 are replaced by anomalous westerlies in phases #2

and #3. When all KW phases are considered, the mean lag
to switch from a given phase to the next one, excluding the
self-transition (when the same phase persists from one day
to the next), equals 5.1 days. Considering only the strong
KW phases increases the mean lag to 10.6 days. The mean
WEAisv anomaly peaks for phase #2 (0.18 in standardised
units) and phase #4 (−0.17) when all KW intensities are
considered (and 0.23 and−0.28, respectively, when only
the strong phases are considered). These anomalies are
modest in amplitude but KW could trigger a sequence
of cloudy days in WEA. In particular, Figure 10e,i shows
that the anomalous easterlies convey warm and moist air
from the continent to WEA in phase #1, just before the
WEAisv peak (phase #2, 1–2 days later). At this time, the
low-level moisture convergence between the anomalous
westerlies and easterlies accounts for the persistence of
the positive moisture anomaly (Figure 10f,j), while the
temperature starts to decrease due to the advection of
the Atlantic airmass which increases turbulence in the
planetary boundary layer.

4 DISCUSSION

The mechanisms detailed in the previous section are syn-
thesised using a crossvalidated stepwise linear regression
model (Section 2.5) to select a set of key atmospheric
indices involved in the ISV of the stratiform cloud cover
over WEA (Figures 4–10). The full set of 120 atmospheric
indices depict T, u, v, w, q at 1000, 925, 850 and 700 hPa
over the six regional boxes WEA, SCONG, CONG, CT,
NEQ, and BEN shown in Figure 11a. We also consid-
ered four additional atmospheric indices, that is, the
dZ300 index corresponding to the Rossby wave patterns,
z925 over the ‘SH’ (St. Helena) box, LTS over the ‘WEA’
box and OLR over the ‘CONG’ box to include varia-
tions of deep convection over the Congo Basin, which
is reduced in JJAS, but not absent (Hart et al., 2019).
Each index is named as [‘variable,’ ‘level’_’AREA’]. For
example, t700_CONG is the spatial average of tempera-
ture at 700 hPa over the CONG box. Note that three SST
indexes (Figure 11b) were also computed over the ‘CT’
(Cold Tongue) area, a narrow coastal band (roughly 2◦
off the coast) off Gabon and SW RC (‘GAB’), and over the
Benguela area (‘BEN’). The crossvalidated stepwise linear
regression model selects the most significant predictors
of WEAisv (from a lag of −10 days to day 0) amongst
these 127 indices. The crossvalidated skill is modest for
lags larger than three days (Figure 12a). A model using
only three variables performs almost as well as a model
including more variables, but as the number of predictors
increases the model becomes more unstable (Figure 12b).
We show the indices the most frequently selected across
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MORON et al. 17 of 24

F I G U R E 10 Mean intraseasonal anomalies of T (shadings in K), u, v (arrows in m/s) and specific humidity at 925, 850 and 700 hPa
related to strong Kelvin waves. The T, u and v anomalies are displayed only when they are significantly different from 0 according to a Monte
Carlo resampling made 500 times (JJAS sequences of Kelvin waves are randomly reshuffled). Positive (blue contours) and negative (red
contours) values of specific humidity are shown from 5× 10−5 with a contour interval of 5× 10−5.

F I G U R E 11 Location of the (a) atmospheric and (b) SST indices superimposed on the mean SST (◦C) in JJAS 1971–2019.

the crossvalidated periods for a five-variable model,
that is, the most explicative of both WEAisv and of the
regional oceano-atmospheric ISV. Note that we also

present in Figure 12c–p some atmospheric indices, such as
CONG_OLR or NEQ_u850, which are less robust predic-
tors of WEAisv, but serve as mediators in the conceptual
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18 of 24 MORON et al.

F I G U R E 12
Crossvalidated stepwise linear
model to estimate WEAisv from
atmospheric indices from lag
−10 (atmospheric indices lead)
to lag 0. The crossvalidation is
done with one JJAS season
withheld at each turn. (a)
Crossvalidated skill (vs lags) of
the stepwise model on the
verification period using only
3–10 atmospheric indices. The
number of variables is a
maximum since there are not
always more than 5–7 variables
entering the model at the 95%
significance level. (b) Stability
of the atmospheric indices (vs
lags) entering the stepwise
model during the 49 training
periods (a stability of 1 means
that the same set of
atmospheric indices is chosen
across all the crossvalidation
iterations). (c–p) Mean value of
the parameter (vs lags) of each
atmospheric index used in the
stepwise model with five
predictors at maximum. The
black bars indicate that the
parameter is significantly
different from 0 at the
two-sided 95% level during at
least 25 training periods.

model we established (Figures 13 and 14). As the atmo-
spheric indices are standardised to zero mean and unit
variance, their amplitude scales their relative impact on
WEAisv.

As expected, the most important predictor is WEA_
q850 at lag 0 (Figure 12m). It is also clear that the first
explanatory atmospheric index is dZ300 with a significant
impact from lag −10 and peaking on lag −6 (Figure 12c).
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MORON et al. 19 of 24

F I G U R E 13 Lagged correlations (upper value in bold font is for unfiltered ISV; middle value in bold and italicised font is for low-pass
(≥10 days) ISV variance and lower value in normal font is for high-pass (<10 days) ISV variance) between atmospheric indices defined in
Figure 11b. The maximum absolute correlation multiplied by 100 (between day −10 and day +10) is indicated with the corresponding lag (in
days) counted from the starting box of each arrow with positive correlation in red font and negative correlation in blue font. When the
correlation peaks at zero lag, it is indicated as a black link without any arrow. The green box identifies a potential sustained mode of variation
around WEA.

The atmospheric indices that follow, from lag −6
to lag −2, are BEN-t925, dz925, WEA_t700 and
CT_u925 (Figure 12e,f,j,o). The local atmospheric
indices WEA_u925, WEA_LST and mostly WEA_q850
(Figure 12l–n) usually increase their explanatory power
till lag 0 with a constant polarity from lag −10. As
expected, the explanatory power of the model applied on
low-pass-filtered data (Figure S8) is slightly larger than
the one on the high-pass-filtered data (Figure S9). The
sequential order is modified for high-pass variations while
dZ300 and BEN_t925 do not appear anymore as signifi-
cant predictors of WEAisv (Figure S9c,e). There are also
clear switches in most of the other predictors sometimes
just before lag 0 as for WEA_LST (Figure S9n).

Figure 13, based on a reduced set of lagged correla-
tions, synthesises the different mechanisms involved in the
ISV of the stratiform cloud cover over WEA (Figure 14).
Remember first that the highest correlation at zero lag
for WEAisv is with q850_WEA (r = 0.49, Figure 3). This
strong positive relationship contrasts with previous find-
ings for the SE Atlantic sector. Over coastal Namib,
Andersen et al. (2020) found that an anomalously dry

free troposphere leads to more low clouds, through a
stronger long-wave cooling of the boundary layer. Adebiyi
and Zuidema (2018) found a similar association between
increases in the mid-tropospheric moisture and decreases
in low-cloud cover over the SE Atlantic Ocean. This points
to the different nature of the low clouds over WEA as
compared to those of the SE Atlantic and Namibian coast.
They extend far to the interior, in a context where (i) the
basic low-level flow (W–SW in JJAS, Moron et al., 2023)
interacts with the topography through an efficient verti-
cal mixing when winds are faster than usual (Dommo
et al., 2022) and (ii) the excess moisture is advected from
either the ITCZ area or the Congo Basin (rather than the
Atlantic Ocean), by the mean easterly flow from and above
850 hPa (Moron et al., 2023). Dyer et al. (2017) demon-
strated indeed that the dominant moisture sources over
the Congo Basin are local evaporation and the Indian
Ocean, while the Atlantic Ocean is a relatively small
source. Fuchs et al. (2018) also established that, over the
SE Atlantic Ocean (10–20◦ S, 0–10◦ E), drivers and pro-
cesses (other than moisture) determining the stratocu-
mulus cloud cover, vary spatially. For instance, while in
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20 of 24 MORON et al.

F I G U R E 14 Synthesis of the drivers involved in the ISV
variations of WEAisv. The anomalies indicated in this figure lead to
cloudier conditions than usual over WEA.

the southwestern subregion (i.e., Central SE Atlantic), the
low-cloud fraction is sensitive to variations in LTS, in the
northeastern subregion, close to WEA, it mostly responds
to surface winds. In WEA, our results suggest that the
role of the low-level wind flow is also essential for the
low-level cloud cover ISV, even if the linear relationship is
far stronger at interannual time-scale (Moron et al., 2023).
We believe that the relationship is lowered due to opposing
relationships with the low-level westerlies (see below).

The LTS is well-known to be positively related to strat-
iform cloud cover interannual variations (Hu et al., 2008;
Klein & Hartmann, 1993; Sun et al., 2011; Wood & Brether-
ton, 2006), and as expected, LTS_WEA is indeed positively
related to WEAisv (r = 0.45 at zero lag), mimicking, with a
weaker amplitude, the relationship found at interannual
time-scale (Moron et al., 2023). This correlation is larger
than the one found between WEAisv and either t700_WEA
(r = 0.31 when t700_WEA leads by one day) and t925
(r =−0.21 at zero lag). Moreover, the correlation between
LTS_WEA and q850_WEA is relatively low (0.11 at zero
lag, peaking at 0.19 when LTS_WEA leads by one day),
suggesting that both indices are involved through different
processes (Figure 12).

We also include u925_WEA, despite its relatively low
correlation with WEAisv at zero lag (r = 0.19, and−0.19
when u925_WEA leads WEAisv by two days). We hypoth-
esise that the intraseasonal linear relationship between
u925_WEA and WEAisv is decreased versus the interan-
nual time-scale (Moron et al., 2023), because increased

westerlies lead to a conflicting forcing upon WEAisv:
u925_WEA strongly drives q850_WEA (r =−0.52 with a
one-day lag, Figure 11) and is negatively related to both
t925_WEA (r =−0.60) and t850_WEA (r =−0.56) at zero
lag, in the sense that increased westerlies convey dry and
cool air from the Atlantic. It agrees with findings by Schus-
ter et al. (2013) established for the Guinean coast. So
anomalous westerlies over WEA are positively related to
WEAisv because they convey cold air, increasing LTS_WEA
(r = 0.37 at zero lag), but are negatively related to WEAisv
due to advection of drier air from the Atlantic.

We also noticed a switch between easterlies and west-
erlies around day 0 over WEA in Figures 3 and 4. This
behaviour may be partly related to the loop enclosed by
a dashed green line in Figure 13 and illustrating a neg-
ative feedback in a sequence of 3–5 days: anomalously
strong low-level westerlies (u925_WEA) drive increased
convection over the Congo Basin (OLR_CONG), which
decreases the temperature over the Congo Basin
(t925_CONG), probably in relation with the advection
of the cool Atlantic air and the increased cloudiness
related to deep convection: this cooling decreases the
geopotential zonal gradient between CT and CONG (dz925
CT-CONG), which is positively related to u925_WEA,
i.e., a cooling over the Congo basin leading to an easterly
anomaly over WEA, thus reverting the initial westerly
anomaly (Figure 13). Therefore, the ± switch seen with
high-pass-filtered variations (Figure S9) is not a simple
artefact of the high-pass filtering.

We should also remember that KW is a possible driver
of this switch as suggested by Figure 10, and also because
the time-scale revealed by Figure 13 is consistent with the
one of KW. The association between KW and low-cloud
cover is intriguing, since the Kelvin-filtered variance of
brightness temperature (i.e., a proxy for convection) is
relatively low over Africa in JAS, and especially modest
outside the climatological location of the ITCZ (Mekon-
nen et al., 2008; Nguyen & Duvel, 2008). Nevertheless, the
space–time pattern of the geopotential and low-level wind
anomalies related to KW revealed by Mounier et al. (2007)
and Mekonnen et al. (2008) in boreal summer are roughly
consistent with our Figure 10. As seen in Figure S10, the
fraction of variance explained by KW over Central Africa
peaks over the central Congo Basin, mostly for zonal wind
and temperature. When we look at the atmospheric indices
selected in Figure 13, the KW (strong KW) explain 8.5%,
13.9% and 16.2% (respectively 18.4%, 24% and 28.9%, which
is the maximum for all atmospheric indices analysed in
this study) of the variance of u925_WEA, t925_CONG
and OLR_CONG (the corresponding fractions of variance
for WEAisv and for u925_CT are respectively only 1.7%
and 3.9% on one hand, and 3.7% and 8.1% on the other
hand). Due to the seasonal latitudinal shift of the ITCZ, the
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occurrence of strong KW close to the ITCZ over Central
Africa peaks in June (24 days by mean) and is lower in July
(18 days by mean) and August (17 days in mean). Based on
the loop defined in Figure 13, we simply counted the fre-
quency of cases when u925_WEA switches its sign three
days after a given day. This represents in mean around
49% of the time and slightly increases to 54% when a
strong KW occurs. So, KW may be a significant driver of
the switching between easterly and westerly, partly related
to OLR variations over the central Congo Basin (Ayesiga
et al., 2022; Mekonnen et al., 2020; Zebaze et al., 2015), but
this switching mode may also occur independently of KW,
as explained above.

The other mechanisms shown in Figures 13 and 14
are merely linked to Rossby waves in the southern sub-
tropical Atlantic, mostly operating at longer time-scales
than 10 days. Two paths could be hypothesised. The first
one links an increased dZ300 to an anomalous subsi-
dence over WEA, NEQ and CONG (not shown) areas three
days later. This increased subsidence drives a warming at
700 hPa one day later in the three sectors, in particular over
WEA (Figure 13) and NEQ (not shown). The increased
subsidence over NEQ drives an easterly (and northerly, not
shown) anomaly at 700 and 850 hPa, thus advecting warm
and moist air above and at the top of the stratiform cloud
cover over WEA (Figure 13). We did not explore further the
link between u850_NEQ and an easterly wave travelling
over the eastern Sahel and Sudanian belt, but this may be
an additional driver of moist and warm air supply to WEA
(Berger et al., 2025). This anomalously warm and moist air
may both increase LTS and thicken the cloud cover from
its top.

The second path operates near the surface. A posi-
tive anomaly of dZ300 intensifies shortly the St. Helena
anticyclone, which cools down the BEN area (Figure 11)
through enhanced southerly winds, increased evapo-
ration and increased vertical mixing with subsurface
waters, while SCONG warms up (r = 0.37 when dZ300
leads t925_SCONG by three days). This thermal dipole
is consistent with observations by Ward et al. (2021,
2023) of relationships between troughs over the Mediter-
ranean sea and anomalous warming over the central to
eastern Saharan–Sudanian belts in boreal winter. The
weak cooling of SSTs over the SE Atlantic, then off WEA
4–6 days later (not shown), could also provide a relatively
weak slow component to ISV. This delay between anoma-
lous increased S–SE low-level winds and anomalous
cooling over the equatorial Atlantic is consistent with the
findings by de Coëtlogon et al. (2010, 2014). Of course,
this relationship is far weaker than observed at interan-
nual time-scale, where the dominant driver of low-cloud
cover variations is related to SSTs over the cold-tongue
area, through changes in the LTS and the intensity of

downstream advection of Atlantic air through the W–SW
low-level flow (Camberlin et al., 2023; Moron et al., 2023).
At intraseasonal time-scale, the anomalous zonal thermal
gradient between BEN and CONG may be also sustained
through the cooling of the SE and equatorial Atlantic
and the corresponding increase of southerlies over BEN
(r =−0.65 between t925_BEN and v925_BEN at zero lag).
The anomalous cooling over BEN drives anomalous east-
erlies over the CT area one day later, thus allowing it to
enter the subequatorial loop described above (Figure 13).
Again, the impact of this path upon WEAisv is a priori
ambiguous, since increased dZ300 leads, at the end, to
anomalous easterlies over CT and WEA areas 3–4 days
later, inducing a decreased stratiform cloud cover at zero
lag (Figure 13). But, again, the relationship could be
understood as the fact that anomalous easterlies over
WEA precede an increase of WEAisv.

5 CONCLUSION

The intraseasonal variability of the stratiform cloud cover
over WEA during the cloudiest season (i.e., JJAS) is inves-
tigated here using SYNOP observations (combining vari-
ous sources and primarily based on the EECRA dataset;
Aellig et al., 2022; Champagne et al., 2023) and ERA5
reanalysis data. The space–time variability of the strati-
form cloud cover is synthesised into a standardised index
blending observed and ERA5 low-level cloud fraction over
the cloudiest area of WEA (i.e., coastal plains and wind-
ward slopes, plus Chaillu mountains of Gabon and SW
Republic of Congo). The intraseasonal index does not
show any clear, sharp and recurrent periodicity; the tem-
poral variance is distributed over a broad bandwidth with
a large variability across the years, so that each seasonal
WEAisv time series can be assimilated to a red-noise pro-
cess. This aperiodic and noisy character may be, at least
partly, induced by uncertainties related to small-scale vari-
ations of the low-level cloud cover, as well as errors/biases
in the recording of the cloudiness. It suggests also that
the ISV of the low-level cloud cover may not be entirely
driven by periodic phenomena such as tropical waves, but
are rather driven by different, and not necessarily related,
phenomena operating on a broad bandwidth.

The first process revealed is related to a zonal dynamics
linking the intensity of low-level westerlies and the zonal
geopotential gradient between the cold-tongue area and
the Congo Basin on one hand, and the intensity of deep
convection over the Congo Basin on the other. In summary,
more intense convection over the Congo Basin lags faster
westerlies over WEA, but leads to an in-situ cooling over
the Congo Basin, then weakening the geopotential gradi-
ent between the Congo Basin and the cold-tongue area,
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and lastly the westerlies over WEA 3–5 days later. The key
driver seems to be the intensity of deep convection over
the Congo Basin. This zonal mode leads to counteracting
signals on the stratiform cloud cover over WEA, related to
increased low-level westerlies, between a higher LTS and a
reduced content of moisture at low levels. This zonal mode
could either be internally driven or triggered by KW, which
promote a switch of zonal wind anomalies over WEA and
the Congo basin.

Another important mechanism relates to the amount
of moisture advected near the top of the stratiform cloud
deck. Above 825 hPa, the mean flow is easterly in JJAS so
that sources of moisture are located upstream of WEA, that
is south of the African rainbelt and over the Congo Basin
itself. Anomalous advection of moisture toward WEA at
850 hPa could be related to either a travelling easterly wave
over the eastern Sahelian–Sudanian belt or an anomalous
subsidence to the northeast of WEA.

Such anomalous subsidence may be driven by a Rossby
wave dispersion from the extratropical South Atlantic.
A near-standing Rossby wave associating an anomalous
ridge over the SE South Atlantic and trough over south-
ern Africa intensifies the St. Helena anticyclone system
and the related low-level winds, including southerlies over
the Benguela area, and enhances the thermal and geopo-
tential gradients between the South Atlantic and southern
Africa. Anomalous warming is also observed in the mid-
dle troposphere over equatorial Africa and the Guinean
belt a few days after the peak amplitude of the Rossby
wave. These features lead to increased low-cloud cover
over WEA nearly 6–8 days later.

This study shows that ISV of the low-cloud cover over
WEA is clearly more complex than the diurnal (Cham-
pagne et al., 2023; Dommo et al., 2018, 2022) and inter-
annual variations (Moron et al., 2023). The combination
of various mechanisms operating at different time-scales,
and not necessarily periodic themselves, may explain the
aperiodic character of the ISV of the low-cloud cover. Ape-
riodic variations do not exclude a significant, but partial
and intermittent, role played by a quasi-periodic phe-
nomenon such as KW. The complex variability is also
related to conflicting mechanisms involving specific vari-
ables. The most obvious example is the role of the low-level
in-situ westerlies, which advect cool, but dry, Atlantic air
toward WEA. At the interannual time-scale, the thermal
effect is clearly dominant (i.e., anomalously cold SST off
WEA are associated with a cloudier season than usual;
Moron et al., 2023), while it is far from being obvious at the
intraseasonal time-scale analysed here. The anomalous
advection of moisture near the top of, and above, the cloud
cover seems to be at least as important as the temperature
of the boundary layer. Some important drivers are also dis-
tant from WEA, as the Rossby waves travelling over the

extratropical South Atlantic, and this long distance may
blur the associated impact on the ISV. More generally, our
study contributes to the analysis of the ISV over the Congo
Basin. It will be interesting to further deepen the character-
istics and relevance of the zonal mode which involves deep
convection over the Congo Basin. Such a complex inter-
action between lagged multiscale phenomena, operating
at different time-scales, and acting on a relatively noisy
field as low-cloud cover, would certainly benefit from inte-
grated approaches as causal inference networks (Runge
et al., 2019).
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