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Abstract

- Hamza Kunhu Bangalath'? . Georgiy Stenchikov'

Simulating the features of the African Easterly Waves (AEWs), such as their westward propagation off the east Atlantic coast,
is challenging for coarse-resolution climate models. In this study, we use High-Resolution Atmospheric Model (HiRAM)
to simulate AEWs and analyze their future projections by the end of the twenty first century. The simulations are performed
globally at a horizontal resolution of ~25 km. The model uses shallow convective parameterization for moist convection
and stratiform cloudiness. Future projections are conducted using representative concentration pathway 8.5. The AEWs are
separated with respect to their periods as 3-5- and 6-9-day period AEWs, and bandpass filtering is used to filter the waves
from the mean flow. HIRAM simulates structure and propagation of the waves well; however, it tends to overestimate the
associated precipitation. In the future, the AEW precipitation and intensity of the circulation will considerably increase.
The northward extent of the AEW track also shows a significant increase in the future. Enhanced baroclinic overturning and
eddy available potential energy generated due to diabatic heating is also observed in the future.

Keywords African easterly waves - High resolution GCM - Future projection

1 Introduction

The African easterly waves (AEWs) are responsible for
the high-frequency variability of West African Monsoon
(WAM) precipitation (Duvel 1990; Diedhiou et al 1998;
Mathon et al 2002; Gu et al 2004; Mekonnen et al 2006)
and most of the total annual rainfall over the Sahel (Fink
and Reiner 2003; Barbe and Lebel 1997; D’Amato and Lebel
1998; Laurent et al 1998; Redelsperger et al 2002; Fink et al
2006). AEWs are westward-moving synoptic scale distur-
bances over tropical Africa and the Atlantic (CARLSON
1969; Burpee 1974). They are seed disturbances for cyclo-
genesis in the tropical Atlantic (Landsea 1993; Pasch et al
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1998) and are instrumental in transporting Saharan dust
semiglobally. They can be detected at 600—700 hPa on either
side of the African Easterly Jet (AEJ) (Reed et al 1988; Chen
2006; Pytharoulis and Thorncroft 1999). There are two types
of AEWs: AEWs with periods of 3-5 and 6-9 days. Over
West Africa, the 3—5 day AEWs follow two tracks centered
over 5°N and 15°N, which eventually merge over 17.5°N in
the tropical Atlantic (Crétat et al 2015). The 6-9 day AEWs
can be found north of AEJ at around 17.5°N (Diedhiou et al
1998; Wu et al 2013). These two types of AEWs differ in
the wavelength, propagation speed, and rainfall pattern they
produce. The 3-5 day AEWs have an average wavelength
of 3000 km and 5000 km over the north and south of AEJ,
respectively; whereas the 6-9 day AEWs have longer wave-
lengths of 5000-6000 km. The southern track AEWs have
a phase speed of approximately 12 m/s, whereas the north-
ern track waves are slower with a phase speed of 7-8 m/s
(De Felice et al 1990; Diedhiou et al 1998). For the 3-5
day AEWs, convection is found ahead and in phase with
the trough while they are on land and shifts to behind the
trough when they reach the ocean; whereas positive precipi-
tation anomalies are found behind the trough for the 6-9 day
AEWs (Diedhiou et al 1998). Many earlier studies associ-
ated the formation of AEWs with an unstable AEJ (Burpee
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1972; Reed et al 1977; Norquist et al 1977; Albignat and
Reed 1980; Thorncroft and Hoskins 1994a). However, recent
studies have argued that AEWs are initiated by pre-existing
convection over east Africa (Berry and Thorncroft 2005; Lin
2004; Mekonnen et al 2006; Kiladis et al 2006).

AEWSs are a major control of West African rainfall and
the associated Mesoscale Convective Systems (MCSs) and
squall lines embedded within them. More than 40% of the
total MCSs over the region are associated with AEWs and
these MCSs account for approximately 80% of the total
annual rainfall over the Sahel (Fink and Reiner 2003; Barbe
and Lebel 1997; D’Amato and Lebel 1998; Laurent et al
1998; Redelsperger et al 2002; Fink et al 2006). Approxi-
mately 60% of all Atlantic hurricanes and 80% of major hur-
ricanes have their genesis associated with AEWs (Landsea
1993; Pasch et al 1998; Russell et al 2017), even though not
all of the hurricanes in this region are formed from AEWs.
Southern track AEWs are more likely to develop into hur-
ricanes, whereas northern track AEWs contain less mois-
ture than their southern counterparts and are consequently
less efficient in their contribution to tropical cyclogenesis
(Chen 2006). The variability of AEWs have impacts on the
rainfall of West Africa, through MCSs, and on the climate
along their tracks in the Atlantic, through cyclogenesis. Thus
the future projection of AEWs is of utmost importance in
regards to these two regions.

Skinner and Diffenbaugh (2014) used CMIP5 models to
quantify the response of AEWs to increased radiative forc-
ing. Their study shows increased AEW strength toward the
north of AEJ (15°-25°N), whereas southern track AEWs
do not exhibit a robust response by the end of the twenty
first century. Martin and Thorncroft (2015) also used CMIP5
models to analyze the future projection of AEWs and found
large differences in responses of high- and low-resolution
models. In their study, AEW activity exhibits a reduction
in late spring and early summer and a higher intensity
between July and October. Hannah and Aiyyer (2017) used
the super-parameterized community earth system model
(SP-CESM), with an embedded cloud-resolving model, to
study AEW activity in quadrupled CO2 experiments. In
their study, an increase in baroclinicity causes the northern
wave track to be more active while a reduction of the occur-
rence of weak waves and a slight increase in the occurrence
of strong waves is seen along the southern track. A similar
result was reported by Brannan and Martin (2019) in their
study of AEW tracks. A contrasting result of reduction of
AEW activity throughout the region was reported by Kebe
et al (2020) in their study using Regional Climate Model 4
(RegCM4). Similarly Mariotti et al (2014) also reported a
reduction in 6-9 day AEW activity by the end of the century.

AEWs are convectively initiated in east and cen-
tral Africa, and the topography of this region, especially
the Ethiopian highlands, Marrah Mountain, and Guinea
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Highlands, play a significant role in their initiation and
propagation (Hamilton et al 2020). Therefore, the horizontal
resolution of the model is a crucial constraint in the simula-
tion of AEWs. Coarse-resolution models are found to be
unable to propagate AEWs off the coast toward the Atlantic
(Martin and Thorncroft 2015). The diminished westward
propagation of AEWSs in these models could be owing to
the inability of low-resolution models to resolve Guinea
Highlands. The convection and diabatic heating over Guinea
Highlands are instrumental in reinvigorating the AEWs and
in assisting them to propagate off the coast. Skinner and
Diffenbaugh (2014) found that coarse-resolution models in
CMIP5 are unable to simulate distinct northern and south-
ern AEW tracks. Furthermore, simulating rainfall over West
Africa is challenging for coarse-resolution models since it
involves multiscale processes and is influenced by complex
topography and coastlines. However, Martin and Thorncroft
(2015) hypothesized that enhancing resolved topography
alone might be insufficient to improve the representation of
AEWs in models and that convective parameterization also
plays a major role in the simulation of AEWs.

Energy conversion terms associated with the develop-
ment and intensification of AEWSs are particularly sensitive
to the parameterizations used. Models with crude latent
heat parameterization (Rennick 1976) and prescribed mean
state of AEJ (Thorncroft and Hoskins 19944, b) have found
that barotropic energy conversion associated with the shear
of AEJ is the main energy source of AEWs. Meanwhile,
diabatic heating is identified as the major energy source of
AEWs when a model with prescribed cumulus convective
heating of the intertropical convergence zone (ITCZ) is
used (Estoque and Lin 1977). Hsieh and Cook (2007) found
that the baroclinic conversion associated with meridional
overturning is the main energy source in their study using a
Regional Climate Model (RCM) with parameterized convec-
tion. They also found that moist convection on the southern
side AEJ increases barotropic conversion via strengthening
the wind shear, which in turn enhances the baroclinic con-
version and induces resonance. All of the aforementioned
studies have analyzed only the 3-5 day AEWs. Diedhiou
et al (2002) used reanalysis data to estimate the energy con-
version terms for both 3-5 and 6-9 day AEWs and found
that major energy sources of these two waves are different.
According to their study, the main energy source of the 3—5
day AEWs is the barotropic conversion, whereas the 6-9 day
AEWSs grow through both barotropic and baroclinic conver-
sions below the jet core.

In this study, we use an atmospheric general circula-
tion model (AGCM)-high-resolution atmospheric model
(HiRAM)-to explore the changes in AEW activity by the
end of the twenty first century. High-resolution GCMs are
effective in overcoming several limitations encountered by
coarse-resolution GCMs. Due to their fine grid-spacing,
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important processes, such as large-scale condensation,
land-sea interaction, and topographical forcing, are better
resolved in high-resolution GCMs (Boyle and Klein 2010).
Studies suggest that with increasing horizontal resolution,
GCMs are better able to explicitly capture MCSs (e.g. Zhao
et al 2009; Manganello et al 2012), reproduce diurnally
forced circulations, represent orographically modulated rain-
fall (e.g. Boyle and Klein 2010; Lau and Ploshay 2009), and
represent extreme precipitation events (Wehner et al 2014).
Since they can resolve mesoscale processes, multiscale
interactions are better represented in high-resolution GCMs
(Gent et al 2010). HIRAM, the high-resolution AGCM used
in this study, does not parameterize deep convection instead
uses a six-category bulk cloud microphysics scheme for the
resolved component of cumulus convection processes (Zhao
et al 2009). We assume that this could also improve the rep-
resentation of AEWs in the model. Few studies in the past
investigated the changes in energetics associated with AEW
response to warming. This study gives a special emphasis on
the changes in energetics of future AEWs.

The objective of this study is to examine the future
changes in AEWs with increased greenhouse gas emissions
and analyze the causes of these changes. The first part of the
study comprises model validation and examination of how
well the AEWs are represented in the model. In the second
part, the future projection of the AEWs, which uses the Rep-
resentative Concentration Pathway (RCP) 8.5 is analyzed. A
brief review of the model and a detailed description of the
experiment setting follows the introduction. The summary
and a discussion of the results conclude the paper.

2 Model and experimental setup

We used an experiment setup identical to that used by Raj
et al (2019) which used the same model, HIRAM, to ana-
lyze the future changes to the WAM system. HIRAM was
developed at the Geophysical Fluid Dynamics Laboratory
(GFDL) (Zhao et al 2009; GAMDT 2004), based on the
atmospheric component (AM?2) of the GFDL coupled model
2 (CM2). It uses a cubed-sphere finite-volume dynamical
core (Putman and Lin 2007; Lin 2004), and the simulations
are conducted at C360 (25 km) horizontal resolution. This
horizontal resolution is comparable to that of the regional
climate downscaling. HIRAM uses a shallow convective
scheme for moist convection and stratiform cloudiness
(Bretherton et al 2004) which makes the contribution of the
resolved vertical transport more significant, especially in the
tropics. Global aerosol forcing is incorporated as monthly
climatologies of the five aerosol species (i.e., dust, black
carbon, organic carbon, sulfate, and sea salt) (Ginoux et al
2006), which are precalculated using the global chemistry
transport model, Model for OZone And Related chemical

Tracers (MOZART) (Horowitz et al 2003). The representa-
tion of dust is crucial because the radiative forcing caused by
it is essential for an accurate simulation of the north African
summer climate (Bangalath and Stenchikov 2015, 2016).
The simulations cover the entire globe, but we restrict the
analysis to the West African domain in this study. The model
is coupled to the GFDL Land Model 3, and a prescribed
model equilibrium seasonal vegetation climatology and pre-
scribed sea surface temperatures (SSTs) are used.

The history period simulation uses SST from ESM2M,
the Earth System Model (ESM) developed at GFDL, which
uses GFDL’s Modular Ocean Model (MOM) (Dunne et al
2012, 2013). This simulation is named HIRAM ESM2M and
spans a period of 30 years, from 1975 to 2004. To evaluate
the model performance, ERAS reanalysis (Hersbach et al
2020) and NASA GPM IMERG satellite-based precipita-
tion data (Hou et al 2014) are used. Precipitation data from
ERA Interim reanalysis (Dee et al 2011) and GPCP (Adler
et al 2018) are used to compare observation and reanalysis
datasets. The process-based evaluation of WAM elements
was documented in (Raj et al 2019) and the comparison of
mean precipitation and mean state of different WAM ele-
ments with observation can be found in the mentioned study.

To estimate the future changes of AEW, three ensem-
ble simulations, starting from different initial conditions
are conducted for the period 2076-2099 using the RCP 8.5
emission scenario. The anomalies of future projections are
estimated with respect to 1985-2004 as the reference period
from the historical simulations, and the statistical signifi-
cance of the anomalies is estimated using the two-tailed stu-
dent’s t-test. The SST in the RCP 8.5 HiRAM simulation of
2076-2099 is obtained from ESM2M RCPS8.5 simulations
for the same period.

3 Results

There is significant discrepancy among various datasets in
their representation of AEWs. Figure 1 shows the standard
deviations of the bandpass-filtered precipitation for both 3-5
day and 6-9 day AEWs from four different datasets. Satel-
lite observations from NASA IMERG (Fig. 1b, f) exhibits
largest amount of precipitation followed by GPCP (Fig. la,
e). Both ERA Interim (Fig. 1c, g) and ERAS (Fig. 1d, h)
reanalyses underestimate precipitation. It should be noted
that ERAS is better in reproducing AEW rainfall when
compared with ERA Interim data in tropical Atlantic but it
underestimates the rainfall over the continent. Precipitation
in NASA IMERG and GPCP spread more westward and
poleward indicating a wider wave propagation. But in both
ERAS and ERA Interim reanalyses the zonal and meridional
extent of the rainbelt is less than the observations, indicating
a much weaker wave activity than in the observations. We
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Fig. 1 Standard deviations of bandpass-filtered values of JJAS daily precipitation (mm/day) a GPCP 3-5 days, b NASA IMERG 3-5 days, ¢
ERA Interim 3-5 days d ERAS 3-5 days, (e-h) similar to (a—d) except for 6-9 days
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chose NASA IMERG precipitation data, and OLR and wind
fields from ERAS reanalyses to validate the model since they
relatively better represent AEW precipitation.

To identify AEW activity, we calculated the zonal wave-
number—frequency power spectra of the symmetric and
asymmetric components of daily outgoing longwave radia-
tion (OLR) following the methodology of Wheeler and
Kiladis (1999) (Fig. 2). The spectra are normalized by the
red background to differentiate the important power peaks
from the background. The normalization also helps to avoid
systematic biases while comparing different models or rea-
nalyses since the power spectra of each dataset are displayed
with respect to its own climatological variance. The black
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Fig.2 Wavenumber—frequency power spectra of OLR for June—
August 1979-1984, averaged from 15°N to 15°S, plotted as the ratio
of the raw OLR spectrum against a smooth red noise background,for
the symmetric component from a ERA5 ¢ HIRAM ESM2M and for

lines are the hypothetical dispersion curves in a shallow
water mode corresponding to different depths. In general,
all power peaks of HIRAM are close to the respective hypo-
thetical dispersion curves and the signals compare very well
with those of ERA5. AEWs are observed as the dominant
spectral peaks associated with a westward wave number
between 6 and 20 (frequency) and period of 3—10 days (Gu
et al 2004; Kiladis et al 2006), which were also identified
as tropical depressions (Wheeler and Kiladis 1999). AEW
signals are evident in ERAS and HiRAM simulations. How-
ever, the power associated with AEWs is overestimated in
HiRAM ESM2M compared with ERAS data (Figs. 2c, d)
indicating more intense wave activity.

(b) ERA5 mean
Westward  Anti-Symmetric/Background

Eastward
05 ;

— , —OEIGV‘ 5

0.4375

0.375

0.3125

Frequency (cpd)
o
B

0.1875

0.125

Zonal Wave Number

(d) HiRAM ESM2M
Westward  Anti-Symmetric/Background  Eastward
0.5 -
1.7
0.4375 16
1.5
0.375 1.4
- RK]
g 03125 =12
~°; 1.1
2 o025 1
[

Ey 09

g )
T 0.1875 — 7 0.8
3 0.7
0.125 0.6
0.5
0.0625 0.4
0.3

0 - T T T T T T
-15 -10 5 0 5 10 15
Zonal Wave Number

the asymmetric component from b ERA5 d HiRAM ESM2M. Solid
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Rossby-gravity (MRG), and inertio-gravity (IG) waves
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To analyze the mean characteristics associated with the
3-5 day AEWs in both reanalysis data and HiIRAM, stand-
ard deviations of 3-5 day bandpass-filtered values of OLR,
meridional wind at 700 hPa, and precipitation for the June,
July, August, and September (JJAS) season are examined
(Fig. 3). The standard deviation of bandpass-filtered daily
OLR represents the variability of the synoptic-scale con-
vective activity associated with 3—-5 day AEWs (Fig. 3a,
b). A band of convective activity stretches from Ethiopian
highlands to tropical Atlantic, and this band’s position shifts
more equatorward once it reaches the Atlantic Ocean. On
the continental part, this band is located slightly north of
the WAM rain belt, whereas it is collocated with the ITCZ
over the marine parts of the domain. The HIRAM ESM2M
simulation overestimates the variability of the synoptic-scale
convective activity, and the band is not as well defined as
in ERAS data (Fig. 3a). Most enhanced activities are found
over the land and the northward extent reaches up to 20°N.
The HIRAM overestimates climatological mean convection
(Raj et al 2019), and part of this enhanced convection arises
from the amplified variability of the synoptic-scale convec-
tive activity. Figure 3c shows the variability of the 700 hPa
meridional wind from the reanalysis data. A band of high
variability extends northward from the Western Sahel to the
Atlantic at 20°N. This band is collocated with the AEW
tracks. HHRAM ESM2M simulation accurately reproduces
the location of this band; however, the simulated variability
of the meridional wind is stronger than that in ERAS data
(Fig. 3d). Figures 3e and f show the 3-5 day variability of
precipitation in IMERG data and HIRAM EMS2M simula-
tion, respectively. The variability of precipitation is collo-
cated with that of the synoptic-scale convective activity, as
expected (Fig. 3e). HIRAM reproduces the 3—5 day rainfall
variability comparable to IMERG data, although the former
slightly overestimates the variability over land region.

Figure 4 is the same as Fig. 3, except for the 6-9 day
AEWSs. The OLR variability is at the same location as that
of the 3—5 day AEWs, except with a diminished intensity
(Fig. 4a). The 6-9 day AEWs are located at the northern
flank of AEJ in a drier location, and hence, their contribution
to convection is less than that of the southern track AEWs.
Similar to the 3-5 day AEWs, HIRAM ESM2M overesti-
mates the OLR variability by ~6 W/m? (Fig. 4b) over land.
Compared with the 3-5 day AEWs, the mid-level meridional
wind variability is located farther north (Fig. 4c). The wind
variability simulated by HIRAM is comparable to that in
ERAS (Fig. 4d) although the high variability band extends
more equatorward in the HIRAM simulation. The contribu-
tion to precipitation variability by 6-9 day AEWs is less than
3-5 day AEWs, as expected (Fig. 4e). However, HIRAM
overestimates precipitation variability, especially over the
marine ITCZ region (Fig. 4f). The observed overestimation
of the variability in the precipitation and associated fields,
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such as OLR, can be because HIRAM permits smaller-scale
organized convection. The convective parameterization used
in HIRAM is less intrusive and the model does not have
parameterization for deep convection (Zhao et al 2009).
Therefore, considerable differences between the synoptic-
or subsynoptic-scale variability between ERA5 and HIRAM
are expected. Studies that used superparameterization also
showed similar differences between model and reanalyses
(McCrary et al 2014).

4 Structure of AEWs

We extracted AEWs from the mean field using the Butter-
worth bandpass-filtered meridional wind at 700 hPa. The
700 hPa level is used by several studies to identify and
analyze AEWs (CARLSON 1969; Berry and Thorncroft
2005, 2012; Kiladis et al 2006). The composite anomalies
for the first day of wave (Oth day) are constructed from the
wind and rainfall anomalies associated with the highest and
lowest decile of the bandpass-filtered 700 hPa meridional
wind at an anchor location. The anchor location for 3-5
day AEWs is 1°W and 11.5°N and for 6-9 day AEWs is
1°W and 17.5°N. Similarly, we calculated circulation and
precipitation anomalies for — 4, — 2, +2, +4 days for both
types of AEWs. A similar method was used by Crétat et al
(2015) to calculate the composite anomalies. Figure 5a—e
show the mean evolution of 3-5 day AEWs from — 4 to +4
days and the rainfall associated with them. The wind field
is from ERAS reanalysis data and the precipitation anoma-
lies are from NASA IMERG data. A clear wave structure
can be seen in figures corresponding from — 2 to +2 days.
The wavelength is approximately 3000 km, and the north-
ern extent reaches well into Sahara. The rainfall anomalies
are concentrated in the southern part of the wave core. The
positive rainfall anomalies are located near northerly flow,
ahead of the trough, whereas the negative rainfall anomalies
are located to the south of the ridge, near the southerlies. The
strongest winds are located around 5°W on all days. As the
wave propagates into the Atlantic it moves more northward.
It is also evident that the troughs and ridges exhibit a north-
easterly tilt as they progress.

Figure 5f—j show the mean evolution of 3—-5 day AEWs
and the associated rainfall from the HIRAM ESM2M
simulation. On -4 and -2 days the circulation and rain-
fall anomalies are overestimated in the simulation when
compared with those in ERAS data. This overestimation
reduces as the wave progresses. Also, the troughs and
ridges are more defined in the HIRAM simulation and the
wavelength in the simulation is comparable with that in the
reanalysis data. The negative and positive rainfall anoma-
lies are located at the core, slightly southward, of ridges
and troughs, respectively. It should also be noted that the
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(a) ERA5 OLR (6- 9 days) (P) HIRAM ESM2M OLR (6 - 9 days)
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northward extent of the rainfall anomalies is also greater
in the HIRAM simulation than in the reanalysis, and the
Sahel experiences enhanced rainfall on the Oth day.

8 -7 6 -5-4-3-2-1012 3 45 6 7 8

wind anomalies (m/s). Blue contours are the stream function. Rainfall
anomalies (mm/day) are shaded

Figure 6 is the same as Fig. 5, except it shows the mean
evolution of circulation and rainfall of 6-9 day AEWs.
From Fig. 6a—e, which show the wave characteristics from
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Fig.6 Same as Fig. 4 but for 6-9 day AEWs

ERAS data, it is evident that the 6-9 day AEWs have a
longer wavelength (=4500 km) than the 3-5 day AEWs as
expected and their wave core is centered around 15°N. The
rainfall anomalies are located at the southern edge of the
wave train and are smaller in magnitude than those in the
3-5 day AEWs. A north—south dipole pattern of rainfall
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anomalies is observed with negative anomalies along the
Guinean coast and positive anomalies along the Sahel
before the passing of the wave. This pattern is reversed
after the wave passes, on +4 days. This dipole pattern is
observed in the previous studies as well (Diedhiou et al



Future projection of the African easterly waves in a high-resolution atmospheric general...

1998; Crétat et al 2015). The troughs and ridges exhibit a
northeastward tilt in this case too.

Figure 6f—j show the mean evolution of circulation and
rainfall anomalies associated with the 6-9 day AEWs in the
HiRAM ESM2M simulation. The overall structure and loca-
tion of the waves are similar to those in the reanalysis. The
model overestimates both wind speed and rainfall, as in the
case of the 3—5 day waves. The wavelength of the simulated
6-9 day AEWs is similar to that of the reanalysis data, which
shows that although the precipitation is overestimated, the
dynamic field agrees well with the observations. The south-
ward extent of the rainfall anomalies is larger in the HIRAM
simulation than in the reanalysis data; in particular, the Gulf
of Guinea experiences larger rainfall anomalies. The dipole
pattern over the Guinean coast and Sahel is reproduced by
the model. The simulated 6-9 day AEWs exhibit a stronger
circulation pattern than the simulated 3—5 day AEWs. The
disagreement in the intensity of precipitation between the
reanalysis data and model simulation could be attributed
to the constrain arising from the weak and inconsistent
data assimilation in the reanalysis (Trenberth et al 2001).
Another reason could be the overzealousness of the convec-
tive parameterization used in the model. Notably, the west-
ward propagation of the waves does not diminish in HHIRAM
as they reach the oceanic region. In general, GCMs struggle

2 ERAS (35,029

(b)

to maintain their wave structure over the Atlantic. Moreover,
for HIRAM, we observe a steady westward propagation.

Figure 7a, b show the meridional height cross-section
of meridional wind on the Oth day associated with the 3—5
day AEWs from ERAS and HiRAM ESM2M simulation
respectively. Westerly wave propagation is evident in ERAS
and HiRAM, with a shift between northerly and southerly
flows as the time progresses (Fig. S1). Vertically, the meridi-
onal wind anomaly exhibits a typical first baroclinic mode
structure, with the meridional wind changing its direction
at approximately 300 hPa. However, the wind structure has
an eastward tilt from the surface to approximately 700 hPa
and a westward tilt aloft. The tilt in the meridional wind
structure (horizontal wind shear) indicates the presence of
significant barotropic energy conversion. HIRAM simulates
the propagation of the wave and the vertical and horizontal
wind shears associated with the mixed barotropic—baroclinic
process, consistent with the reanalysis (Fig. 7b). Our simu-
lation agrees with previous studies (Burpee 1974; Kiladis
et al 2006). However, the model marginally overestimates
the magnitude of the wind. The wind reversal in the verti-
cal happens in HIRAM at a higher level (200 hPa) than the
ERAS5 (300 hPa).

Figure 7c, d are similar to Fig. 7a, b, except for the 6-9
day wave on the northern flank of the AEJ. As in the case of
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Fig.7 Meridional height cross-sections of meridional wind (m/s) on Oth day for 3-5 day AEWs a ERAS5 b HIRAM ESM2M and for 6-9 day
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the 3-5 day AEWs, HiRAM reproduces the wave propaga-
tion consistent with the reanalysis (Fig. S2). The first baro-
clinic mode in the vertical and the barotropic conversion
associated with the wind shear is also reproduced. However,
the eastward tilt in the lower troposphere and the westward
tilt above it are more pronounced in the 6-9 day AEWs. The
pronounced wind shear indicates a more significant role of
barotropic conversion in the 6-9 day wave than in the 3-5
day southerly counterpart. As in the case of 3—-5 day AEWs,
HiRAM overestimates the wind speed when compared with
ERAS data.

5 Eddy kinetic energy

To analyze the frequency of occurrence and the intensity
of AEW activity, we used Eddy Kinetic Energy (EKE),
following previous studies (e.g. Leroux et al 2010; Martin
and Thorncroft 2015). EKE is calculated as follows: EKE
= (W’2+v’2)/2, where u” and v’ are the bandpass-filtered
anomalies of the daily u and v data, respectively. We cal-
culated EKE for 700 and 850 hPa to analyze the mid- and
low-level AEW activities, respectively. Furthermore, EKE
at 850 hPa plays an important role in tropical cyclogenesis

(Gray 1968; Thorncroft and Hodges 2001; Hopsch et al
2007). EKE calculated for 3-5 day AEWSs from both ERAS
and HiRAM simulation is shown in Fig. 8. In general, the
model overestimates EKE at both 700 and 850 hPa com-
pared with the reanalysis data. The largest biases are seen
at lower levels (Fig. 8d) and over the land regions. HIRAM
ESM2M underestimates EKE over northern Sahara at
mid-level and overestimates EKE over Sahel and Guinean
coast at both levels (Fig. 8c, d). According to the previ-
ous study, HIRAM overestimates JJAS rainfall Guinean
coast (Raj et al 2019) and it is safe to assume that this bias
emerges from enhanced AEW activity in the model over
this region. It should also be noted that over Atlantic, the
largest bias is seen at 17.5°N, which is the region where
the southern and northern track AEWs merge.

HiRAM simulates EKE that is comparable with ERAS
for 6-9 day AEWs at both mid and low levels, though it
slightly overestimates it (Fig. 9c, d). The bias is seen over
Atlantic centered around 18°N at both levels. Notably, the
6-9 day AEWs have the lowest EKE at 850 hPa, but the
model overestimates EKE at this level. Another region
where the model overestimates the EKE is the western
Sahel. In general, a band of positive EKE bias starting

C
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30N . 1 . 1 . ; 1 . "
— 20N — —
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Fig.8 EKE (m?/s%) of 3-5 day AEWs at 700 hPa for a ERAS and ¢ HIRAM ESM2M and at 850 hPa for b ERAS5 and d HIRAM ESM2M from

1979 to 2004
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Fig.9 Same as Fig. 6 but for 6-9 day AEWs

from the western Sahel to around 20°N in the Atlantic is
seen in HIRAM simulations for both types of AEWs.

6 Future projection

Knowing how the AEW activity will change in the future
is crucial because AEWs play a key role in the variability
of Sahel rainfall and the genesis of Atlantic hurricanes. The
zonal wavenumber—frequency power spectrum of the sym-
metric component of OLR from the HIRAM RCP 8.5 run
shows that the power increases in the AEW region in the
future, which indicates greater (more in number or stronger)
activity (Fig. 10).

The standard deviation of precipitation anomaly between
RCP 8.5 and history simulation for both 3-5 day and 6-9 day
AEWs are shown in Fig. 11a, b respectively. For 3-5 day
AEWs, there is a marked increase in precipitation over both
continental and oceanic regions in the domain (Fig. 11a).
The largest increase is observed over tropical Atlantic near
Guinean coast while northern Atlantic also exhibits consid-
erable increase in precipitation. Future precipitation anom-
aly for 6-9 day AEWs follow a similar pattern to that of 3-5
day AEWs (Fig. 11b). The largest anomalies are seen over
the western coast as in the case of 3-5 day AEWSs. Sahel

30w 0 30E 60E

experiences an increase in precipitation for both types of
AEWs.

Figures 12a, b show the mean circulation and precipita-
tion anomalies for the 3—5 day AEWs from 2080 to 2099
simulated with RCP 8.5 on the Oth day for 3-5 day AEWs.
In general, precipitation associated with the 3—-5 day AEWs
considerably changes, up to |10] mm/day, in the future
(Fig. 12b). Notably, the northward extent of the rain belt
increases, reaching up to 20°N after the wave passes (fig.
S3). The latitudinal extent of the circulation also increases,
and the circulation intensity shows a marked increase. More-
over, the wave penetrates farther into the Atlantic, and the
intensity in the marine region increases. Because AEWs
sometimes act as the precursors of hurricanes, this could be
translated as the tropical cyclone activity in the equatorial
Atlantic may change in the future under this representative
concentration pathway. Figure 12c, d show the mean circu-
lation and precipitation anomalies of the 6-9 day AEWs.
Similar to the 3-5 day AEWs, the 6-9 day AEWs exhibit
an increase in the intensity of precipitation anomalies of
approximately |8] mm/day. The northward extent of these
anomalies also increases by around 1°. The intensity of the
circulation also increases. Remarkably, the circulation cell
in the Atlantic becomes stronger and wider than the history
simulation (Fig. S4).
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Fig. 10 Wavenumber—frequency power spectra of the symmet-
ric component of OLR for June—August 2095-2099, averaged from
15°N to 15°S, plotted as the ratio of the raw OLR spectrum against

Figure 12e, f shows the meridional height cross-section
of the anomalous (RCP8.5 - History) meridional wind on the
Oth day days in RCP 8.5 projection, for the 3-5 day AEWs
(left panel) and 6-9 day AEWs (right panel). In the 3-5
day AEWs, the first baroclinic mode associated with the
deep convective heating is enhanced in the future. The oppo-
sitely flowing mid to lower and upper-tropospheric meridi-
onal winds are strengthening. The enhanced first baroclinic
mode in the future agrees with the positive rainfall anomaly
(Fig. 11) because the diabatic heating from deep convection
latent heat release is the energy source for the baroclinic
mode. Contrary to the 3-5 day case, the response to warm-
ing is weak in the 6-9 day waves. The first baroclinic mode
structure is not significantly changed (fig. S5).

A change in EKE indicates a change in the number and/
or intensity of AEW activity. By the end of the twenty first
century, EKE of the 3-5 day AEWSs shows a significant
increase all over the domain. At 700 hPa level, a band of
increased EKE spans from the Gulf of Guinea to around
50 W in the Atlantic (Fig. 13a). The northward extent of
this band reaches up to 28°N. An increase of ~1.8 m?/s? is
seen over the Gulf of Guinea and a slight increase is found
over the western Sahel. A similar band of increased EKE
is observed over the Atlantic at 850 hPa (Fig. 13d). How-
ever, at this level, in the Gulf of Guinea there is no visible
increase in EKE, whereas in the Western Sahara and Sahel
EKE increases up to 1.5 m?/s*. The enhanced EKE over the
ocean indicates enhanced AEW amplitudes after they leave
the coast.

The EKE for the 6-9 day AEWs also shows an increase
by the end of the twenty first century (Fig. 13b, d). As in
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the case of the 3—-5 day AEWSs, a northern oceanic region in
the domain exhibits a marked increase in EKE at mid-level,
whereas Western Sahara experiences a milder enhancement
of EKE over the continental region (Fig. 13b). A second
band of enhanced EKE (> 2 m?/s?) is found centered over
10°N, and this enhanced AEW activity in the south might be
contributing to the enhanced precipitation because this loca-
tion offers a high moisture supply to the waves. This increase
is less pronounced at 850 hPa, where Western Sahara and
Sahel exhibit enhanced EKE up to 1.6 m?/s? (Fig. 13d).
Since the 6-9 day AEWs are formed on the northern flank
of AEJ, they are mostly dry with diminished moisture sup-
ply and hence contribute less to cyclogenesis than 3-5 day
AEWs. In general, the increase in EKE over the oceanic
region indicates the enhanced AEW activity in this region.
However it is ambiguous whether this will lead to more
cyclogenesis. Previous studies have shown that seasonal
variability of basin-wide hurricanes in Atlantic may not be
related to AEWs (Patricola et al 2018).

To further analyze the contributing factors to the changes
in EKE, different energy conversion terms are calculated.
The primary energy source for eddies is available potential
energy, which is then converted into kinetic energy (Lorenz
1955), and both available potential energy and kinetic energy
can be separated into their mean and eddy parts. AEWs can
be viewed as eddy disturbances traveling along the zonal
flow, and energy conversions associated with them can be
isolated into zonal mean state and eddies (Hsieh and Cook
2007). The generation of EKE in AEWs involves mainly
baroclinic energy conversion, barotropic energy conver-
sion, and diabatic heating (McCrary et al 2014). The energy
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conversions in AEWs can be explained using the Lorenz
energy cycle. The governing equations for eddy kinetic and
available potential energy in an open system are

0Ky
T_Ck+cpk_DE+KEB+¢EB (D
and

e, —C G+ A 2)
o » £t Agsp

where K}, is the average eddy kinetic energy and Ay is the
eddy available potential energy, C, is barotropic energy
conversion, Cpk is the baroclinic energy conversion term,
and Dy, is the frictional dissipation. The conversion term of
zonal available potential energy to eddy available potential

-4 -3 -2 -1 2 3 4 5 6 7 8

energy due to eddy heat flux along the zonal mean tempera-
ture gradient is given by C,, and generation of eddy available
potential energy by diabatic heating is given Gg. Ky and
Apg are the boundary fluxes of eddy kinetic and available
potential energy, respectively. ¢ is the boundary pressure
work performed by the eddies.

The energy conversion terms are calculated as

Co=-V..(V.V)V, 3)
R
Cop == o' “)
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Fig. 12 a Composite anomalies of rainfall for 3-5 day AEWs on Oth
day for HIRAM RCP 8.5 simulation from 2080 to 2099. Vectors are
700 hPa wind anomalies (m/s). Blue contours are the stream func-
tion. Rainfall anomalies (mm/day) are shaded, (b) the same as (a)
except for the shading is the rainfall anomalies calculated as the dif-
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T
where T is daily mean temperature, @ = dp/dt, is the vertical
velocity, Q, is the apparent heat source, V, is the horizontal
wind speed, and p is pressure. Also, y = o dr’ where I'; and
-

I" are the dry adiabatic and observed lapse rates, respectively,
¢, is the heat capacity at constant pressure, and R is the dry
air gas constant.
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The apparent heat source is calculated as:

CpT 00

Y

a0 00
Mﬁ + Va
where 0 is the potential temperature.

Primes in these equations are calculated using 3—-5 day
and 6-9 day Butterworth bandpass filter. The higher order
terms (triple products of perturbations) in (1) and (2) are
omitted from analysis (Hsieh and Cook 2007). The posi-
tive and negative values in these figures represent gain
and loss of EKE or eddy available potential energy respec-
tively. The contours represent mean values from history
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Fig. 13 EKE anomalies (m?/s?) from HiRAM RCP 8.5 at (a and
¢) 700 hPa, and (b and d) 850 hPa. Anomalies are calculated as the
difference between HiRAM RCP 8.5 (2080-2099) and HiRAM
ESM2M (1985-2004). The left panel is 3-5 day AEWs, whereas the

simulations and shades are the anomalies between history
simulation and future projection.

Figure 14a, e show the meridional cross-section of the
baroclinic energy conversion term (— SW) calculated from
the HiIRAM simulations for the 3-5 and 6-9 day AEWs,
respectively. Baroclinic conversion is an important energy
source for AEWSs, which converts eddy available potential
energy to EKE, and is associated with meridional overturn-
ing. For the 3-5 day AEWs, positive values of baroclinic
conversion terms are found north of 12°N in the history
simulations, and this band of positive values extends up to
700 hPa (Fig. 14a). This feature is associated with the
ascending of hot dry air in the northern and descending of
cold air in the southern parts of the domain (Hsieh and Cook
2007). Another band of positive baroclinic conversion is
found between 500 and 200 hPa centered over 10°N, which
is associated with the latent heat release from the convection
in the AEWs. The latent heat release causes the ascent of
warm air in these levels. Below 500 hPa, a region of negative
baroclinic conversion can be seen, associated with the ascent

(b)
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RCP 8.5 - history
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:‘ t’;“"’* WP N
10N %
X
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right panel is 6-9 day AEWs. The hatching indicates the areas where
the anomalies are statistically significant at least at 95% confidence
level.Statistical significance is calculated using Student t-test and the
degrees of freedom are 2438

of cold air, which is a typical characteristic of waves (Die-
dhiou et al 2002; Hsieh and Cook 2007). This latent heat
release due to convective precipitation is a major driver of
waves in the tropics (Nitta 1972). For the 3-5 day AEWs,
the baroclinic conversion term in the upper troposphere is
very pronounced, which could be due to the exaggerated
convection in these waves in HIRAM. While the regions of
positive baroclinic energy conversion are similar in the 6-9
day AEWs, their strength is less (fig. 14e). Since the convec-
tive precipitation is less in the 6-9 day AEWs, the upper
troposphere latent heat release is also diminished. This is
reflected in the lower values of baroclinic energy conversion
at this level. Anomalies from future projections exhibit an
increase in baroclinic conversion in the lower and upper
troposphere for both 3-5 and 6-9 day AEWs. The increase
in the upper-tropospheric baroclinic term could be due to the
enhanced precipitation from waves in the future. As in the
case of mean values from history simulations, future anoma-
lies for the 3-5 day AEWs are bigger than those of the 6-9
day AEWs. A shallow band of negative anomalies over 500
hPa is seen for both waves.

@ Springer



J.Rajetal.

(a) _ Baroclinic_ Term (e) Baroclinic Term
250 — =210 ~— 250 ~
< %0 x{:@ _ < %0 _
o 28 — 8 S o — 8 [
< 400 < < 400 <
2, == £ 2 £
> 500 — ——g———8 3 500 N
RS/ s 3 \ s
o — —a4 T o 4 T
o 700 | = /__J_\/q\"\/’"\ o 700 < '\
o | = -
! | \ { \ \ !
10N 15N 20N 10 15 20 24
EEERNE EEREN
-18 -12 6 0 6 12 18 8 6 4 -2 0 2 4 6 8
(b) Barotropic Term () Barotropic Term
250 *‘:::\::t__‘\\ \\-\___ |
. 300 N N y =
© ; —
o N /8 & o
< 400 £ < g
) = o =
S 500 | 5 2 =)
@ S 7 ‘B
o T < I
o a
(c) (9)
5 .7 _
< £ = g
g = @ =
> f; S {;
3 D 2 2
3 T 9 T
o a
(d) (h) C
250 —| /
. 300 — o
© 3 L s =
9:; £ < 400 —\_/ g
ST =
g = S 500 | 5
& 2 3 ; ° o
0] T ] —4 I
o 0. 700 —
0 Ca )
| \ |

5N 10N

[
4321012 3 4

and future simulations. Anomalies are calculated as the difference
between HIRAM RCP 8.5 (2080-2099) and HIRAM ESM2M (1985-
2004). The left panel is 3-5 day AEWs whereas the right panel is 6-9
day AEWs. Energy terms are in m? /s /day

Fig. 14 Meridional height cross-sections of (a and e) baroclinic
term, (b and f) barotropic term, (¢ and g) G, and (d and h) C, aver-
aged between 20°W and 10°E. Contours represent mean values from
history simulations and shades are the anomalies between history
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Figure 14b, f show the barotropic conversion term
(—V;I.(V’ .V)Vy) for the 3-5 and 6-9 day AEWs, respec-
tively. Barotropic energy conversion is the secondary source
of EKE, and it converts zonal kinetic energy to EKE. For
the 3-5 day waves there exist three main regions of posi-
tive mean baroclinic conversion, over the upper, middle, and
lower troposphere (contours in Fig. 14b). The upper tropo-
spheric positive values starting around 6°N are caused by
anticyclonic divergent flow from the ITCZ and large shear
of the tropical easterly jet (TEJ) (Hsieh and Cook 2007).
The second region is in the middle troposphere and is cen-
tered over 10°N, south of AEJ. This region is associated with
EKE production due to AEWs. Meanwhile, on the north-
ern flank of AEJ, around 17.5°N, barotropic conversion has
significantly lower values. This disparity in the values on
either side of the jet causes the tilt of the wave axes. The
third region is found in the lower troposphere in the north
of the domain centered over 18°N. This is the region where
the moist southwesterly monsoon winds converge with the
dry Harmattan winds from the north. The positive band of
barotropic conversion near tropopause is less for the 6-9 day
AEWSs than for their 3-5 day counterparts (Fig. 14f). The
barotropic conversion associated with AEJ is well-defined
for these waves, and the opposing values on either flank of
the jet are similar to those in the 3-5 day AEWs. For both
3-5 and 6-9 day AEWs, a region of negative barotropic
conversion, which reaches up to the tropopause, is observed,
and its values are higher for the 6-9 day AEWs. The future
anomalies for the 3-5 day AEWs show an increase in
barotropic conversion term near the tropopause (shades in
Fig. 14b). The HIRAM RCP 8.5 simulations show a stronger
TEJ by the end of the century (Raj et al 2019), this could be
the reason for the increase in the barotropic conversion term
in this region. Interestingly, however, such an increase is not
evident for the 6-9 day waves. Another region of positive
anomalies extending from upper- to mid-troposphere and
spanning from 10°N is seen for both types of AEWs, and
this anomaly extends to the northern parts of the domain
for the 6-9 day AEWs. Both types of AEWs show positive
anomalies over the southern flank of AEJ, which is attribut-
able to the increase in AEJ intensity over its southern flank
in the HIRAM RCP 8.5 simulations (Raj et al 2019). Lower
tropospheric barotropic conversion term anomalies exhibit
a marked decrease for the 3—5 day AEWs.

Figure 14c, g show the generation term Gy (%W),
which is a source of eddy available potential energy by
means of diabatic heating. The positive value of G, repre-
sents the generation of eddy available potential energy and
is attributed to the warming of warm regions or the cooling
of cold regions at the same latitude (Michaelides 1992).
Meanwhile, the cooling of warm regions and warming of
cold regions at the same latitudes cause the destruction of

eddy available potential energy resulting in negative values
of G. In the mean value from history simulation, for both
3-5 and 6-9 day AEWs, the upper-tropospheric distribution
of G and baroclinic conversion term look similar, indicating
that the eddy available potential energy consumed by the
baroclinic term is partially balanced by the diabatic heating
(contours in Fig. 14c, g). Eddy available potential energy is
generated in this region by the condensational heating from
ascending warm air. Gy, in this region is higher for the 3-5
day waves than the 6-9 day waves. A region of negative G,
implying the destruction of eddy available potential energy,
is found over 700 hPa for both 3-5 day (around 10°N) and
6-9 day (around 12°N) AEWs, which could be either due to
ascending cold air with latent heat release or descending
warm air with evaporative cooling (Hsieh and Cook 2007).
A similar and stronger region of the destruction of eddy
available potential energy is observed north of 15°N for both
types of AEWSs. Similar to the baroclinic conversion term,
Gy near the tropopause exhibit an increase in the future for
both types of AEWs (shades in Fig. 14c, g). The region of
negative G near 700 hPa shows negative anomalies, which
are more pronounced for the 6-9 day AEWs (Fig. 13g).
Moreover, positive anomalies are seen over the lower tropo-
spheric region of negative G for both the 3-5 and 6-9 day
AEWs.

Figure 14d, h show the meridional cross-section of the
term C (—C’%V;IT’ Y% HT), which represents the conversion

of zonal available potential energy to eddy available poten-
tial energy owing to the eddy heat flux along the zonal mean
temperature gradient. This is another source of eddy avail-
able potential energy which supplements the baroclinic term.
A positive band of C, values centered over 15°N is seen in
the mean value from history simulation for the 3-5 day
AEWs (contours in Fig. 14d). A similar region of eddy avail-
able potential energy generation is seen for the 6-9 day
AEWs, but this region extends slightly more northward
(Fig. 14h). In the future, this region of eddy available poten-
tial energy generation appears to be shifting toward the south
(shades in Figs. 14d, h). This shift is more pronounced for
the 3-5 day AEWs.

7 Summary and discussion

AEWs are the key contributors to West African rainfall and
are known to act as precursors to tropical cyclones in some
instances in the tropical Atlantic. Hence, predicting how
AEWSs will change in a warming climate is crucial for the
considered region. In this study, we used a high horizontal
resolution AGCM, HiRAM, to analyze future projections of
AEWs. Because coarse-resolution models find it difficult to
simulate AEWSs and their westward propagation accurately,
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mainly due to their inability to resolve the complex topogra-
phy of the considered region and the parameterized convec-
tion, high-resolution models are ideal candidates to study
AEWs. We used the RCP 8.5 emission scenario for future
projections.

We have separated AEWs with respect to their periods,
i.e., 3-5 and 6-9 day AEWs. The analysis of the zonal wave-
number—frequency power spectrum of OLR shows HiRAM
successfully simulates AEWs. Further analysis of the mean
evolution of wave characteristics reveals that the location,
wavelength, and period of both types of simulated waves are
similar to those in observations, although the precipitation is
overestimated by HIRAM. The analysis of EKE shows that
HiRAM overestimates, with respect to ERAS, the EKE over
both low- and mid-level for both types of AEWs, although a
negative bias is observed over northern Sahara at mid-level.

In general, HIRAM overestimates wave activity and the
related energetics terms compared with ERAS. Because
AEWs are convectively initiated and maintained waves,
the difference in convective parameterization, as well as
the associated condensation and vertical velocity, between
HiRAM and ERAS5 could be the deciding factor. HIRAM
generates strong synoptic and subsynoptic variability owing
to its less intrusive convective parameterization. In addition,
ERAS underestimates the synoptic-scale rainfall variability
Fig. 1 and probably AEW activity.

In general, the AEW activity increases in the future,
which is evident from wavenumber—frequency spectra
and EKE analysis. The intensity of the circulation is also
observed to increase, and the northward extent of the AEW
track shows a significant increase by the end of the twenty
first century. Unlike several of the previous studies men-
tioned in the introduction, both northern and southern track
AEWs exhibit intensification in HIRAM RCP 8.5 simula-
tion. Four energetics terms related to the generation of EKE
and eddy available potential energy is calculated from both
history simulation and future projection for both types of
AEWSs. EKE for the 3—5 day AEWs is higher than that of
the 6-9 day AEWSs, which is also reflected in different ener-
getics terms. Baroclinic conversion is the main source of
EKE for both types of AEWs, especially at the tropopause
level. Barotropic conversion generates EKE mainly at the
AEJ level. The baroclinic overturning and eddy available
potential energy generated due to diabatic heating are quan-
titatively similar, indicating that G supplements the eddy
available potential energy used by baroclinic conversion.
This relationship becomes more pronounced in the future.
Both baroclinic overturning and G exhibit strong positive
anomalies at the tropopause level in the future, indicating
enhanced latent heat release and convective heating.

It has been shown that 10%- 20% of the dust entrainment
over northern Africa and 10%- 20% of dust variability over
the tropical Atlantic is associated with AEWs (Jones et al

@ Springer

2003). Therefore, the future enhancement in AEW activi-
ties have implications for the dust loading over north Africa
and Saharan air layer. The enhanced oceanic extent of EKE
to the tropical Atlantic may also have implications in the
cyclogenesis in Atlantic basin. But it is also noteworthy that
AEWs are not a deciding factor in the frequency of basin-
wide seasonal Atlantic cyclones (Patricola et al 2018). More
studies are needed to analyze whether the cyclogenesis from
AEWSs shows any significant change in the future.
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