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Abstract

Although climate models are important for making projections of future climate,
little attention has been devoted to model simulation of the complex climate of Central
Africa (CA). This study investigates, through processes over CA, the rainfall biases in
eight (8) climate models from Phase 6 of the Coupled Model Intercomparison Project
(CMIP6) and the corresponding eight previous models from CMIP5 with the focus on
the Met Office Unified Model (MetUM). In association with an unrealistic moisture flux
convergence, models such as the BCC-CSM model overestimate rainfall in both version
while other, such as the GISS-E2 model underestimate. As far as the MetUM model
in concerned, the study shows that the two versions of the model depict a wet (dry)
bias over the eastern (coastal western) CA in the September—November season, with the
wet (dry) bias stronger in coupled (atmosphere-only) models. Here, we explore potential
regional to large-scale causes of these biases. Results reveal that the overestimation of
the simulated sinking branch of the Atlantic-Congo zonal overturning cell is associated
with a strong near-surface temperature and pressure gradient between CA and the eastern
Atlantic Ocean. This leads to strong low-level westerlies (LLWs) which dry the coastal
western CA and strengthen the intensity of the Congo basin cell. Over eastern CA, the
wet bias is partially due to the misrepresentation in the strength of both African easterly
jet components that shift the mid-tropospheric moisture flux convergence southward,
favouring more convection south of the equator. Furthermore, the overestimation in
the simulated width and intensity of the Congo basin cell is associated with a strong
low-level moisture convergence over eastern CA, which contributes to more precipitation.
Remote contributions to the wet bias come from both the Atlantic and the Indian Oceans.
The simulated Atlantic-Congo zonal overturning circulation dries the coast through its
overestimated lower branch (LLWs) which moves further into the continent and advects

more moisture to the eastern CA. In the meantime, during positive Indian Ocean Dipole
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years, the advected moisture from the Indian Ocean to the CA region is overestimated in

models, much more in coupled models and contributes to the eastern CA wet bias.

Key words:
Central Africa; MetUM; Rainfall Bias; Walker type circulation; Indian Ocean

dipole; African Easterly Jet
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Résumé

Bien que les modeéles climatiques soient importants pour faire des projections du
climat futur, jusqu’a present, peu d’attention a été consacrée a la simulation par ces
modéles du climat complexe de I’Afrique centrale (AC). Cette étude examine, a I'aide
des processus atmosphériques qui gouvernent le climat de ’AC, les biais de précipitations
dans huit (8) modeles climatiques de la phase 6 du projet d’intercomparaison des modéles
couplés (CMIP6) ainsi que leurs predeceseurs de la phase 5, en se concentrant sur le
modeéle unifié du Met Office (MetUM). En association avec une convergence irréaliste du
flux d’humidité, des modeéles tels que le modéle BCC-CSM surestiment les précipitations
dans les deux versions, tandis que d’autres, comme le modéle GISS-E2, les sous-estiment.
Pour ce qui est du modele MetUM, I'étude montre que les deux versions du modéle
dépeignent un biais humide (sec) & l’est (ouest cotier) de ’AC pendant la saison septembre-
novembre, le biais humide (sec) étant plus fort dans les modéles couplés (atmosphériques).
Nous explorons ici les causes potentielles de ces biais, qu’elles soient régionales ou a
grande échelle. Les résultats révélent que la surestimation de la branche descendante
simulée de la cellule de retournement zonal de I’Atlantique-Congo est associée a un fort
gradient de température et de pression prés de la surface entre I’AC et 'océan Atlantique
oriental. Ceci conduit a de forts vents d’ouest & basse altitude (LLWSs) qui asséchent la
cote ouest de I'CA et renforcent 'intensité de la cellule du bassin du Congo. A l'est de
I’AC, le biai humide est partiellement di a la mauvaise représentation de l'intensité des
deux composantes du jet d’est africain qui déplacent la convergence du flux d’humidité
de la moyenne troposphére vers le sud, favorisant une convection plus importante au
sud de I'équateur. En outre, la surestimation de la largeur et de l'intensité simulées
de la cellule du bassin du Congo est associée a une forte convergence de ’humidité a
basse tropospheére sur I'est de ’AC, ce qui contribue a davantage de précipitations. Les

contributions & distance au biais humide proviennent & la fois de I’ Atlantique et de I'océan
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Résumé

Indien. La circulation zonale de retournement Atlantique-Congo simulée asséche la cote
par sa branche inférieure surestimée (LLWSs) qui se déplace plus loin dans le continent
et advecte plus d’humidité vers I'est de 'AC. En simultané, pendant les années positifs
du dipole de 'océan Indien, I’humidité advectée de 'océan Indien vers la région de ’AC
est surestimée dans les modeles, beaucoup plus dans les modéles couplés, et contribue au

biais humide de ’AC oriental.

Mots clés:
Afrique Centrale; MetUM; Biais des précipitations; Circulation de type Walker:;
Dipole de ’'Océan Indien; Jet d’Est Africain
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(zeneral introduction

Central Africa (CA) is dominated by the Congo River, the world’s second largest
river basin in terms of water discharges, abundant water resources, high per capita
water availability, inland wetlands and lakes, and the second largest rainforest on Earth
covering an area of 1.7x10%km? | that provide a range of socioeconomic benefits to local
communities. The role of the Congo Basin in the Earth climate system is undisputed
(Washington et al., 2013). The Basin is known as one of the three hot spots of major
convective activity in the world (Webster, 1983), experiencing the highest lightning strike
frequency of anywhere on the planet (Jackson et al., 2009) and receiving around 1500-2000
mm of rainfall per year (Dezfuli, 2017). This amount can be above 10,000 mm particularly
near the coast, the center of the Congo basin, and on the mountain on the Western Rift
Valley borders. In addition, its rainforest stores incredible amounts of carbon, preventing
it from being emitted into our atmosphere and fueling climate change. At the local scale,
through evaporation, tropical forests and woodlands exchange vast amounts of water and
energy with the atmosphere, controlling the seasonality of rainfall in the region (Crowhurst
et al., 2020). Furthermore, livelihood of populations in CA is strongly related to natural
resources and agriculture (rain-fed agriculture, hydroelectric power, forestry resources,
livestock, water resources management) and is highly dependent on climate.

Despite its importance, the climate of the region, compared to other regions of the
World, has remained critically understudied (Hua et al., 2019) partly due to a lack of
observational data (Washington et al., 2013; Creese and Washington, 2018). This creates
a gap in the understanding of the global climate system and complicates analysis of its
representation in climate models. In addition, based on the urgent need for action to
tackle climate change, the Paris agreement has called to limit global warming to well

below 2°C above pre-industrial levels and is pursuing efforts to limit the temperature
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increase to 1.5°C (Masson-Delmotte, 2018). According to King and Harrington, 2018, for
a 0.5°C global warming, equatorial regions, and especially CA, will experience the largest
changes in local climate compared to extratropical areas. In the meantime, according to
the latest IPCC report (Masson-Delmotte et al., 2021), in the whole Africa in general
and Central Africa in particular, increases in heavy precipitation and pluvial flooding is
likely to be observed with an increase in global warming. The means of adaptation and
resilience are still underdeveloped. This is partly due to the poor knowledge of the regional
climate system, and partly due to limited financial resources. However, the population
of this part of Africa is already suffering from the consequences of increasingly extreme
climatic phenomena, including floods and drought, which are consequences of the climate
disruption observed over the past few decades. A better knowledge of the climate can
allow to set up warning means and to take adequate measures to reduce the harmful
consequences of its alteration. Numerical climate models are, for this purpose, tools that
can provide additional information. This underlines the need for accurate projection of the
future climate over the region to efficiently build mitigation and adaptation plans in order
to reduce potential impact on CA countries where livelihoods mainly depend on climate.
Since Global climate models (GCMs) are crucial to developing climate projections (Creese
and Washington, 2016), it becomes urgent to better evaluate hindcasts in order to identify
strengths, diagnose deficiencies and thereby improve them.

Several studies have assessed models over CA (Nikulin et al., 2012; Haensler et al.,
2013; Washington et al., 2013; Saeed et al., 2013; James and Washington, 2013; Aloysius
et al., 2016; Vondou and Haensler, 2017; Fotso-Nguemo et al., 2018; Tamoffo et al., 2018;
Sonkoué et al., 2019). However, a lack of real progress in the new generation of climate
models has been reported (Flato et al., 2013; Whittleston et al., 2017). Early efforts at
climate models analysis were mostly restricted to a statistical evaluation. However, scalar
metrics in climate model evaluation give information on the degree to which the model
is far from the observation but does not yield the reason behind biases. Identification of
misrepresentation of physical processes underlying model biases may help to explain why
models fail and enable efforts to improve them (James et al., 2018).

Recent studies have started to apply a process-based approach to evaluate climate
models over CA (Washington et al., 2013; Creese and Washington, 2016; Dyer et al., 2017;
James et al., 2018; Creese and Washington, 2018; Tamoffo et al., 2019). Such studies are
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useful for models development because they provide reasons for model errors by tracing
processes which are not well simulated. Therefore, they provide to model developers
directions for improvement of the next generation of climate models. This study aims to
continue efforts on process-based evaluation of models over CA. First of all, investigations
are focused on how models from the Coupled Model Intercomparison Project (CMIP)
phases 5 and 6 simulate rainfall over CA. Secondly, investigation of simulated rainfall bias
will emphasize both regional and large-scale features already identified as key contributors
to climate variability over the region.

This dissertation is organised in three chapters: chapter 1 presents a general back-
ground of CA climate and poses research questions. In Chapter 2 we describe data used
and computation methods applied to assess the model outputs. Chapter 3 shows and

discusses findings of the study.
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Chapter 1

Literature Review and Research

questions

This chapter gives an overview of the Central African climate system. Qver the region,
features of the rainfall climatology are presented, as well as the drivers associated with
rainfall variability. Together with a brief description, the importance of General Circula-
tion Models (GCMs) is also discussed with a highlight of what the Coupled Model Intercom-
parison Project (CMIP) is. Finally, a brief review of climate model evaluation over

Central African region is done follow with some research questions.

1.1 Central Africa (CA) rainfall variability

1.1.1 The hydrological cycle in CA

The CA region experiences the well-known bimodal rainfall distribution (Fig.1). The
peaks rainfall are found during the transition seasons of September to November (SON)
and March to May (MAM) with the SON season wetter than MAM season. The timing
of the rainy seasons was first associated with the north-south displacement of the tropical
rainbelt, often broadly referred to as the movement of the Inter Tropical Convergence
Zone (ITCZ). Although that former theory has been contradicted, considerable studies
have established the connection between the seasonal cycle and amount of precipitation
with that of moisture convergence (e.g. Muller et al., 2009; Shi et al., 2014). Recent work
(Pokam et al., 2012; Washington et al., 2013; Creese and Washington, 2016; Dyer et al.,
2017) have clearly shown that these MAM and SON peak rainfall are linked to peaks of
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moisture convergence at these times of year.

In fact, moisture flux, through complex feedback mechanisms, determine the rainfall
amount and is linked to dry or wet conditions (Yin et al., 2013). In line with this,
findings from Creese and Washington (2016) has demonstrated a strong positive correla-
tion between precipitation and moisture flux convergence at 700 hPa in MAM, and at
850 hPa in June-August (JJA), September-November (SON), and December-February
(DJF).

6.5

ot - R
(0) o 92} o
1 1 1 1

Rainfall (mm/day)

w
o
1

-~ GPCP
-@— UDEL
—8%— CHIRPS

N
921
1

2.0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov De

Figure 1: Rainfall climatologycal annual cycle in Central Africa from GPCP, UDEL and
CHIRPS. Rainfall is averaged between 10°S—10°N and 10° E-3(°E.

1.1.2 Seasonal spatial rainfall distribution

The annual mean rainfall over Central Africa consists of a zone of intense convective
activity centered on the equator, which extends southward and covers almost all the Congo
forest, making this area one of the three key convective regions on the planet in which the
transition seasons dominate global tropical rainfall (Washington et al., 2013). However,
there is a strong season-to-season variability in spatial patterns of rainfall (Fig.2).

In CA, rainfall oscillates meridionally, crossing the equator twice a year during the
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Figure 2: Spatial distribution of the long term (1981-2015) seasonal mean rainfall (mm.day™')
in Central Africa from GPCP. The red box shows the main CA domain (10°S-10°N; 10° E-30°E.)

transition seasons of March to May (MAM) and September to November (SON), with
dry seasons in June to August (JJA) and December to January (DJF). The peak of the
rain belt shifts from the north to the south of the equator during November—December
and returns to the north during March—April. During the SON (long rains) season,
precipitation events tend to be heavier and longer in duration, while the MAM (short
rains) season is characterized by less intense precipitation events of shorter duration
(Sandjon et al., 2012). Findings from Jackson et al. (2009) have suggested that this
is due to enhanced mesoscale convective system activity. The zone of maximum rainfall
occurs broadly over the western central African region, covering almost the entirety of
the Congo forest (Pokam et al., 2012) and coinciding with a locus of intensive convective

activity (Sandjon et al., 2012). During the transition seasons, March to May (MAM) and
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September to November (SON), it is the wettest place on earth (Xie and Carton, 2004).

1.2 Atmospheric features associated with CA rainfall
variability

Some key features of the CA climate regime such as the low-level westerlies (LLWs)
and the African easterly jet (AEJ) components (north and south) are shown in Figure
3. Thier description, together with other features is given in the following. Furthermore,

details on the role they play in modulating the CA rainfall variability is highlighted.
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Figure 3: Schematic showing key features of the Congo Basin climate. Locations are
approximate. The study area is shown by the green bor. AEJ-N = African easterly jet morth
and AEJ-S = African easterly jet south (Creese and Washington, 2016).

1.2.1 Low-level westerlies (LLWs)

Low-level westerlies (LLWs) are associated with the southeasterly trades on the north-

eastern flank of Saint Helena (South Atlantic) high. Due to the Coriolis force, the
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southeasterlies recurve and become westerlies when crossing the equator (Pokam et al.,
2014). Nicholson and Grist (2003) suggested that the strength of equatorial westerlies is
related to the sea level pressure associated with the South Atlantic High (SAH). However,
in investigating the drivers of LLWs, Pokam et al. (2014) split the zonal wind into its
divergent and rotational component and found that north of 6°N in CEA, LLWs are
primarily a rotational flow forming part of the cyclonic circulation driven primarily by
the heat low of the West African monsoon system. This northern arm of the LLW is well-
developed from June to August. It weakens during September-November, disappears in
the December-February season and originates in the March-May season (Fig.4). South of
6°N, the circulation is dominated by the divergent component and the seasonal variability

of the LLW is controlled by the zonal land-sea thermal contrast near the equator.

January February March April

e

Levels (hPa)

Levels (hPa)

Levels (hPa)

Figure 4: Long term (1980-2010) monthly mean zonal wind speed (m.s~'), averaged between
10°PE and 15°E. Povitive (negative) values represent westerly (easterly) winds.

By advecting moisture from the Atlantic ocean to the CEA region, the strength of

LLWs is related to rainfall variability in the region where wet years exhibit a distinct
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westerly jet during both wet seasons (Dezfuli and Nicholson, 2013; Nicholson and Dezfuli,

2013). This makes LLWs an essential circulation feature in CA.

1.2.2 Regional atmospheric jets

There exist a set of atmospheric jets that exist at various vertical levels and also
contributing to the region’s climate variability by modulating the moisture transport
and vertical motion. These include the upper-level Tropical Easterly Jet (TEJ)and the
midlevel African Easterly Jet of the Northern Hemisphere (AEJ-N) and the Southern
Hemisphere (AEJ-S) as shown in (Fig.5) from Tamoffo (2020).

1.2.2.1 African Easterly Jets (AEJs)

The Northern African Easterly Jet (AEJ-N), which is perhaps known primarily
for its crucial role in generating the African Easterly Waves (AEWSs) and organized moist
convection in the West African Monsoon (WAM) system, develops in response to the
meridional temperature gradient caused by the land-sea contrast between the warm
Sahara and the cool Gulf of Guinea (Paradis et al., 1995; Hsieh and Cook, 2005; Hall
et al., 2006). The AEJ-N is strongest during June-September, and its core appears at
about 600 hPa, between 10 and 15N, with a maximum speed of 10-12 m/s. The AEJ-N is
mainly a product of the shallow meridional circulation driven by the Saharan heat low and
deep moist convection within the rainbelt, located equatorward of the jet (Thorncroft and
Blackburn, 1999). However, other studies have suggested that the meridional gradient in
soil moisture and associated land surface properties also exerts significant control on the
jet (Cook, 1999; Wu et al., 2009). Although the jet is most active within the WAM region,
its tail extends eastward within the longitude of CA, and in some years it is manifested
as a separate core from the western sector (Dezfuli and Nicholson, 2011). The AEJ-N
is recognizable throughout the year, though it weakens and moves equatorward between
October and March, when its core is located between 0 and 5N, and its maximum speed
reduces to 8 m/s compared to its peak in summer.

The Southern African Easterly Jet (AEJ-S), however, is best discernible in
August—November (Diedhiou et al., 1999; Nicholson and Grist, 2003). Its position varies
between 10S and 5S at 600-700 hPa, and its maximum core speed is about 9 m/s in
October. Although the AEJ-S is weaker and more zonally confined than the northern
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jet, its existence is also a result of the reversal of the surface temperature gradient. The
maximum meridional temperature gradient is evident between the semiarid Kalahari to
the south and the humid rainforest of CA to the north. Nicholson and Grist (2003) noted
that the rainbelt during August—November, when both AEJs are present, is approximately
bound by the axes of the two jets. The AEJ-S and its associated secondary circulation

also play a role in aerosol transport off the continent (Adebiyi and Zuidema, 2016).
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Figure 5: Annual cycle of the mean zonal wind speed (m.s~!), averaged over the longitude band
10°-8(°PE. Red, Blue and Green points display respectively the mean position of TEJ, AEJ-N and
AEJ-S cores (Tamoffo, 2020).

1.2.2.2 Tropical Easterly Jet (TEJ)

Another important feature of the circulation in the region is the TEJ, which develops

as a response to the intense meridional temperature gradient between the Himalayan
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Plateau and the Indian Ocean during boreal summer and extends to the African continent
(Koteswaram, 1958). During the month of August, its maximum speed is about 16 m/s
at 200 hPa and 10°N along the western boundaries of CA (Fig.5). The jet’s left exit
zone is collocated with the northern part of CA and may provide a mechanism of rainfall
variability over that region (Nicholson and Grist, 2003). The westward extension of the
TEJ over the West African Monsoon (WAM) region seems to be at least partly a result of
the Coriolis force acting on the equatorward outflow of deep convection just to the north of
the jet (Thorncroft and Blackburn, 1999). The upper-level easterly flow is evident in the
equatorial latitudes all year round. However, it is weak during the transition seasons when
it crosses the equator, and it exhibits a secondary maximum during January and February
when it reaches its southernmost position at around 7°S (Nicholson and Grist, 2003). This
secondary maximum speed of the easterly flow is usually not considered part of the TEJ; it
is attributed to the equatorward branch of the upper-level flow that is deflected westward
by the Coriolis force, a process similar to that suggested by Thorncroft and Blackburn
(1999) for the Northern Hemisphere. The upper-level flow in transition seasons, although
it is weaker than in boreal winter and summer, contributes strongly to rainfall variability
by modulating the vertical motion by altering the upper-level divergence (Dezfuli and

Nicholson, 2013; Nicholson and Dezfuli, 2013).

1.2.3 Congo basin cell

Many studies (Pokam et al., 2014; Cook and Vizy, 2016; Neupane, 2016) have
suggested the presence of a zonal shallow overturning cell over central Africa. The cell
was finally highlighted by Longandjo and Rouault (2020) and they denoted it the Congo
basin cell (Fig.6). It is a closed, counterclockwise and shallow zonal overturning cell that
is confined at the lower troposphere (between the surface and 800 hPa) and is active
throughout the year. LLWs form the lower base of the cell and similar to LLWs, the
Congo Basin cell intensity and width are driven by the near-surface temperature warming
on both the central African landmass and the eastern equatorial Atlantic. The cell’s
maximum (minimum) intensity and width are registered in August/September (May).
As shown by Longandjo and Rouault (2020) the eastern edge of the cell is associated with
the Congo Air Boundary, a convergence zone where the low-level jets from the equatorial

Atlantic, having crossed the central African landmass, meet the Indian monsoon system
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easterlies to form the ascending branch of the cell. It is a zone of maximum convection
and precipitation in the region. The zonal rainfall maximum position in the region is then

modulated by the width of the Congo basin cell.

“Pseudo” Central Africa cell

200- hPa —h\ < TEJ - -~ -

Atlantic cell| [\ 8 Walker cell

~-800 - 700- hPa

1000- hPa

Cold Atlantic SST Warm Central
Africa landmass

H High pressure L Low pressure \E.: Midlevel Easteriy Jet
-~ Rainfall ® Northward cross-equatorial moislure lransporl O Equatorward heal and moisiure ransport

Figure 6: Schematic diagram of the zonal large-scale circulation over central Africa and its
surrounding oceans as proposed in Longandjo and Rouault (2020). The Congo basin cell acts a
small heat engine, transporting latent and sensible heat from the warm central Africa landmass

to the cold equatorial Atlantic, reminiscent of a mized Carnot—steam cycle.

1.2.4 Neighbouring Oceans and associated circulations

The CA regional climate is modulated and influenced by the adjacent Atlantic and
Indian Oceans, where variability in SSTs can influence moisture availability, moisture
advection, and the static stability of the lower troposphere (Balas et al., 2007; Pokam
et al., 2014; Dyer et al., 2017).

1.2.4.1 Atlantic Ocean and its Atlantic-Congo Walker like circulation

The impact of the sea surface temperature (SST) changes in eastern equatorial Atlantic
on rainfall variability of the coastal part of CA has been long recognized (Hastenrath,
1984; Hirst and Hastenrath, 1983; Nicholson and Entekhabi, 1986, 1987; Okumura and
Xie, 2006; Dezfuli and Nicholson, 2013; Nicholson and Dezfuli, 2013). Coastal rainfall
in CA has been found to be enhanced in years with positive SST anomalies (SSTAs),

and suppressed in years with negative SSTAs, in response to both indirect atmospheric
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mechanisms and direct local forcings (Nicholson and Entekhabi, 1987; Nicholson and

Dezfuli, 2013) such as the thermodynamics consequences of the SST pertaining to the
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Figure 7: Monthly streamline cross sections constructed from the divergent component of the
zonal wind (m.s~1) and the vertical-p velocity (10.72.Pa.s~') averaged between 5°S and 3°N from
the ERAI climatology (1979-2014) (Cook and Vizy, 2016).

moisture content and static instability in the lower troposphere. The local SST variability
has been attributed to various interrelated components of the tropical Atlantic variability.
For example, during an Atlantic Nino, relaxation of the equatorial trade winds in the
midbasin is associated with warm SST anomalies in the eastern basin. Climate features
in the tropical Atlantic also include the Atlantic cold tongue, and the south Atlantic High
(SAH) (Nobre and Shukla, 1996; Xie and Carton, 2004; Okumura and Xie, 2006)
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Variability in Atlantic SSTs has also been found to modulate a local Atlantic-Congo
Walker circulation (Fig.7), where warm SSTAs result in enhanced evaporation, enhanced
low-level onshore flow and enhanced convection over the continent (Cook and Vizy, 2016;
Neupane, 2016). The zonal overturning circulation along the equator connects rising
motion in the Congo Basin and sinking in the eastern Atlantic. This zonal overturning
circulation over the Congo basin (15°-25°E, 3°S-3°N), which is forms only from June
to October (Cook and Vizy, 2016), occurs when the Atlantic cold-tongue sea surface
temperature (SST) matures to set up favorable atmospheric conditions for its development
(Cook and Vizy, 2016). The up-branch is located in the Congo basin around 20°E. Mid-
tropospheric easterly flows constitute the returning-branch and sinking over the Gulf
of Guinea forms the down-branch, which diverges at 2°W near the surface, with winds
to the east flowing eastward to complete the circulation. This circulation is driven by
surface temperature differences between the eastern Gulf and Congo basin. When cold
tongue SSTs are anomalously cool (warm), evaporation from the ocean surface is reduced
(enhanced) and the westerly flow advects less (more) moisture into the base of the Congo
Basin Walker circulation. This reduces (increases) the release of latent heat in the up

branch and weakens (strengthens) the Walker circulation.

1.2.4.2 Indian Ocean and its overturning circulation

The Indian Ocean also influences the climate of the Congo Basin and adjacent regions
(Hastenrath, 2000; Black et al., 2003; Ummenhofer et al., 2009; Dyer et al., 2017).
Variability in rainfall over the Indian Ocean region is dominated by the monsoon systems,
which produce southeasterly flow along the east coast of Africa during boreal summer,
and northeasterlies during boreal winter (Schott et al., 1997; Schott and McCreary Jr,
2001). These easterly flows directly affect moisture advection into the region, which in
turn is modulated by the East Africa Highlands, which are likely to block some moisture
penetrating inland to the Congo Basin (Van der Ent et al., 2010). Dyer et al. (2017),
using the Community Earth System Model, identified the Indian Ocean as a dominant
oceanic moisture source for the Congo Basin, contributing 21% during the rainy seasons.

Variability in Indian Ocean SSTs has long been linked to variability in East African
rainfall (Beltrando and Camberlin, 1993; Goddard and Graham, 1999; Endo and Tozuka,
2016). The Indian Ocean Dipole (IOD), an SST phenomenon which features warm SSTAs
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in the west Indian Ocean and cold SSTAs in the east during its positive phase, has
been linked to both East and Central African climate variability (Ogallo and JE, 1988;
Ummenhofer et al., 2009; Dezfuli and Nicholson, 2013; Moihamette et al., 2022) through
the Indian Ocean Walker Circulation (IOWC).

The latter is a mean state zonal overturning cell located over the equatorial Indian
Ocean. A strong gradient of SST anomalies in the Indian Ocean during the IOD phenome-
non modulates the atmospheric circulation by weakening (strengthening) the Walker cell
during positive (negative) IOD events (Black et al., 2003). As highlighted in Moihamette
et al. (2022) during extreme positive IOD events (hereafter plOD), CA experiences
enhanced moisture supply from the Indian Ocean that results in increased rainfall while
the opposite process is recorded during the negative phase (hereafter nIOD), with the
magnitude of pIOD events anomalies stronger than those of nIOD events. Furthermore,
the inflow is strongest in the lower troposphere over the ocean while it is strongest in
the mid-troposphere over CA because much of the lower-level inflow is blocked by the

topography to the east of CA.

1.3 General circulation model (GCMs)

A climate model is a more or less idealized representation of the climate system based
on the mathematical equations called primitive equations of the mechanics of the fluids
and thermodynamics and on the parameterization of the phenomena of sub-meshes. It
is a primary means for scientists to understand how the climate has changed in the past
and may change in the future. Thus, to represent the atmospheric atmospheric processes,
we use the discretization of space on the horizontal vertical and temporal planes (Fig.8).
The model therefore solves the equations in a three-dimensional space (altitude, latitude,
longitude) forming meshes (or grid points).

General circulation models (GCMs) are models that simulate the evolution of climate
on a global scale and over the long term. A few years ago, GCMs only included a
representation of the atmosphere, the land surface, sometimes the ocean circulation, and
a very simplified version of the sea ice. Nowadays, GCMs take more and more components
into account, and many new models now also include sophisticated models of the sea ice,
the carbon cycle, ice sheet dynamics and even atmospheric chemistry. General circulation

models (GCMs) are grouped into three categories: Atmospheric General Circulation
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Figure 8: Conceptual diagram of how a numerical model works (Fig.2 in Edwards (2011)).

Models (AGCMs), Oceanic General Circulation Models (OGCMs) and Coupled atmophere-
ocean General Circulation Models (CGCMs).

1.3.1 Coupled General Circulation Models (CGCMs)

The most advanced tools that are currently available for simulating the current climate
and the climate response to external natural and human-made perturbations are coupled
or atmophere-ocean general circulation models (CGCMs or AOGCMs). A CGCM combine
both an Atmospheric General Circulation Models (AGCM) and an Oceanic General
Circulation Models (OGCM). It describes all components of the climate system and
their interactions in sufficient detail (Soldatenko et al., 2021). In recent decades, the
development of AOGCMs has been marked by significant progress due to both advances
in the study of the climate system itself and an increase in computing resources, which
provide ever greater detail and completeness of the descriptions of climatically significant
processes. Present-day developments in computer technology provide the ability to numeri-
cally integrate AOGCMs for many hundreds of years. In addition, They have evolved since
the 1970s with a considerable improvement in their resolution and a better consideration
of new components of the climate system (convection, clouds and precipitation, aerosols,

atmospheric chemistry, etc).
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1.3.2 Coupled Model Intercomparison Project (CMIP)

The Coupled Model Intercomparison Project (CMIP) is organized under the auspices
of the World Climate Research Programme’s (WCRP) Working Group on Coupled Mode-
lling (WGCM). Tt started 20 years ago as a comparison of a handful of early global coupled
climate models performing experiments using atmosphere models coupled to a dynamic
ocean, a simple land surface and thermodynamic sea ice (Meehl et al., 1997). In response
to a growing need to systematically analyze coupled ocean and atmosphere model outputs
from multiple climate modeling centres, it has subsequently grown into a large program to
advance model development and scientific understanding of the Earth system. It has since
evolved over six phases into a major international multi-model research activity (Meehl
et al., 2000, 2007; Taylor et al., 2012) that has not only introduced a new era to climate
science research but has also become a central element of national and international

assessments of climate change (e.g. IPCC, 2013).

Figure 9: CMIP evolution. CMIP will evolve but the DECK will provide continuity across
phases (Eyring et al., 2016).

Figure 9 shows the evolution of the CMIP project with a handful of common experi-
ments (DECK: the Diagnostic, Evaluation and Characterization of Klima) involves in
forthcoming phases (klima is Greek for “climate”). The objective of CMIP is to better

understand past, present, and future climate change arising from natural, unforced variabi-
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lity or in response to changes in radiative forcings in a multi-model context. To meet
these new goals, CMIP has developed well-defined climate model experiment protocols,
formats, standards, and distribution mechanisms to ensure model output availability to a
wide research community. The standardization of the model output in a specified format,
and the collection, archival, and access of the model output through the Earth System
Grid Federation (ESGF) data replication centres have facilitated multi-model analyses.
The IPCC sixth Assessment Report (Masson-Delmotte et al., 2021) openly acknowledged
a heavy reliance on CMIP phase 6 (Eyring et al., 2016). Dr David Carlson, Director
of WCRP, emphasizes that “it’s really not possible to conceive or sustain the entire
international climate research, assessment and negotiation processes without a community

effort like CMIP at the heart of it.”

1.4 Climate model evaluation

The African continent is increasingly recognised as a priority for climate model improve-
ment, given its importance for global climate and the comparative lack of attention it has
received from the climate science community (James et al., 2018). In this line, climate
model evaluation is of importance because it helps to highlight weaknesses of models,
which give directions for improvement. Model evaluation approaches are diverse, but
they can be divided into two groups: quantification of model performance and analysis of

physical processes (James et al., 2018).

1.4.1 Perfomance-based evaluation

This is the most common method of model evaluation, and it involves comparing the
output of individual models in the historical period with observational and reanalysis
data in the variables of interest (sometimes known as ‘hindcast validation’) (Boer and
Lambert, 2001; Taylor, 2001; Reichler and Kim, 2008). Checking a model’s capacity
to replicate known climate is an important part of model evaluation, since it identifies
model biases and helps to direct model development efforts (Flato et al., 2013). Regular
hindcast validation of progressive model versions also allows for tracking the development
of models over time (Reichler and Kim, 2008). To quantify the differences between models

and observations, standard statistical tests such as mean square error (MSE), root-mean
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square error (RMSE), and correlation are used, and these can be represented in a variety
of ways (e.g. Taylor diagrams Taylor, 2001). Models are typically tested for their ability
to represent the variable’s climatological mean state, but they can also be examined for
other properties such as temporal variability. Some research have sought to develop a
standardized set of 'performance metrics’ that can be used to objectively assess model
suites (e.g Gleckler et al., 2008; Baker and Taylor, 2016). Performance-based evaluation
methods frequently calculate a ‘skill-score’ for individual models, which can be used to
rank models and to assess models’ performance relative to one another (e.g Watterson
et al., 2014).

However, despite its importance, the perfomance-based evaluation method is limited
because while comparisons to observations help to identify biases in models, they are on
their own unable to demonstrate the causes of biases, or point to possible fixes (Gleckler
et al., 2008; James et al., 2018). In other words, scalar metrics in climate model evaluation
give information on the degree to which the model is far from the observation but does

not yield the reason behind biases.

1.4.2 Process-oriented assessment

In response to the issue outlined at the end of the preceding section, there has
been increasing recognition over the last decade that understanding model simulations
at a process level is the key to assessing model reliability (Niznik and Lintner, 2013;
Guilyardi et al., 2009; Kim et al., 2009; Jiang et al., 2012). Process-based assessments
are used primarily in two ways: to investigate the ability of models to represent physical
processes which are known to be important to the climatological variable of interest;
and to determine the processes which cause model differences and biases. In the context
of intercomparison projects, such as CMIP, process-based evaluation often proceeds by
examining the differences in the representation of key dynamics, or features, amongst
models and compared to some observational reference, commonly reanalysis estimates of
circulation. Such an approach to evaluation contains a number of key benefits, including:
a more meaningful assessment of model reliability (as opposed to performance-based
approaches); demonstration of essential areas for model improvement; and the potential to
guide observations and generate hypotheses concerning the functioning of the real climate

system.
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This is particularly valuable in cases where a model deficiency can be firmly linked
to the simulation of a variable of interest. Previous work has shown, for example, that
global scale biases in rainfall can be linked to the inadequate representation of orographic
drag in models (Berckmans et al., 2013; Pithan et al., 2016; van Niekerk et al., 2016), to
cloud biases in the Southern Hemisphere (Hwang and Frierson, 2013) and to biases in the
representation of Antarctic sea ice extent (Bracegirdle et al., 2013). Such evaluations can
set the priorities for model development because the identification of misrepresentation of
physical processes underlying model biases may help to explain why models fail and enable
efforts to improve them (James et al., 2018). That is why, in this thesis, a process-based

approach to evaluating climate models is adopted.

1.5 Process-oriented assessment in CA and research
questions

Recent studies have started to apply a process-based approach to evaluate climate
models over CA (Washington et al., 2013; Creese and Washington, 2016; Dyer et al., 2017;
James et al., 2018; Creese and Washington, 2018; Tamoffo et al., 2019). Findings from
Creese and Washington (2018) show that, over the Atlantic Ocean, models combining
larger and more equatorward sea surface temperature (SST) bias, higher evaporation
and higher local convection lead to wet bias in the western CA. They also found that
underestimation of the simulated strength of northern component of African easterly jet
(AEJ-N) leads to wet bias over eastern CA while an overestimation of the strength of
AEJ-N may suppress convection and lead to a dry precipitation bias. Furthermore, they
have concluded that, overestimation of the simulated Indian Ocean overturning cell may
also contribute to an overestimation of both subsidence over the western Indian ocean
and convection over the eastern CA. Tamoffo et al. (2019) found that overestimation of
the strength of simulated AEJ components favour mid-level moisture divergence which
dries mid-tropospheric layers over CA and in turn induces a dry precipitation bias. It
has also been established (Washington et al., 2013; Creese and Washington, 2016) that
there is a strong relationship between simulated rainfall and moisture flux convergence
over CA. Therefore simulated moisture transport is a good candidate for understanding

precipitation bias. Findings from Pokam et al. (2014) show that low-level westerlies
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(LLWs) from the eastern Atlantic Ocean is an important source of moisture over CA.
However, as demonstrated by James et al. (2018), an overestimation on the strength of
simulated LLWs in models leads to dry precipitation bias over the coastal region in CA.
It clearly appears from these studies that rainfall biases could be reduced by improving
simulated SST, both wind convergence and divergence, moisture transport and/or Walker
type circulations. Such studies are useful for models development because they provide
reasons for model errors by tracing processes which are not well simulated. Therefore,
they provide to model developers directions for improvement of the next generation of
climate models.

This study aims to continue efforts on process-based evaluation in models over CA. In

light of the foregoing, this thesis aims to answer the following questions:

e How is the Central Africa (CA) rainfall represented in CMIP5 and CMIP6 models?
e Is there an improvement in CMIP6 compared to CMIP5 models?

e Do the rainfall associated mechanisms explain changes in models’ behaviour?

Attention will be particularly put on the Met Office Unified Model (MetUM) which
is currently a particular focus of model development as part of the Improving Model

Processes for African Climate (IMPALA) programme.

1.6 Conclusion

This chapter presents the state of knowledge of the climate system over CA. Over the
region, features of the rainfall climatology are presented, as well as the drivers associated
with rainfall variability. These drivers are the north and south components of the African
Easterly Jet, the Tropical Easterly Jet, the lower level westerlies, the Congo basin cell and
the overturning circulations located in the Atlantic and Indian oceans. A description and
a presentation of different kinds of General Circulation Models (GCMs) is also discussed
with a highlight of what the Coupled Model Intercomparison Project (CMIP) is. Finally,
a brief review of climate model evaluation over Central African region is done follow with

some research questions.
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Chapter 2

Study area, Data used and
Methodology

This chapter starts in locating and describing the study area. Then, models and observatio-
nal data used for analyses are outlined. Lastly, the chapter closes in presenting the

approach used to understand models biases and the metrics used for investigations.

2.1 Study area

2.1.1 Location and topography

The analysis focuses on CA, a geographic entity consisting of plateaus with complex
land cover, river basins, and extending from latitudes 10°S to 10°N and longitudes 10°E
to 30°E (Figure 10, red boxes). The region encompasses a number of countries including
Gabon, the Republic of Congo, Cameroon, and the Democratic Republic of Congo (DRC),
which is by far the largest in the region.

The region is located to the west of the East African highlands, and extends towards
the Atlantic coast to the west. The landscapes of Central Africa are most often wide
plateaus, which are smooth in the central part and etched at the periphery. The basin
contains some marshlands in the region where the Congo, Ubangi, Likouala, and Sangha
rivers converge and where Lakes Mai-Ndombe and Tumba are found. Its major part,
however, consists of drier surfaces (low plateaus or alluvial terraces). Higher plateaus,
which extend through older sedimentary strata around the centre of the Congo basin,

reach an elevation of 2,600 to 3,000 feet (790 to 900 metres) north of Brazzaville and
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Figure 10: The Central Africa region (red boxes). (left) topography (in meter) based on
GTOPOS30 Digital Elevation Model; (right) high vegetation cover index, from ERAS5 reanalysis
data.

exceed 3,000 feet near the Angolan border to the south. The highest point in Central
Africa, Margherita Peak (16,795 feet [5,119 metres|), whose summit bears residual features
of glaciation, is located on the eastern fringe of the Rift Valley on the border of Congo
(Kinshasa) and Uganda.

2.1.2 Vegetation

Central Africa is covered by an evergreen forest with an area of almost 1,035,920 square
km. This rainforest, an exuberant world of high trees, rich in epiphytes and lianas takes
three main forms: permanently wet marshy forests at the confluence of the Ubangi and
Congo rivers; gallery forests, which are subject to periodic flooding, along banks and river
floodplains; and, most extensive, forests of dry land, either featuring a single dominant
species or, more often, harbouring a variety of species (sometimes several hundred per
acre). This last type of forest is also found on the eastern slopes of the Congo basin, but
it changes to high-altitude life-forms on the highlands of the Western Rift Valley. The
rainforest is surrounded by a patchwork of savannas and other forests.

We should note that, the Congo Basin is a dry rainforest compared to its counterparts,
such as the Amazon (Malhi et al., 2013). A high percentage of semi-evergreen vegetation
means that short-term rain stresses that affect regions such as the Amazon, would not
affect the Congo Basin in the same way (Zhou et al., 2014). This does not mean, however,

that there is not a threshold beyond which rain stresses could strongly alter the forest
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(Zhou et al., 2014).

2.2 Data used

2.2.1 Observed and reanalyses data

Various observationally based datasets have been used in this study to evaluate the
models performance, to identify the key systematic errors and to provide a description of

rainfall variability and its teleconnections with large scale atmospheric features.

2.2.1.1 Observed data: GPCP, UDEL, CHIRPS and HadISST

This thesis is primarily concerned with evaluating model rainfall. Measuring rainfall
is a non-trivial task, with observations having a degree of dependence on the type of
raingauge used to make the measurements (Haselow et al., 2019) and the use of manual
versus automatic observations (Valik et al., 2021). In general, it is advantageous to
combine point measurements of rainfall from stations with remotely sensed data to reduce
the influence of interpolation techniques on the rainfall amount (Awange et al., 2016). For
the case of this study, monthly time scale resolution observational data covering the period

1980 to 2010 (31 years) are used to evaluated models output. They are:

e GPCP: The Global Precipitation Climatology Project version 2.1 (Huffman et al.,
2009) available on a 2.5° grid, derived from gauge measurements and satellite

estimates.

e UDEL: Precipitation from The University of Delaware version 5.01 (Matsuura and
Willmott, 2018) with a spatial resolution of 0.5° and derived from gauge measure-

ments.

e CHIRPS: The Climate Hazards group Infrared Precipitation with Stations (Funk
et al., 2015) at 0.05° grid spacing. This is a high-resolution (0.05°) gridded dataset
which combines observed rainfall from raingauges with remotely sensed infrared

measurements of cold cloud duration.

e HadISST: The satellite estimates and observed sea surface temperatures version 1

(Rayner et al., 2003) with a 1° spatial resolution.
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2.2.1.2 Reanalyses data: MERRA2 and ERAS5

In the absence of direct observations of key aspects of the atmospheric circulation, it
is necessary to use reanalysis data as a proxy for such observations. The assessment of
dynamical aspects of the atmosphere (such as convection, subsidence, moisture transport
and wind convergence) is done using reanalysis data which is a widespread practice for
the region of interest (Nicholson and Dezfuli, 2013; Todd and Washington, 2004; Sandjon
et al., 2012; Balas et al., 2007; Dezfuli and Nicholson, 2013; Nicholson and Dezfuli,
2013; Jury et al., 2009; Jackson et al., 2009; Pokam et al., 2012, 2014; Cook and Vizy,
2016; Neupane, 2016; Dommo et al., 2018). Owing to the large variation in precipitation
estimates from satellite and reanalysis datasets (Washington et al., 2013; Creese and
Washington, 2016; James et al., 2018), two reanalysis datasets at monthly time scale
from 1980-2010 are used in this study to assess models output. They are :

e MERRA2 (Gelaro et al., 2017) the updated version of MERRA (Modern-Era
Retrospective Analysis for Research and Applications), is a reanalysis dataset from
the National Aeronautics and Space Administration (NASA). It is available on 72
sigma levels at a horizontal resolution of 0.5°x0.625°. It has been suggested to
be the most realistic of those currently available at representing tropospheric wind
fields over equatorial Africa when compared to quality-controlled observations from

radiosondes (Hua et al., 2019).

e ERA5 (Hersbach et al., 2020), the reanalysis dataset with the highest spatial
resolution used in this study, is also produced by the European Centre for Medium-
Range Weather Forecast (ECMWF) Integrated Forecast System (IFS Cycle 41r2)
to replace their ERA-Interim product. It has a spatial resolution of 0.25°x0.25°
with 137 levels and was reported as performing best in a global-scale assessment of

near-surface winds (Ramon et al., 2019).

Some variables used in our investigations are the horizontal wind (both zonal and
meridional components), the vertical wind, the specific humidity and the near surface

temperature and pressure.
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2.2.2 Simulated data

Simulated data used in this study are output from coupled general circulation models’
(CGCMs) simulations taking part in the Coupled Model Intercomparison Project Phase
5 (CMIP5; Taylor et al., 2012) and 6 (CMIP6; Eyring et al., 2016). Only one ensemble
member for each model is used: the rlilpl integration for CMIP5 and rlilplfl for CMIP6
models. We analyse the monthly output of 16 climate models, 8 from CMIP5 and 8 from
CMIP6 (see Table 1 for more details). To track any improvement, each CMIP6 model
used is the new version of a corresponding CMIP5 model. For this study, models cover a

period from 1980-2005 and 1980-2010 for the CMIP5 and CMIP6 output respectively.

2.2.2.1 CMIP5 models

CMIP5 builds on the successes of earlier phases of CMIP (Meehl et al., 2000, 2005).
In phase 3, for example, climate model output was for the first time released almost
immediately upon completion of the runs so that scientists outside the modeling groups
could provide a more timely and comprehensive analysis of the results. This unprecedented
openness ushered in a “new era” in climate change research (Meehl et al., 2007). The
CMIP3 multimodel dataset provided the basis for hundreds of peer-reviewed papers
and played a prominent role in the IPCC’s AR4 assessment of climate variability and
climate change. During phase 4 of CMIP (Meehl et al., 2007), additional simulations
were performed that could be used to separate anthropogenic and natural influences on
twentieth-century climate.

Relative to earlier phases, CMIP5 included more comprehensive models and called for
a broader set of experiments that address a wider variety of scientific questions (Taylor
et al., 2012). CMIP5 also differs from earlier phases in that generally higher-spatial-
resolution models were used and a richer set of output fields archived. There was a better
documentation of the models and experiment conditions, and a new strategy for making
model output available to researchers. More than 20 modeling groups performed CMIP5
simulations using more than 50 models. However, It was impossible to satisfy all the
needs of potential users of model output. So the CMIP5 “requested output” was far from

exhaustive.
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Table 1: Details of CMIP5 and CMIP6 models used in the study. Horizontal

resolution (grids) and vertical levels are included.

Institute Model Model name Resolution
Country short name (latx lon, lev)
BelJng Climate CenteL China BCC-CSM CMIP5: BCC-CSM1.1-m 1125OX112O, L26

Meteorological Administration CMIP6: BCC-CSM2-MR 1.125°x1.12°, 146

(China)
NRM-CM MIP5: CNRM-CM5-2 1.4°x1.4°, L31
Centre National de Recherches CNRM-C C 5: CNRM-CM5 % , L3
CMIP6: CNRM-CM6-1 1.4°x1.4°, L91

Météorologiques (France)

NOAA Geophysical Fluid GFDL-CM CMIP5: GFDL-CMS3 2.0°x2.5°, 148
DynamiCS Laboratory (USA) CMIPG. GFDL—CM4 1.OOX1.25O, L48
NASA Goddard Institute for GISS-E2 CMIP5: GISS-E2-R 2.5°x2°, 129

Space Studles (USA) CMIP6 GISS-EQ-l-G 250 X2O7 L40
Met Office Hadley Centre (UK HadGEM CMIP5: HadGEM2-ES 1.25°x1.8°, 38
et Office Hadley Centre (UK) CMIP6: UKESMI1-0-LL 1.25°%1.8%, L.38
MetUM CMIP5: HadGEM2-CM3 1.25°x1.8°, L38

Met Office Hadley Centre (UK
et Office Hadley Centre (UK) CMIP6: HadGEM3-GC31-LL | 1.25°%1.8°, 38

MIROC CMIP5: MIROCS 1.4°x1.4°, L40

Atmosphere and Ocean
CMIP6: MIROCG6 1.4°x1.4°, L81

Research Institute, The

University of Tokyo (Japan)

. MRI-ESM CMIP5: MRI-ESM1 1.1°x1.1°, L48

Meteorological Research
CMIP6: MRI-ESM2-0 1.1°x1.1°, L48

Institute (Japan)

2.2.2.2 CMIP6 models

The sixth phase of CMIP (i.e. CMIP6) is the latest released of the CMIP project
with the need to address an ever-expanding range of scientific questions arising from
more and more research communities. After a long and wide community consultation, a
new and more federated structure (CMIP6) has been put in place. It consists of three
major elements as listed in Eyring et al. (2016): (1) a handful of common experiments,

the DECK (Diagnostic, Evaluation and Characterization of Klima) and CMIP historical
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simulations (1850-near present) that will maintain continuity and help document basic
characteristics of models across different phases of CMIP; (2) common standards, coordina-
tion, infrastructure, and documentation that will facilitate the distribution of model
outputs and the characterization of the model ensemble; and (3) an ensemble of CMIP-
Endorsed Model Intercomparison Projects (MIPs) that will be specific to a particular
phase of CMIP (now CMIP6) and that will build on the DECK and CMIP historical
simulations to address a large range of specific questions and fill the scientific gaps of the
previous CMIP phases.

As far as the goal of filling the scientific gaps of the previous CMIP phases is concerned,
CMIP6 aims to address three broad questions which are:

e How does the Earth system respond to forcing?
e What are the origins and consequences of systematic model biases?

e How can we assess future climate changes given internal climate variability, predic-

tability and uncertainties in scenarios?

These questions are summarised in Fig.11 and the present work attempt to address

question 2 with the focus on the Central African region.

2.2.2.3 Governing Equations in Climate models

Climate models are based on well-documented physical processes to simulate the
transfer of energy and materials through the climate system. General circulation models
or GCMs, use mathematical equations to characterize how energy and matter interact
in different parts of the ocean, atmosphere, land. Building and running a climate model
is complex process of identifying and quantifying Earth system processes, representing
them with mathematical equations, setting variables to represent initial conditions and
subsequent changes in climate forcing, and repeatedly solving the equations using powerful
supercomputers.

The system of equations that is used in GCMs to describe the atmospheric general
circulation can be written in spherical coordinates (A, ) as the horizontal coordinates
(here A and ¢ are the longitude and latitude, respectively), and the dimensionless pressure

o = p/ps (here p is the pressure and p; is the surface pressure) is used as the vertical
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Figure 11: Schematic of the CMIP/CMIP6 experiment design. The inner ring and surrounding
white text involve standardized functions of all CMIP DECK experiments and the CMIP6
historical simulation. The middle ring shows science topics related specifically to CMIP6 that
are addressed by the CMIPG6-Endorsed MIPs, with MIP topics shown in the outer (Eyring et al.,
2016).

coordinate. As highlighted in Soldatenko et al. (2021), the system of equations comprises

the following:

e Two momentum equations:

ou 1 0 RT Op, ou|

o " acosy [‘WW TR o T "%] =k @D
ov 110 RT Op, ov|
EJFQPSUJFE{%(@JFKH Ps 530+U%] - 22)

e The thermodynamic equation:

opsT 1 [(Oup,T OvpscospT\  Oop,T
psT (up +vpcosgo>+ opsT
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RT 8])5 U 8])5 v 8]73
0 . = ps(F 2.
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ot acosyp

e The equation for specific humidity that describes the hydrological cycle:

Ipsq 1 Oupsq ~ Ovcosppsq dopsq
ot +acosgp( o)) + D - o = ps[Fy — (C — E)] (2.4)
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e The continuity equation:

1
6’8115 + aciw /0 (8g;u Lo Sg;aw) do =0 (2.5)

e Hydrostatic equation:
». " (2.6)

e The equation of state:
p = pRT, (2.7)

Here u and v are the zonal and meridional wind components; a is the Earth’s mean
radius; 0 = do/dt is the analogue of the vertical velocity in the ¢ coordinate system; T'
is the temperature; ® is the geopotential; 2 = ( + f is the absolute vorticity, where (
is the relative vorticity; f is the Coriolis parameter; K is the kinetic energy; R is the
gas constant for dry air; ¢ is the specific humidity; ¢, is the specific heat of dry air at
constant pressure; T, is the virtual temperature; and p is the air density. The terms
F, and F, describe the vertical friction and the horizontal diffusion processes; € is the
diabatic heating rate; Frr and Fj, describe the vertical and horizontal diffusion of heat and
water vapor, respectively; and C' and F describe the source and sink processes for water
vapor, respectively. The absolute vorticity and kinetic energy are given by:

1 1 v Jucosp u? + v?
b (75

These equations can admit several solutions, justifying the existence of a multitude of
climate models. Methods of resolution of these equations are diverse and have motivated
a number of studies (Ogura and Phillips, 1962; Tapp and White, 1976; Tanguay et al.,
1990; Xu et al., 1992).

2.3 Methods

First of all, to keep uniformity between datasets in terms of spatial resolution and
enable comparison, all data used in this study are remapped onto a 1°x1° spatial grid.
Data sets with higher resolution than 1°x1° are remapped using the first-order conservative
remapping method (Jones, 1999) while coarser-resolution datasets are bilinearly interpola-

ted (Nikulin et al., 2012).
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2.3.1 Approach to understand models biases

Atmospheric features associated with the CA climate variability were highlighted
in chapter 1. Some features, such as the Walker-like circulation and the Indian ocean
overturning circulation can be categorised as large scale circulation due to the large area
on which they are spread on. similarly, features such as the AEJ components and the
Congo basin cell are categorised as regional scale circulation because of their local impact
on the regional climate. In this study, the investigation of simulated rainfall bias will
emphasize both regional and large-scale features already identified as key contributors to
climate variability over the region. The goal here is to highlight the contribution of each

circulation to the simulated rainfall biases.

2.3.2 Metrics used for our investigations

2.3.2.1 Vertically Integrated Moisture flux convergence

The vertically integrated moisture flux Cj, is obtained by integrating over the depth of
the atmosphere. The moisture budget indicates that precipitation, evaporation, and net
moisture transport into and out of an atmospheric column through its lateral boundary
are in balance at the seasonal time-scale (Brubaker et al., 1993). Following Peixoto and
Oort (1992), the atmospheric water budget in pressure coordinates is expressed as follows:

%¥+on:E—P (2.8)

In Eq. (2.8), W is precipitable water, E is evaporation, P precipitation, and 7 e @
is the divergence field of moisture flux, which represents the net moisture transport.
The overbars denote the seasonally varying climatological mean. From a climatological
perspective, the long-term accumulation of precipitable water in the atmosphere is negligible

oW

( %5+ = 0). Therefore, the mean moisture budget is a balance between moisture flux

divergence and the water source/sink. Thus, Eq. (2.8) can be written as:

veQ=E—-P (2.9)

and
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L1 [Per
= —/ Vadp (2.10)

Psurf
where V is the horizontal wind vector, q the specific humidity in g.kg™!), g the
gravitational acceleration (in N.kg™'), P, the pressure at the top of the atmosphere,
and Py, the surface pressure (in N.m™2). Using the zonal (u) and meridional (v)
components of the horizontal wind (in m.s™1), the zonal and meridional transport of

C} can be separately obtained by the following equations.

o 1 Ptop .,
Qr = —/ tiq dp (2.11)
g Psurf
and
. 1 Ptop
Go== [ "y (2.12)
g Psurf

The integration limit P,,, is the pressure above which the flux and flux divergence
become negligible. In this study, the vertically integrated moisture flux computation was
limited to the layer from the surface to 300 hPa. Neglecting the moisture flux above that
level does not greatly impact the overall water budget because most of water vapor is
concentrated in the lower troposphere.

The net moisture flux convergence (divergence) is the total inflow to (outflow from)
the region, scaled by the surface area. On the time serie, it’s obtained in applying the
Zheng and Eltahir (1998) method: in a given rectangular (L x H) region which the
atmospheric water vapor inflows and outflows, the inflow comes from the contribution of
the East — West (Qx(y,t) in kg.s™') and North — South (Qu(x,t) in kg.s~') boundaries.
By using Gauss’s theorem, the total zonal and meridional moisture flux convergence or

divergence are obtained as follows:

Q}\(y’ t) _ QWest<y7 t) ; QEast(y7 t) (213)

and

Q¢><x7 t) _ QSouth(xa t) ;QNarth(xu t) (214>

S (in m?) is the surface area of the region calculated as:

S = RPAN(sings — sing) (2.15)
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AX = Xy — A\, where \; and Ay are respectively western (10°E) and eastern (30°E)
boundary longitudes, ¢; and ¢, are respectively southern (10°S) and northern (10°N)

boundary latitudes (all converted in radians) and R (in m) is the earth’s radius.

2.3.2.2 Mass weighted stream function

At the local or regional scale, the zonal mass-weighted stream function as computed
in Longandjo and Rouault (2020) is used to explore the Congo basin cell. To better
understand the regional-scale zonal circulation over central Africa, we used the mass-
weighted streamfunction because it is commonly used for its counterpart Hadley circula-
tion (Oort and Yienger, 1996; Stachnik and Schumacher, 2011; Donohoe et al., 2013).
The primary reason is that the mass-weighted streamfunction helps to objectively define
indices that describe the regional-scale circulation over central Africa in terms of intensity
and width on various time scales.

Following Cook (2003), the conservation of mass, in vertical coordinates, must satisfy

the equation

1 Ou 1 O(vcosh)  Ow
= 2.1
Rcosf 0¢ + Rcos 00 + dp 0 (2.16)

where u and v are the zonal and meridional wind components, w is the vertical velocity,
R is Earth’s radius, ¢ is the longitude, 6 is the latitude, and p is the pressure level. When
Eq.(2.16) is averaged over latitude, the second term on the left-hand side of the equation is
zero. Therefore, Eq. (2.16) can be written, with square brackets denoting the meridional

average, as:
1 Olul N Olw]
Rcost 0¢ op

From Eq. (2.17), one could state that if one component ([u] or [w]|) is known, the

—0 (2.17)

other can be identified. This means that one variable can be used to fully determine the
two-dimensional flow. The continuity and hydrostatic equations allow us to express the
combined circulation [u] and [w] in terms of mass-weighted (or Stokes) streamfunctions

1, which define the total eastward mass flux above a given pressure level and longitude:

_ 9 %
[u] = 7R (2.18)
and
g W
[w] = P Bp (2.19)

with g = 9.8m/s? being the gravitational constant.
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By solving for 1, we found the following solution representing the zonal stream function
Y, satisfying the meridional mean continuity equation in spherical coordinates that can
be calculated at each pressure p and latitude ¢ as:
#.0) = RO [ gy (2.20)
9 Paurf
The zonal mass-weighted streamfunction will be applied to characterize the Walker-
like circulation over central Africa. We use following convention: when the mass-weighted
streamfunction is positive, it corresponds to clockwise circulation, whereas counterclockwise
circulation corresponds to the negative mass-weighted streamfunction. The unit of the
mass-weighted streamfunction is Sverdrups (1Sv = 10%kg.s~1). This definition is also
equivalent to 10m3.s71, corresponding to the mass flux produced by a 1-Sv flow of water
of 103kg.m~3 of density. The zonal wind is averaged meridionally between 5°N and 5°S,

before computing the mass-weighted streamfunctions.

2.3.2.3 Indian Ocean Dipole (I0D) index

The large-scale forcing such as the influence of Indian Ocean SST on CA rainfall
is investigated through the Indian Ocean Dipole (IOD). Also called Dipole Mode Index
(DMI: Saji et al., 1999), the IOD index is defined as the SST difference between the
western equatorial Ocean (10°S-10°N, 50°-70°E) and the southeastern Ocean (10°S-0°N,
90°-110°E). Those areas are highlighted in Fig.12 (red boxes). Composites of strongest
(lowest) IOD years are selected to investigate the role of IOD on Central African precipita-

tion.

10N — -

10S — -

208 T T T T T
0 30E 60E 90E 120E

Figure 12: Indian Ocean Sea Surface Temperature (SST) areas (red boxes) used to compute
10D.
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2.3.2.4 Ageostrophic wind computation

The ageostrophic wind (V,,), representing friction and other effects is responsible for
surface wind crossing isobars rather than following them. It is used here to investigate
transverse ageostrophic circulation related to the jets and is defined as the vector difference

between the real (or observed) wind (V') and the geostrophic wind (V}) as follow:

Vig =V —V, (2.21)
with
100
V, = ——— 2.22

Where f = 2Qsing is the Coriolis parameter, n is the direction normal to the isobars (or
geopotential height contours) and ® represents the geopotential. The terms 2 and ¢ in
the expression of the Coriolis parameter represent respectively the angular rotation rate
of the earth (7.292x107° s7!) and the latitude.

Between 1°S and 1°N the value of Coriolis parameter used to calculate the meridional
ageostrophic wind is replaced with the Coriolis value applicable to 1°S-1.5°S and 1°N—

1.5°N so as to allow computation of winds at and surrounding the equator.

2.4 Conclusion

This part has presented the study area, and has briefly described topography and
land-vegetation cover features. It also includes descriptions of the simulated, observed
and reanalyses datasets used in analyses. Details of methods and computation processes

applied to obtain findings are likewise conveyed.
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Chapter 3

Results and discussions

This chapter summarises findings of this work, subdivided into three main parts: the first
part highlights the performance of both CMIP5 and CMIP6 models to replicate observed
and reanalyses data. The second part discusses the models assessment based on atmospheric
processes (moisture transport, moisture convegence/divergence, AEJs) and the changes
from CMIP5 to CMIP6 models. The last part focuses on the MetUM ouputs with the
highlight of the contribution of the large and the regional scale circulations to the simulated

rainfall biases.

3.1 Rainfall Climatology in CMIP5 and CMIP6 models
over CA

In this section, the skills of the models in simulating the mean climatology of rainfall

over CA during the period 1980-2010 are presented.

3.1.1 Annual cycle

Figure 13 shows the annual cycle of rainfall averaged between 10°S-10°N and 10°E-
30°E over CA from observations, reanalyses, CMIP5 and CMIP6 models with the blue
band representing uncertainty between observations and reanalyses data.

From the Figure, MERRA2 overestimates rainfall throughout the year as compared
to other reference data. However, both observed and reanalyses data agree relatively well
with peaks found in MAM and SON seasons. As far as the models are concerned, in

general, the timing of the peaks is well captured but considerable differences in terms
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of intensity are depicted. From CMIP5 to CMIP6, some models show an improvement
while others do not. For instance, the BCC-CSM1-1-m model is generally found within
the uncertainty range of observational data, but its CMIP6 version (BCC-CSM2-MR)

significantly overestimates rainfall throughout the year by up to 1 mm/day. Conversely,

-l GpPCP

-@- UDEL
CHIRPS

-@- MERRA2
=¥~ ERA5
—— CNRM-CM5-2
—— GFDL-CM3
— GISS-E2-R
HadGEM2-CM3
—— MRI-ESM1
HadGEM2-ES
—— BCC-CSM1-1-m
—— MIROC5
= = CNRM-CM6-1
= = GFDL-CM4
- = GISS-E2-1-G
HadGEM3-GC31-LL
= = MRI-ESM2-0
UKESM1-0-LL
= BCC-CSM2-MR
- MIROC6

Rainfall (mm/day)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov De

Figure 13: Rainfall (mm.day~') climatologycal annual cycle over Central Africa (10°S-10°N
and 10° E-3(° E) from observations and reanalyses (lines with markers), CMIP5 (solid lines) and
CMIP6 models (dashed lines). The blue band represents observational uncertainty (envelope of

the standard deviation generated from the mean of the observed and reanalyses data).

CNRM-CM6-1 and GISS-E2-1-G underestimate rainfall in most months while their CMIP5
version (CNRM-CM5-2 and GISS-E2-R) are found within the uncertainty range in most
months. However, a model such as the MIROC model overestimate rainfall peaks in both
version although there is a slight improvement in the CMIP6 version. In term of spatial
distribution, models’ ability to represent the spatial pattern of rainfall over CA during the
two transition seasons (March-May: MAM and September-November: SON) is discussed

next.

3.1.2 Seasonal spatial mean climatology

Figures 14 and 15 show for MAM and SON seasons respectively, the seasonal mean

climatology of rainfall from observations (Fig.14a-c and Fig.15a-c). Biases relative to

GPCP are also shown for CMIP5 and CMIP6 models (Fig.14d-s and Fig.15d-s). The CA

Thierry N. Taguela 37 PhD Thesis



Results and discussions

domain used in this study is 10°S-10°N and 10°E-30°E (black box: Fig.14 and 15).

CHIRPS

CMIP5 Models

CMIP6 Models

Figure 14: Spatial representation of the March-May (MAM) long term rainfall mean over
Central Africa (blackbox) from (a-c) observations, (d-k) CMIP5 models biases and (I-s) CMIP6

models biases. The biases are computed with respect to GPCP

In observations, the SON season is wetter than the MAM season with an agreement
with maximum rainfall found at the eastern and western boundaries in both seasons. As
far as models are concerned, in MAM season (Fig.14), the CMIP5 version of the BCC-
CSM (CNRM-CM) model depicts a wet (dry) bias over the study region, and the latter is
stronger in the CMIP6 version of the model. However, an improvement is observed from

the CMIP5 to the CMIP6 version of the HadGEM (MIROC) model with a mitigation
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CMIP5 Models

CMIP6 Models

Figure 15: Spatial representation of the September-November (SON) long term rainfall mean
over Central Africa (blackbozx) from (a-c) observations, (d-k) CMIP5 models biases and (I-s)
CMIP6 models biases. The biases are computed with respect to GPCP

of the dry (wet) bias. In SON season (Fig.15), the CMIP5 version of the GFDL model
depicts very low biases over the study region showing that the simulated rainfall is close
to observation. On the other hand, its CMIP6 version overestimates rainfall in agreement
with the seasonal cycle (Fig.13). For the MetUM model, it depicts a wet bias (dry bias)
over the eastern (western) CA in both version and the eastern CA wet bias strengthens

while the coastal western CA dry bias weakens in the CMIP6 version.
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3.1.3 Quantification of total rainfall pattern similarities

The Taylor diagram, described by Taylor (2001), is a diagram used to quantify
the statistical relationship between two fields, a “test” field (often representing a field
simulated by a model) and a “reference” field (usually representing “truth,” based on
observations). It is used here (Fig.16) to summarize the similarity between GCMs and
observations in simulating precipitation patterns over CA using seasonal means of DJF,
MAM, JJA, and SON. Model outputs are compared against GPCP using Root-Mean-
Square Error (RMSE), Pearson’s Correlation coefficient and Normalized Standard Devia-
tion (NSD) metrics.

Both CMIP5 and CMIP6 models depict lower correlations and higher RMSE and
NSD in MAM (Fig.16b) and SON (Fig.16d) seasons compared to DJF (Fig.16a) and
JJA (Fig.16¢) seasons. This shows that models struggle most to reproduce the seasonal
variability during transition seasons. The highest value of the NSD depicted by the
CMIP6 version of the BCC-CSM model is in agreement with its overestimated annual
cycle. However, in term of correlation and whatever the season, CMIP6 models generally
outperform their corresponding CMIP5 versions indicating an improvement in the CMIP5
models.

In the following section, investigations are done to understand simulated rainfall
biases through mechanisms associated to rainfall such as moisture flux convergence and

convection over Central Africa.

3.2 Simulated circulation and rainfall biases

3.2.1 Moisture flux convergence

In order to understand causes of modeled biases over the CA region, we have first
focused our attention on the simulated upstream moisture flux convergence. The moisture
flux dynamic and its contribution to the CA rainfall has already been analyzed by some
studies (Van der Ent et al., 2010; Pokam et al., 2012, 2014; Washington et al., 2013;
Creese and Washington, 2016; Dyer et al., 2017). They have helped to establish that the
credibility of a model to simulate rainfall is positively correlated to its ability to reproduce

correctly moisture flux climatology, especially for tropical regions where moisture flux
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Figure 16: Taylor diagrams displaying the statistics based on the seasonal (DJF, MAM, JJA
and SON) mean rainfall. Here, the CMIP5 and CMIP6 models are compared against GPCP
(reference field) and rainfall is averaged over the CA region (10°S-10°N and 10° E-3(°E).

convergence strongly modulates the hydrological cycle (Pokam et al., 2012).

3.2.1.1 Zonal moisture flux convergence

The intra-seasonal variability of the net zonal moisture flux convergence across atmos-
pheric layers is shown in Figure 17 for reanalyses (Fig.17a-b), CMIP5 models (Fig.17c-j)
and CMIP6 models (Fig.17k-r). This is the summing of moisture flux at West—East
(West (10°E ) minus East (30°E)) frontiers into CA. Negative values indicated moisture
divergence and positive values convergence.

In reanalyses, throughout the year, moisture flux convergence is observed at lower

troposphere between 1000 hPa and 800 hPa while the divergence moisture flux is found
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Figure 17: Time-height section of Net zonal moisture flux (in g/kg.m/s) in (a-b) reanalyses,
(c-j) CMIP5 models and (k-r) CMIP6 models. This is the summing of moisture flur at
West-FEast (West (10°E ) minus East (30°E)) frontiers into CA. Negative values indicated

moisture divergence and positive values convergence.

in the mid-tropospheric layer (800-600 hPa). Moreover, the rate of low level moisture
flux advection is stronger in MAM ans SON seasons. Although basic climatology features
(mode of seasonal and intra-seasonal variability) of model outputs of moisture fluxes are
captured well, it is found that rainfall biases of CA region are associated to an unrealistic
simulated moisture amount. For instance, the BCC-CSM model overestimates the rate
of advected low level moisture in its CMIP5 version (Fig.17c) and this overestimation is
more pronounced in its CMIP6 version (Fig.17k) which is associated with an increase a
the wet bias when going from CMIP5 to CMIP6 version (Fig.13). In the other hand, the
strengthening of dry bias in CMIP6 version of the GISS-E2 model is likely associated to
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the reinforcement of the mid-tropospheric moisture flux divergence.

3.2.1.2 Meridional moisture flux convergence

The meridional component of the moisture flux convergence across atmospheric layers
is shown in Figure 18. In reanalyses (Fig.18a-b), the meridional advected moisture is
more upward than the zonal advected moisture (Fig.17a-b) and its rate is also stronger in
MAM and SON seasons. Reanalyses also agree with a low level moisture flux divergence
between May and July, stronger and more widespread in ERA5 that in MERRA2. The
simulated mid-tropospheric meridional moisture flux convegence is overestimated in both
versions of the BCC-CSM (Fig.18c and Fig.18k) but underestimated in the CMIP5 version
of the CNRM-CM model (Fig.18d), an underestimation which is more pronounced in its
CMIPG6 version (Fig.181). Although the simulated mid-tropospheric meridional moisture
flux convegence is underestimated in both versions of the GISS-E2 model (Fig.18f and

Fig.18n), an improvement is observed in its CMIP6 version (Fig.18n).

3.2.1.3 Total moisture flux convergence

The total moisture flux across atmospheric layers is shown in Figure 19. It represents
the summing of Net zonal moisture flux (Fig.17) and the Net meridional moisture flux
(Fig.18) into CA. Reanalyses (Fig.19a-b) show that the shape of the total moisture is
rather close to that of the zonal component. These results were also reported by Pokam
et al. (2012). The opposite sign of upper and lower layer moisture fluxes is generally
assigned to the presence in the region of Hadley and Walker type circulations (Washington
et al., 2013; Cook and Vizy, 2016).

In most models, rainfall biases are definitely associated with moisture flux convegence
and/or divergence. For instance, the wet bias in both versions of the BCC-CMS model is
actually the result of the overestimated simulated moisture flux convergence stronger in
its CMIP6 version. This could be attributed to an overestimation in the strength of LLWs
advecting more moisture in the CA region from the Atlantic ocean. In a model such as
the GISS-E2 model, the dry bias in both versions of the model is associated with a mid-
tropospheric moisture flux divergence, stronger in its CMIP6 version in agreement with
the stronger dry bias. The mid-tropospheric moisture flux divergence could be associated

to an overestimated AEJ components. More investigations are required to support this
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Figure 18:  Time-height section of Net meridional moisture flurz (in g/kg.m/s) in (a-b)
reanalyses, (c-j) CMIP5 models and (k-r) CMIP6 models. This is the summing of moisture flux
at South-North (South (10°S) minus North (10°N)) frontiers into CA. Negative values indicated

moisture divergence and positive values convergence.

hypothesis.

3.2.2 Role of Low-level westelies (LLWs)

With the core speed of the LLWs in CEA located along the coastal region between
10° and 15°E year-round (Pokam et al., 2014), the long term mean of the zonal wind
is averaged in that longitude band in all the reanalyses, CMIP5 and CMIP6 models
and represented in Figures 20 and 21 for March-May (MAM) and September—November
(SON) seasons, respectively. The focus is on the MAM and SON seasons because they

are wet seasons that encompass the majority of mechanisms driving the region’s climate
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Figure 19: Time-height section of the Total moisture flux (in g/kg.m/s) in (a-b) reanalyses,
(c-j) CMIP5 models and (k-r) CMIP6 models. This is the summing of Net zonal moisture flux
and the Net meridional moisture flux into CA. Negative values indicated moisture divergence and

positive values convergence.

system. It appears in reanalyses that, although the westerlies are weaker in MAM
(Fig.20a-b) than in SON (Fig.21a-b) season, there is an agreement (even though not
perfect) with the upper boundary of LLWs found around 850 hPa and the core speed
located around 925 hPa in both seasons. Furthermore, in reanalyses, the MAM season
depicts a distinct arm of westerly winds located north of 6°N which is strengthened (not
shown here) in June-August (JJA) and weakened significantly in SON, to disappear
(not shown here) in December—February (DJF) as highlighted in Pokam et al. (2014).
Although they bear some biases, the above basic features of LLWs are relatively well

represented in models. In MAM, HadGEM2-CM3, BCC-CSM1.1-m and MIROC5 (GFDL-
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Figure 20: March—May long term seasonal mean of zonal wind (m/s) averaged between 10° and
15°F for (a-b) reanalyses, (c—j) CMIP5 and (k-r) CMIP6 models. Positive values correspond to

westerly winds and negative values to easterly winds.

CM3, GISS-E2-R and MRI-ESM1) are CMIP5 models overestimating (underestimating)
the upper boundary of LLWs found at around 800 hPa (900 hPa). However, this is slightly
improved in CMIP6 models except in BCC-CSM2-MR and MIROCG6. In addition to the
overestimation of the upper boundary of LLWs in HadGEM2-CM3, the modelled westerlies
are also extended further south in the SON season, with once more an improvement in
its CMIP6 version. In the MAM season, most of the CMIP5 models fail to represent the

arm of westerly winds located north of 6°N. There is no improvement observed in that
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feature in CMIP6 models. This could be due to the coarse resolution of both CMIP5 and
CMIP6 models. However, the focus is on the arm of westerly winds located south of 6°N
because that arm is present year-round (Pokam et al. 2014). In both seasons, CMIP5
and CMIP6 models depict well the vertical location of the core speed of LLWs found at
around 925 hPa as in reanalyses. Models’ ability to represent the intensity and the spatial

pattern of the core speed of LLWs at this level (925 hPa) is discussed next.

ERAS5 MERRA2

208 108 0 10N 20N 208 108 0 10N 20N

o BCC-CSM1-1-m 500 CNRM-CM5-2 500 GFDL-CM3 500 GISS-E2-R
I \
I) 5
) E
[0} \ 3
3 9
o ol |
E 108 0 10N 108 0 10N 108 0 10N 20S 10S 0 10N 20N
Lo HadGEM2-ES HadGEM2-CM3 MRI-ESMA1
D_ 00 —yperm 500 =g
5 600
O 700
800
900
1000
108 0 10N 108 0 10N
CNRM-CM6-1
500 T
600
©
% 700
K] § 800
[0
8 - 900
o 1000
E 10S 0 10N
(o] UKESM1-0-LL
o
=
@)

Figure 21: September—November long term seasonal mean of zonal wind (m/s) averaged between
10° and 15°F for (a-b) reanalyses, (c—j) CMIP5 and (k-r) CMIPG models. Positive values

correspond to westerly winds and negative values to easterly winds.

Figures 22 and 23 show for MAM and SON seasons respectively, the 925 hPa seasonal
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mean climatology of total circulation (vectors) and zonal wind (shading) speed from all
the reanalyses (Figs.22a-b and 23a-b). Biases relative to ERAS5 are als shown for CMIP5
and CMIP6 models for MAM and SON seasons (Figs.22c-r and 23c-r1). In both seasons,
reanalyses depict an inflow of westerly winds in the study region through the western
boundary with the inflow stronger in SON than in MAM season. The simulated biases of
CMIP5 and CMIP6 models are similar in their spatial pattern but differ in intensity.
In both seasons, the positive (negative) bias along the coastal region in HadGEM2-
CM3, HadGEM2-ES, BCC-CSM1.1-m and MIROC5 (GFDL-CM3, GISS-E2-R and MRI-
ESM1) denotes an excess (a deficient) in the intensity of westerly winds, much more
pronounced in BCC-CSM1.1-m (GFDL-CM3). Although the sign of the biases is the
same, an improvement in reducing the biases depicted in CMIP5 models is observed
in their corresponding CMIP6 models in both seasons. However, in the MAM season,
the CNRM-CM5 model and its corresponding CMIP6 version (CNRM-CM6-1) have an
opposite bias in the simulated zonal wind along the coast. CNRM-CM5H overestimates
while CNRM-CM6-1 underestimates. This is associated with the pronounced dry bias
observed in the CNRM-CM6-1 model during the MAM season (Fig.14m).

The 925 hPa zonal wind is split into its divergent and rotational components and
averaged between 10°S-5°N and 10°-15°E. Their annual cycles are then displayed in
Figure 24 for reanalyses, CMIP5 and CMIP6 models (Fig.24a—f). This is done to assess
the contribution of each component to the total zonal wind and to determine to what
extent they contribute to the models’ biases. Reanalyses agree well in the representation
of the total zonal wind and its components. Throughout the year, the divergent circulation
(Fig.24b and e) is a westerly wind (positive values) while the rotational circulation (Fig.24c
and f) is an easterly wind (negative values) in most months. The total zonal wind being
also a westerly wind (positive values: Fig.24a and d), it follows that it is mainly divergent
in its kinematic character. This is in line with the findings from Pokam et al. (2014).
In addition, the reanalyses (Fig.24a—f) show that, the total and divergent zonal wind
peaks’ are found in February and August while for the rotational circulation, the peaks
are found in May and November since it is principally an easterly wind as highlighted
above. Although the seasonality of the total zonal circulation and its components is
reasonably captured by the CMIP5 and CMIP6 models, considerable differences in terms
of intensity are depicted (Fig.24a—f). Most of the CMIP5 models overestimate the strength
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Figure 22: Long term seasonal mean of March-May 925 hPa total wind (vectors: m/s) and
zonal wind (shading: m/s) for (a=b) reanalyses, (c—j) CMIP5 models biases with respect to ERAS
and (k-r) CMIP6 models biases with respect to ERAS. The black boz is the study region, and the

interest is on the inflow at the region’s western boundary.

of the total zonal circulation at the beginning and around the end of the year (Fig.24a).
Moreover, in addition to what emerges from Figs. 22 and 23, the BCC-CSM1.1-m model
overestimates the total circulation not only in MAM and SON but over the whole year, in
contrast with GFDL-CM3 which underestimates the westerly flow in most months (from
February to September). Examining the wind components (Fig.24b and c), most models
overestimate the westerly component of the rotational circulation throughout the year

(Fig.24c), making it a westerly flow that increases its contribution to the total wind.
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However, from one model to another, the positive or negative bias in the total zonal
circulation (Fig.24a) is generally attributed to the combined biases in both the divergent
(Fig.24b) and rotational (Fig.24c) circulation. This is observed in the BCC-CSM1.1-m
model that overestimates the total zonal wind as the result of the overestimation of both
divergent and rotational components. On the other hand, the overestimated total zonal
wind in the HadGEM2-CM3 model is only attributed to the rotational circulation in MAM
and SON while from May to August, the deficit of the total wind in the GFDL-CM3 model
is mainly due to its underestimated divergent component.

Compared with reanalyses, the rotational circulation (Fig.24f) in the CMIP6 models
has led to a stronger underestimated total wind in GFDL-CM4 and MRI-ESM2-0 during
June and May (Fig.24d). However, in comparison with the CMIP5 models, smaller
biases are generally observed in their corresponding CMIP6 models, highlighting the
improvement in the total wind (Fig.24d) which is the result of the improvement in both
components (Fig.24e and f). This is well observed in Fig.24g—i displaying the annual cycle
of the uncertainty ranges in total, divergent and rotational zonal wind from reanalyses,
CMIP5 and CMIP6 models. The uncertainty range here is the spread or the dispersion
in a set of data. It is represented with a band and the smaller the bandwidth, the
smaller the uncertainty and vice-versa. It appears that, compared to reanalyses, in most
months, the spread of the total wind in CMIP6 models is slightly smaller than the one
from CMIP5 models due to the improvement in both divergent (Fig.24h) and rotational
(Fig.24i) circulation. However, in general, in both CMIP5 and CMIP6 models, the spread
of the rotational component (Fig.24i) is larger than the spread of the divergent (Fig.24h)
component. This highlights the fact that, in most months, the bias in the rotational

circulationcontributes most to the bias in the total zonal circulation.

3.2.3 Simulated Convection over Central Africa

To investigate the link between simulated convection and rainfall over CA, Figures
25 and 26 show for reanalyses (Fig.25a-b and Fig.26a-b), CMIP5 models (Fig.25¢c-j and
Fig.26¢-j) and CMIP6 models (Fig.25k-r and Fig.26k-r) the Latitude—height cross section
averaged between 10°E and 30°E of vertical velocity (shading), zonal wind with a speed
equal or greater than 6m/s (contours), vertical motion of meridional wind and omega

(vectors) and rainfall (red line) in MAM and SON seasons respectively. Here, zonal
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Figure 23: Long term seasonal mean of September—November 925 hPa total wind (vectors: m/s)
and zonal wind (shading: m/s) for (a=b) reanalyses, (c—j) CMIP5 models biases with respect to
ERAS and (k-r) CMIPG6 models biases with respect to ERAS. The black box is the study region,

and the interest is on the inflow at the region’s western boundary.

wind with speed equal or greater than 6m/s represent the African Easterly Jet (AEJ)
components.

Although its rate is stronger in MERRA2 (Fig.25b and Fig.26b) than in ERA5 (Fig.25a
and Fig.26a), convection in reanalyses is centred around the equator in both seasons
(MAM: Fig.25a-b and SON: Fig.26a-b) with its intensity stronger in SON season and
associated with a higher rainfall amount. In models, the amount of rainfall is associated

with the intensity of the simulated convection. In both seasons (Fig.25 and Fig.26),
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Figure 24: Seasonal cycle of 925 hPa total, divergent and rotational zonal wind averaged
between 10°S—10°N and 10°-15°E for (a—c) reanalyses and CIMP5 models, (d—f) reanalyses
and CMIPG6 models. (g—i) Uncertainty ranges in total, divergent and rotational zonal wind from
reanalyses (red), CMIP5 (blue) and CMIPG6 (green) models. Note that westerly winds are positive

while easterly are negative.

the overestimated rainfall depicted in the BCC-CSM model, especially in its CMIP6
version is associated with stronger convection compared to reanalyses. The surplus of
advected moisture in the BCC-CSM model as seen above plays an important role in the
understanding of the overestimated rainfall. For the GISS-E2 model (Fig.26f and Fig.26n),
underestimated rainfall is associated with the intensity of the simulated weak convection
which in turn is associated to the mid-tropospheric moisture flux divergence as seen in the
previous section, in agreement with the overestimated intensity of the AEJ which acts as
an inhibitor of convection. As far as the MIROC model is concerned, the overestimated
rainfall in both version is also associated with a stronger simulated convection in MAM
(Fig.251 and Fig.25q) and SON (Fig.26i and Fig.26q) seasons. However, to fully understand

simulated rainfall biases in a model, deeper investigation is necessary, and this is done in
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Figure 25: Latitude-height cross section averaged between 10°E and 30°E of vertical velocity
(1073 Pa/s: shading), zonal wind with a speed equal or greater than 6m/s (contours), vertical
motion of meridional wind and omega (vectors) and rainfall (mm.day=': red line) in MAM
(March-May) season from (a-b) reanalyses, (c-j) CMIP5 models and (k-r) CMIP6 models.
Negative values of vertical velocity represent ascent motion, while positive values represent descent

motion.

the following with the MetUM model.

3.3 Focus on the Met Office Unified Model (MetUM)

As seen above, from one model to another, the pattern of rainfall bias is different and

the reasons behind each bias also differ from one model to another and could be associated
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Figure 26: Latitude—height cross section averaged between 10°E and 30°E of vertical velocity
(1073 Pa/s: shading), zonal wind (m/s: contours), vertical motion of meridional wind and omega
(vectors) and rainfall (mm.day=': red line) in SON (September-November) season from (a-b)
reanalyses, (c-j) CMIP5 models and (k-r) CMIP6 models. Negative values of vertical velocity

represent ascent motion, while positive values represent descent motion.

to different atmospheric features going from regional to large scale features. This makes
difficult the investigation in all single model. Therefore, to go deeper in the understanding
of rainfall biases, the following analyses will focus on the MetUM model which is currently
a particular focus of model development over Africa as part of the Improving Model
Processes for African Climate (IMPALA) programme. In addition, analysis will be done

during the SON season identified in the literature as the main rainy season in the region.
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The versions of the MetUM which are considered in this study are those taking part to
the CMIP5 and CMIP6 projects denoted respectively as GC2 and GC3 in the following
together with their associated atmosphere-only formulations GA6 and GA7. This will help
investigate the influence of the atmosphere-ocean coupling by highlighting differences and
similarities between the coupled and atmosphere-only formulations of the model over CA.

Let us note that, The most noteworthy modifications in GA7/GC3 compared with
GA6/GC2 are to the physical parameterization including a new modal aerosol scheme,
an improved treatment of gaseous absorption in the radiation scheme, revisions to the
numerics of the convection scheme, introduction of multi-layer sea ice and the introduction
of a seamless stochastic physics package in the atmospheric model (Williams et al., 2018;

Walters et al., 2019).

3.3.1 Pattern of rainfall biases and link with surrounding oceans

Here, we present (Figure 27) the spatial pattern of the mean September—November
rainfall climatology over CA depicted by three observations (GPCP: Fig.27a, UDEL:
Fig.27b and CHIRPS: Fig.27¢c) and two reanalyses (ERA5: Fig.27d and MERRAZ2: Fig.27e).
The models’ (coupled models and their corresponding atmosphere-only version) biases
with respect to GPCP are shown in Fig.27f-i. Three observational data sets of precipita-
tion provide a perspective on precipitation uncertainty. The choice of GPCP in bias
calculation is due to its availability over oceans. The CA domain used in this study is
10°-30°E, 10°S-10°N (box, Fig.27) but Fig.27 covers a larger area including surrounding
oceans to provide an overview of the spatial distribution of rainfall biases around CA and
to detect possible links with CA rainfall biases.

Observations agree well with the spatial distribution of mean SON rainfall over CA
(Fig.27a—c). Two areas of maximum rainfall are located in the northwestern and north-
eastern parts of CA (Fig.27a—c) although both are higher in CHIRPS (Fig.27c). At the
centre of the region, UDEL and CHIRPS show a rainfall maximum that is higher in
UDEL and does not appear in GPCP. This highlights uncertainties between observations.
According to Maidment et al. (2014), in regions where the gauge network is sparse
and unevenly distributed, conversion from point to area averages may be subject to
large representativeness errors. This is the case over the Congo Basin where very few

gauges exist (Washington et al., 2013). In general, the reanalyses (Fig.27d-e) struggle
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Figure 27: September—November spatial rainfall (mm/day ) climatology for (a—e) GPCP,
UDEL, CHIRPS, ERA5 and MERRAZ2 absolute values (1981-2015), (f-g) atmosphere-only and
(h—i) coupled models biases with respect to GPCP. The box in (a-i) indicates the Central Africa
domain used in this study and superimposed dots in (f-i) indicate the areas where the differences

are statistically significant at the 95% confidence level using the t-test.

to capture both the spatial pattern and the intensity of rainfall over CA. For instance,
the northwestern and the northeastern rainfall maxima are overestimated in the two
reanalyses and this is more pronounced in MERRA2 compared to ERA5. In addition,
the spatial extent of rainfall maxima in MERRAZ2 is too large. The disagreement among
the reanalyses is likely due to differences in forecast models, data assimilation schemes
and available observations (e.g., radiosonde, aircraft and satellite data) (Lin et al., 2014).
However, compared to MERRA?2 (Fig.27e), ERA5 (Fig.27d) is closest to the mean observed
rainfall climatology (GPCP: Fig.27a). Therefore, in dynamical analyses, ERA5 will be
considered as the principal reference among reanalyses.

All versions of the MetUM in both coupled and atmosphere-only formulation depict
a dipole bias over CA in SON season (Fig.27f-i) with a wet bias (dry bias) over the

eastern (western) CA. The dipole pattern is consistent across the model versions whichever
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observation is taken as reference (not shown). The wet bias is noticeably larger in coupled
models while in atmosphere-only formulations, the dry bias in the western CA is most
pronounced. Furthermore, from the older (GA6/GC2) to the recent (GA8/GC4) version
in both atmosphere-only and coupled models, the eastern CA wet bias strengthens while
the coastal western CA dry bias weakens. This suggests that newer versions of MetUM
are wetter over the entire CA compared to previous ones although remaining dry over the
coastal region compared to GPCP. Over the Indian Ocean, a wet bias is evident in the
central equatorial basin in atmosphere-only models (Fig.27f-g) while in coupled models
(Fig.27h-i) the structure of the bias is a dipole with the predominance of dry (wet) bias
in the southeastern (western) equatorial Indian Ocean. Let us notice that, the wet bias
found in the equatorial Indian Ocean in both atmosphere-only and coupled formulations
is much improved in the latest version of the model (GA7/GC3). The improvement could
be due to the important convection changes made in GA7/GC3. However, unlike in
atmosphere-only models, in coupled models, the Indian Ocean wet bias extends to the
east of the African continent to link with the wet bias over eastern CA. The hypothesis
here is that a large-scale circulation associated with the Indian Ocean contributes to the
eastern CA wet bias in coupled models and may help to explain why they are wetter
than their atmosphere-only versions. It should be noted that the wet bias over eastern
CA increases in recent versions of the MetUM while over the western Indian Ocean it
decreases. This shows that the contribution to the eastern CA wet bias is not limited to
the Indian Ocean. As far as the dry bias over the coastal western CA is concerned, in
both coupled and atmosphere-only formulations, the bias is not a localized bias too. It
extends to the southern coast of Western Africa and could also be the result of the Atlantic
Ocean large-scale circulation. Therefore, to understand the models’ biases, analyses will
first focus on the remote or large-scale drivers such as the atmospheric response to the

simulated SST over the Atlantic and Indian Oceans.

3.3.2 Large-scale features associated with rainfall biases

3.3.2.1 Sea Surface Temperature teleconnection

Dezfuli and Nicholson (2013) have highlighted the relationship between rainfall in
CA subregions and SST. Their findings reveal that the boreal autumn (October—Decem-

ber) rainfall over eastern (western) CA shows a large spread of positive correlation with
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SST over the equatorial Indian Ocean (Benguela coast and the equatorial Atlantic Ocean).
Similar findings are shown in Fig.28a (Fig.29a) where observed SON rainfall from GPCP is
averaged over eastern (western) CA and correlated with observed SON SST from HadISST
for the period 1980-2010. However, in Fig.28a (Fig.29a), the highest positive correlation is
found south of Madagascar (southwest of South Africa in the Atlantic Ocean). Fig.28b—e
(Fig.29b—e) show biases of correlations computed as in Fig.28a (Fig.293a) for each model
with respect to Fig.28a (Fig.29a). The eastern (western) CA area over which rainfall is

averaged represents the area of the wet (dry) bias.

a) GPCP and HadISST

ARn

';«I‘af :

. b
-y,

q.’a!&;
Sy
“.ﬂ‘ 7

TR s
aQ

-0.7 -06 -05-04 -03-02-01 0 01 02 03 04 05 0.6 0.7

Figure 28: (a) Correlations of observed SON rainfall from GPCP, averaged over eastern Central
Africa (the box: 10°S-10°N, 20°-3(° E), against observed SON SST from HadISST for the period
1980-2010. (b-e) biases of correlations computed as in (a) for each model with respect to (a).

In general, the models struggle to capture the basic features of the teleconnection
such as the areas of positive and negative correlation between CA rainfall and SST. In
Fig.28b—e, between 0 and 30°S, models generally depict a position correlation bias over

the Atlantic Ocean, stronger in coupled than in atmospheric models. This shows that
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the relationship between the eastern CA rainfall and SST over the Atlantic Ocean is
stronger in models than in observations and the strength of the relationship is more
pronounced in coupled models. In the Indian Ocean, a dipole pattern of correlation
bias is observed with positive and negative biases in the western and eastern Indian
Ocean respectively (although the structure is not well observed in GC2). In addition,
the western positive (eastern negative) correlation bias extends southeasterly (westward)
in the coupled models. For the relationship between the simulated western CA rainfall
and SST (Fig.29b—e), over the Atlantic Ocean, models depict a positive correlation bias
stronger than that in Fig.28b—e showing that the western CA rainfall is more associated
with the Atlantic Ocean SST variability than the eastern CA rainfall. Furthermore,
this positive correlation bias is stronger in coupled (Fig.29d—¢) than in atmosphere-only
(FFig.29b—c) formulations. In the Indian Ocean basin, west of Australia, a negative
correlation bias stronger in AGCM than in CGCM is observed and extends westward along
the equatorial region in all CGCM (Fig.29d—e). In sum, in both AGCMs and CGCMs,
the deficiencies in the representation of the shared variability between CA rainfall and
SST compared to observation are noticed and CGCMs seem to be not superior to AGCMs
in this regard. This suggests biases in simulated mechanisms linking Indian and Atlantic

Oceans to CA rainfall in both AGCMs and CGCMs.

3.3.2.2 Tropical large-scale circulations

To investigate possible links between the large-scale circulation and precipitation
biases, an overview of the zonal circulation along the equator is shown in Fig.30. It
represents the longitude-height cross-section of vertical wind and the streamlines construc-
ted from the divergent component of the zonal wind and the vertical wind averaged
between 5°S and 5°N. The Atlantic-Congo zonal overturning cell is found between 5°W
and 25°E in reanalyses (Fig.30a-b). The cell is described in Longandjo and Rouault
(2020) as being a non-closed cell at the base when we assume that the zonal circulation
is not thermally driven by the divergent component of the zonal wind. However, its
simulated subsiding branch is more intense in the models (Fig.30c—f), particularly in
atmospheric versions (Fig.304c—d). Furthermore, the downward branch of the Indian
Ocean zonal overturning circulation is almost absent in the three versions of the coupled

model (Fig.30e—f). SST biases may help understand this and how rainfall is affected.
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Figure 29: (a) Correlations of observed SON rainfall from GPCP, averaged over western
Central Africa (the box: 10°S-10°N, 10°-2(0°E), against observed SON SST from HadISST, for
the period 1981-2015. (b—e) biases of correlations computed as in (a) for each model with respect

to (a).

The SON climatological SST from HadISST (Fig.31a) and CGCMs SST biases with
respect to HadISST (Fig.31d—e) are represented in Figure 31. Given that the AGCMs
are prescribed with HadISST, AGCMs SST biases with respect to HadISST are zero and
therefore are not represented (Fig.31b—c). Then, it is plausible that the strong subsidence
over the Gulf of Guinea (Fig.30) may be attributed to the lack of ocean—atmosphere
coupling in the case of the AGCMs. It is also plausible that this response could derive from
the anomalously strong upward motion located between 60°E and 90°E over the equatorial
Indian Ocean (Fig.30c—f). However, in the coupled models, though the convection over the
equatorial Indian Ocean is still pronounced and even more zonally extensive, compared
to atmospheric models, a weakening of the subsidence in the Gulf of Guinea is observed

(Fig.30e—f). This is associated with the warm SST biases depicted over the Gulf of
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b) MERRA2
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Figure 30: Longitude-height cross-section of the September—November mean climatology of
vertical wind (1072.Pa.S~': Shaded) and streamline constructed from the divergent component
of the zonal wind (m.s~1) and the vertical wind (10~3.Pa.S™!) averaged between 5°S and 5° N for

(a and b) reanalyses, (c—d) atmosphere-only models and (e—f) coupled models.

Guinea (Fig.31d—e). Although the strength of the downward branch is less pronounced
in the coupled models than in the atmospheric models, it remains stronger than in the
reanalyses. Over the western Indian Ocean, coupled models also depict a warm SST bias

inhibiting the subsidence branch of the overturning circulation there.

a) Congo basin Walker like circulation Low-level atmospheric circulation with
its associated moisture transport from the Atlantic Ocean is known to be primarily driven
by the surface temperature difference between the Atlantic Ocean and the Congo basin
landmass (Pokam et al., 2014). In this section, in addition to the surface temperature
difference, we explore the contribution of the anomalously strong simulated subsidence

over the Gulf of Guinea (Fig.30) on low-level moisture transport off the Atlantic Ocean
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Figure 31: September—November climatology of (a) absolute values of SST (°C: Shaded) from
HadISST and 850 hPa wind (m.s~': Vectors) from ERAS5; (b-c) AGCMs 850 hPa wind (m
s~ Vectors) biases with respect to ERA5; (d-e) CGCMs SST (°C: Shaded) and 850 hPa wind
(m.s~L: Vectors) biases with respect to HadISST and ERAS respectively.

to CA to understand the western CA dry bias.

Figure 32 shows the September—November climatological 850 hPa geopotential height
(shaded) and moisture transport (vectors) from reanalyses (Fig.32a-b) and the models’
biases with respect to MERRA2 (Fig.32c—f). In reanalyses (Fig.32a-b) and around the
equator (between 5° S and 5°N), the geopotential height decreases progressively eastward
from the Atlantic Ocean (Gulf of Guinea) to the continent. This shows a contrast of
surface pressure between the ocean and the continent with high (low) pressure over the
ocean (continent) bound up with the sinking (rising) branch of the Atlantic-Congo zonal
overturning cell. The simulated 850 hPa geopotential height biases (Fig.32¢—f) show
differences in the models with GA6, GC2 and GC3 depicting in general negative biases
while GA7 depicts positive biases. However, despite the differences, in all versions and

formulations of the model, the zonal transect of surface pressure exhibits a decrease from
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Figure 32: September-November climatological 850 hPa geopotential height (m: shaded) and
moisture transport (g.kg-1.m.s-1: wvectors). a-b) Absolute values of ERA5 and MERRA2
respectively. c-f) Models biases of 850 hPa geopotential height and moisture transport with respect
to ERAS5. The red boz is the Central Africa region.

the Atlantic Ocean to the continent, stronger in models than in the reanalyses (Fig.33a).
This is particularly well observed in GA7 (Fig.32d) with a higher pressure bias over the
ocean and a lower pressure bias over the continent related to the strong simulated sinking
branch of the Atlantic-Congo zonal overturning cell (Fig.30). In addition, the stronger
simulated land-ocean thermal difference between the Central African landmass and the
coastal Atlantic Ocean (Fig.33b) is in agreement with the simulated strength of the zonal
surface pressure decrease from the Atlantic Ocean to the continent (Fig.33a). This has
an impact on low-level moisture transport.

In reanalyses and over the Atlantic Ocean (Fig.32a-b), moisture transport is predo-
minantly easterly and northeasterly north of the equator and southeasterly south of the
equator. However, the strength of the subsidence branch of the Atlantic-Congo zonal
overturning cell in the models (Fig.30c—f) is associated with higher pressure over the Gulf
of Guinea (Fig.32c—f). This enhances the pressure gradient between the Atlantic Ocean
and the Coastal area which increases moisture transport as indicated by the westerly
and southwesterly biases over southern West Africa and along the coastal region of CA
(Fig.32c—f). The strong moisture transport in the models results in the dry bias at the

western CA coast. Therefore, the stronger dry bias in atmospheric models over western

Thierry N. Taguela 63 PhD Thesis



Results and discussions

a) b)
6.0 7 24 —
4.0 \ 2.0 — ] ERAS
2.0 1
1 1.6 — — \ERRA2
0.0 - 1 GC2
] 12
2.0 - 1 = GC3
io 08 GA6
: ] — GA7
6.0 04
-8.0 ; ; ; ; ; 0.0 -
30W 0 30E

Figure 33: (a) September—November (SON) meridional average (5°S-5°N) of 850 hPa
geopotential height (m) minus spatial mean (5°S-5°N; 25°W-25°E) of 850 hPa geopotential
height for reanalyses, coupled and atmosphere-only models. (b) 850 hPa land-ocean thermal
difference between the Central African landmass (5°S-5°N; 15°-30°E) and the coastal Atlantic

Ocean (5°S-5°N; 5° W-5°E) for reanalyses, coupled and atmosphere-only models.

CA as compared to coupled models is associated with the more pronounced overestimated
subsidence over the Gulf of Guinea. Furthermore, although in the most recent version of
both coupled and atmospheric models (GC3/GAT) the strength of the downward branch
of the Atlantic-Congo zonal overturning circulation is still overestimated with respect to
ERAS5, an improvement in the strength is observed compared to older version (Fig.30).
Its weakening in GC3/GAT is in agreement with the reduced dry bias over western CA
compared to older version (GC2/GAG).

In terms of the contribution from the Atlantic Ocean to the eastern CA wet bias,
as shown above, the strength of the simulated subsidence over the Gulf of Guinea is
overestimated (Fig.30) and associated with a high ocean-land pressure gradient which
strengthens the moisture transport from the Atlantic Ocean to CA (Fig.32). The strength
of the moisture transport is then sufficiently strong to dry out the coast and wet the
eastern CA. Moisture entering through the western boundary of the CA region is then
overestimated in both coupled and atmospheric models. In addition, in all versions of
the coupled model, warmer SST in the Gulf of Guinea (Fig.31d—e) is likely to enhance
evaporation and therefore, more moisture is available to be advected toward eastern CA.

This can explain why eastern CA is wetter in coupled models than in atmospheric models.
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b) Indian Ocean overturning circulation To understand the misrepresentation
of the Indian Ocean large-scale circulation (Fig.30) and how this could affect CA rainfall,
mean SON SST and low-level (850 hPa) wind are explored over the Indian Ocean in
Figure 31. Maximum SST are found over the equatorial Indian Ocean (Fig.31a) with
warmer SST in the eastern sector of the ocean compared to the western sector. This
leads to a prevalence of westerly winds which form the lower branch of the Indian Ocean
zonal overturning circulation (Fig.31a). With regard to the coupled models, they depict
a mean SST bias in the Indian Ocean with the pattern of the positive IOD with a warm
(cold) bias over the western (southeastern) Indian Ocean (Fig.31d—e). This is similar to
the findings from Hirons and Turner (2018). In agreement with the dipole pattern of
correlation over the Indian Ocean (Fig.28b—e), the simulated 850 hPa equatorial winds
in the Indian Ocean exhibit easterly anomalies which are more pronounced in CGCMs
than in AGCMs (Fig.31b—e). The easterly anomalies result in weaker westerly winds in
AGCM and anomalous easterly winds in CGCM (not shown here). Therefore, the easterly
anomalies present in the atmospheric models are intensified in the coupled models due to
the positive IOD pattern in the mean state of their SST biases (Fig.31d—e). Indeed, in
the coupled models, the positive IOD pattern weakens the downward branch of the Indian
Ocean East—West overturning circulation (Fig.30) and strengthens the existing easterly
anomalies at the surface (Fig.31). The easterly anomalies are likely to be associated with
an anomalous moisture advection from the Indian Ocean to the continent.

To assess the effect of the positive IOD-like pattern on the advected moisture from the
Indian Ocean, an examination of the strongest positive IOD years compared to the mean
state in both the reanalyses and the models is performed. A composite of years with
the strongest positive IOD pattern is constructed following Hirons and Turner (2018).
For each dataset, the IOD index is calculated for each year in the SON season and years
are ranked from the lowest to the highest value of their IOD index. The top 20% of
years is then chosen to build the composite. The SON climatological mean of the vertical
integrated zonal moisture flux (shading) and total moisture flux (vectors) is subtracted
from the mean of the years corresponding to the composite to form the composite anomaly
which is represented in Figure 34 for each dataset. The two reanalyses agree with an inflow
of moisture through the eastern boundary of the CA region (Fig.34a-b). In agreement with
findings from Moihamette et al. (2022), this highlights the fact that during positive IOD
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Figure 34: Composite anomaly of SON wvertical integrated (1,000-100 hPa) zonal moisture
transport (kg.m~1.s7% : Shading) and total moisture transport (kg.m=1.s~1: Vectors) for positive
10D years. The strongest positive IOD years minus the mean state in (a and b) each reanalysis,
(cd) atmosphere-only models and (e—f) coupled models. The box in (a-f) indicates the CA domain

used in this study.

years, easterly winds advect more moisture from the Indian Ocean to CA and contribute
to rainfall in the region. Although the moisture is drawn from a much broader area
across the IO basin in the reanalyses (Fig.34a-b) compared with a narrower channel of
moisture in the models (Fig.34c—f), the inflow of moisture from the Indian Ocean at the

eastern boundary of the rectangular box is stronger and extends further west in models.
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The westward extension is more pronounced in the coupled than in the atmosphere-
only models (Fig.34c—f). In the atmosphere-only models, the mean state easterly winds
anomalies (Fig.31b—c) is added to the easterly wind due to a positive IOD pattern in the
composite to advect more moisture from the Indian Ocean to the CA region as shown
in Fig.34c—d. In the coupled models, the anomalous mean state easterly winds from the
atmosphere-only models are reinforced by the positive IOD pattern in the mean state
SST biases (Fig.31d—e). This is added to the easterlies of the positive 10D years to
advect more moisture from the Indian Ocean to the CA region (Fig.34e—f) compared to
the atmosphere-only models. As a result in the MetUM models, biases in large-scale
circulation over the Indian Ocean contribute to the wet conditions over eastern CA, in
line with the spatial distribution of simulated rainfall biases (Fig.27f-i).

These results show that large-scale circulations from both the Atlantic and the Indian
Oceans have a role in the simulated rainfall biases over CA. However, simulated key
regional features may also contribute to overestimating or underestimating simulated

rainfall over the region.

3.3.3 Regional mechanisms associated with rainfall biases

Past studies (Nicholson and Grist, 2003; Jackson et al., 2009; Dezfuli and Nicholson,
2013; Kuete et al., 2020; Longandjo and Rouault, 2020) have shown that there are
dominant features of the local circulation such as the two components of the African
Easterly Jet (AEJ-S and AEJ-N) and the Congo basin cell that play an important role in
rainfall variability over CA. In this section, these features are investigated in association

with the wet and dry biases over eastern and western CA respectively.

3.3.3.1 Low level tropospheric circulations

Longandjo and Rouault (2020) highlights the existence of a lower tropospheric, closed,
counterclockwise and shallow zonal overturning cell over CA namely the Congo basin cell
discernible throughout the year. The Congo basin cell intensity and width are driven
by the near-surface temperature warming on both the central African landmass and the
eastern equatorial Atlantic, leading to LLWs which form the lower branch of the cell.
Therefore, the width of the cell is linked to the strength of LLWs. The stronger the
LLWs, the larger the Congo basin cell.
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Figure 35 shows the zonal mass-weighted stream function with the zonal wind averaged
over the latitudinal band 5°S-5°N before computing the zonal mass-weighted stream
function. Negative values of the mass-weighted stream function (dashed red contours)

depict the Congo basin cell. It appears that the models overestimate the intensity
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Figure 35: September—November (SON) climatological mean of the zonal mass-weighted stream
function (contours: 10" .kg.s™') computed with 5°S-5° N averaged zonal wind for (a and b) ERA5
and MERRAZ2, (c—d) Atmosphereonly models (GA6 and GA7), and (e—f) coupled models (GC2
and GC3). Solid and dashed contours represent positive and negative values of mass-weighted
stream functions respectively, separated with the zero wvalue of mass-weighted stream (thicker
contour). Contour intervals are 10 between positive contours and 4 between negative contours.

The vertical lines are the zonal boundaries of the CA region.

and the width of the cell (Fig.35c—f) with the western edge of the cell located farther
west in the models compared to reanalyses. Simulated LLWs transport moist air from a
farther west position in the equatorial Atlantic (Fig.32c—f) in agreement with the farther
west position of the western edge of the Congo basin cell (Fig.35c—f). Furthermore, the
overestimated strength of the simulated Congo basin cell in the models is associated with
strong simulated LLWs (Fig.32) over the Atlantic coastal area due to the strong ocean-land

pressure contrast (Fig.33). As shown in the above section, this induces a strong moisture
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divergence at the coastal area and, in turn, dry conditions. The misrepresentation in the
intensity and width of the simulated Congo basin cell is therefore associated with the
western CA dry bias through the overestimation of the simulated LLWs. The dryness
of MetUM over the coastal region in CA is well known (Creese and Washington, 2016;
James et al., 2018) and the present study underlines the persistence of this bias, although
slightly reduced in recent versions of the model.

The misrepresentation of the Congo basin cell (Fig.35¢c—f) is also associated with the
eastern CA wet bias. Known to play an important role in rainfall redistribution over CA
via the zonal rainfall maximum position (Longandjo and Rouault, 2020), the width and
the intensity of the Congo basin cell are respectively associated with the zonal position and
the strength of the eastern CA rainfall peak (Longandjo and Rouault, 2020). Therefore,
the overestimation in its simulated width and intensity (Fig.35¢—f) is related to a larger
advection of moisture from the farther west position in the equatorial Atlantic toward the
eastern edge of the cell. This leads to a strong moisture convergence at the eastern edge
of the cell and since this is the location of its rising branch, more convection and more
rainfall are observed in comparison with the reanalyses. In addition, the depth of the
cell appears to be higher in models. This is associated with the depth of the convection
and the latter influences the biases. The height of the cell in models is therefore also
associated with the wet bias.

Next we investigate how the topography at the Atlantic coastal area could affect
rainfall. Figure 36 shows the vertical profile of zonal wind averaged between 10°S and
10°N with gray shape showing the high of the topography. In reanalysis (Fig.36a-c), and
particularly in MERRA2, weak convection is found between 950hPa and 850hPa at 15°E
likely due to orography near the coastal area. The topography blocks LLWs (moist air)
coming from the Atlantic Ocean and forces upward motion and orographic rainfall. This
phenomenon is not observed in models. At 15°E in models, convection tends to start at
around 950hPa due to orography. But at 850hPa the convection is suppressed because as
seen previously, the strength of LLWs is overestimated in models. Without the orographic

rainfall at the coastal area, models depict dry biases.
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Figure 36: Vertical profile of zonal wind (m.s~! : wvectors) constructed with vertical velocity
(4.1072.Pa.s7t) and averaged between 10°S and 10°N. Gray shade represents the orography in
(a-b) each reanalysis, (c-d) atmosphere-only models and (e—f) coupled models.

3.3.3.2 Mid-tropospheric circulation

Known as the mid-tropospheric (700-600 hPa) easterly wind (with a speed equal to
or greater than 6 m.s™* (Nicholson and Grist, 2003; Kuete et al., 2020), the AEJ-N and
AEJ-S are key regional circulation features over CA during the SON season. Previous
studies have established that CA rainfall is strongly related to the advected moisture into
the region with AEJ components playing an important role in controlling the mid-level
moisture flux convergence (Nicholson and Grist, 2003; Jackson et al., 2009; Washington
et al., 2013). Furthermore, Jackson et al. (2009) have identified a maximum in MCS
activity in the region of that strong mid-level convergence.

Setting up by the surface temperature contrast between Congo and both Saharan
Cook (1999) and Kalahari dry-lands (Kuete et al., 2020), we first investigate the link
between the AEJ components and the mechanisms associated with their setup. Figure 37
shows AEJ components and the meridional potential temperature gradient at 850 hPa in

both reanalyses and models. Although significant discrepancies could have been expected
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b) MERRA2

Figure 37: September—November long-term mean meridional potential temperature gradient
(10°.K.m~!; shaded) at 850 hPa and zonal easterly wind averaged between 700 and 600 hPa with
speed > 6 m.s~1 (contours) for (a-b) reanalysis, (cd) atmosphere-only models and (e—f) coupled

models.

between different reanalysis products due to the paucity of upper-air observations in that
region, it appears that the two reanalyses agree relatively well in the representation of
the two AEJ’s components (Fig.37a-b). Furthermore, the AEJ-N (AEJ-S) is associated
with a strong positive (negative) meridional potential temperature gradient centred at

around 10°N (10°S). Compared to reanalyses and according to the threshold of 6 m.sl,
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the intensity and the extent of the AEJ-N are both overestimated in the models (Fig.37¢c—f)
and much more in the atmosphere-only formulation (Fig.37c—d) while its southern compo-
nent is not detected in the two formulations of the model whatever the version (Fig.37c-f).
This reflects an underestimation of the easterly wind in the region where the AEJ-
S is supposed to be found. Errors in the simulated AEJ components are associated
with a misrepresentation of the meridional potential temperature gradient. Compared
to reanalyses, the overestimation (absence) of the AEJ-N (AEJ-S) is associated with a
stronger (weaker) positive (negative) meridional potential temperature gradient centred at
around 10°N (10°S). Therefore, the fact that the strength of both AEJ-N and AEJ-S biases
are of the same magnitude in all versions of MetUM suggest that changes in land surface
schemes across model versions have not significantly improved surface characteristics (e.g.,
temperature and soil moisture) contrast between Congo and both Saharan and Kalahari
drylands.

To investigate how the wrong representation of the AEJ components contribute to
the simulated wet bias over eastern CA, the jets are represented (contours) in Figure
38 with the vertical wind (vectors) and the net zonal moisture transport, computed as
the difference between moisture flux across the western (20°E) and the eastern (30°E)
boundary of the zonal extension of the wet bias. Positive values indicate moisture
flux convergence and negative values moisture flux divergence. It appears in reanalyses
(Fig.38a-b) that at mid-troposphere, jet components found at around 10°S and 10°E are
associated with moisture flux divergence. This leads to moisture flux convergence and
strong convection around the equator. In models (Fig.38c—f), the misrepresentation in
the intensities of the AEJ’s components is associated with biases in the net zonal moisture
flux and convection. The overestimation (absence) of the AEJ-N (AEJ-S) is associated
with a stronger mid-tropospheric net moisture flux divergence (convergence) favouring
dry (wet) conditions. This is in line with Dezfuli and Nicholson (2013) who showed that,
at interannual time scales, the variability of the strength of AEJ’s components is opposed
to that of the rainfall amount with abnormally strong (weak) jets associated with dry
(wet) years. Then AEJ’s components have opposite effects in the MetUM models. The
overestimated AEJ-N strength tends to suppress convection while the absence of AEJ-S
favours convection and in turn precipitation. These findings are similar to those of Creese

and Washington (2018). Furthermore, biases in the strength of the AEJ’s components
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Figure 38: Latitude-height cross-section of September—November long term mean of (a and
b) net zonal moisture flur (shaded: kg.m~'.s7!) calculated from west boundary (20°E) minus
east boundary (S0°E) and vertical wind (vectors: 4.10~2Pa.s~1) averaged between 20 and 30°E
in reanalyses. (c—f) Same as in (a and b) minus ERAS5 for atmosphere-only (c—d) and coupled
(e~f) models. Solid contours (a-f) represent AEJ components (U m.s~!) at 20°E in reanalyses,

atmosphere-only and coupled models. 20-30° E is the zonal extent of the wet bias in models.

shift the mid-tropospheric moisture flux convergence southward favouring more convection
south of the equator (Fig.38c—f). This is in agreement with the wet bias which is more
widespread south of the equator in the region (Fig.27f-i). In addition, the reason why

the coupled models are wetter than their corresponding atmospheric formulations could
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be due to the strength of their AEJ-N which is less strong than in atmospheric models.
This is associated with less mid-tropospheric moisture flux divergence. Comparing the
versions of the coupled (atmospheric) model with each other, it appears that, in the most
recent version GC3 (GAT), the mid-tropospheric moisture flux divergence associated with
the AEJ-N is less pronounced compared to the earlier model version (Fig.38e-f). This
may explain why they are wetter than previous model versions.

Next we analyse the transverse ageostrophic circulation associated with AEJ compo-
nents. Uccellini and Johnson (1979) developed a four-quadrant conceptual model of a
“jet streak” (core region of maximum velocity) to describe the transverse circulations.
The model states that, at the level of the jet, for a Northern (Southern) Hemisphere
jet, divergence (convergence) is found in the right entrance region with convergence
(divergence) in the left entrance region. There is ascent under region of upper-level
divergence within the right (left) entrance of a northern (southern) hemisphere jet. Like-
wise, where the convergence overlies divergence, descent is found, namely, within the left
(right) entrance of a northern (southern) hemisphere jet. This system is referred as the
"transverse ageostrophic circulation" and the reverse happen in the exit region of the jet.
The transverse circulations associated with a straight upper-level jet streak also couple
with the winds at low levels to complete the circulations.

Figure 39 shows the vertical profile of long term mean SON wind divergence (shaded)
and ageostrophic component of meridional wind (vectors) averaged between 20°E and
30°E. This is the entrance regions of the southern and northern components of AEJ, and
the convergence area found around the equator at 700hPa is the left (right) entrance region
of the AEJ-N (AEJ-S). The transverse ageostrophic circulations should exhibit at the left
(right) entrance region of the AEJ-N (AEJ-S) a weak descending branch shared by the
two transverse circulations. MERRA2 (Fig.39b) well represents the descending branch
although ERA5 does not (Fig.39a). The absence of the descending component could
explain why the models are wetter than reanalysis. However, more work is required to fully
understand how transverse ageostrophic circulations associated to the two components of

the AEJ could contribute to enhance or reduce rainfall over CA.
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Figure 39: Vertical profile of long term mean September-November wind divergence (10¢.s71;

shaded) and ageostrophic component of meridional wind (m.s~'; vectors) averaged between 15°E
and 25°F for (a-b) reanalysis, (cd) atmosphere-only models and (e—f) coupled models. Around
the Equator (between 1°S and 1°N) the coriolis force used to calculate the meridional ageostrophic

wind is replaced by 1°5-1.5°S and 1° N-1.5° N nearest values of coriolis force.

3.4 Conclusion

Based on analyses done in this chapter, it emerges that, although models capture
relatively well the basic characteristics of rainfall over CA, most of them fail in terms
of intensity with BCC-CSM overestimating in both versions while the GISS-E2 model
underestimates due to failure in the simulation of moisture flux convergence over the
region. To go deeper in the understanding of model bias, the focus was on the MetUM
model and it was found that, during the SON season, the simulated western (eastern) CA
dry (wet) bias is the result of unrealistic simulated atmospheric circulation in both large

and regional scale.
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General conclusion

This study investigates processes leading to precipitation biases over Central Africa
(CA) in Global climate Models (GCMs) taking part to the CMIP5 and CMIP6 projects.
While some models (such as the BCC-CSM model) overestimate rainfall in both version
other models (such as the GISS-E2 model) underestimate. The overestimation is associated
with a surplus of low-level moisture flux convergence while the underestimation is likely
due to a stronger mid-tropospheric moisture flux divergence associated with the overestima-
ted strength in the simulated AEJ components.

To go deeper in the understanding of rainfall biases, analyses focused on the MetUM
model during the main rainy season (September—November: SON). The model is currently
a particular focus of model development over Africa as part of the Improving Model
Processes for African Climate (IMPALA) programme. The versions of the MetUM which
are considered in this study are those taking part to the CMIP5 and CMIP6 projects
denoted respectively as GC2 and GC3 together with their associated atmosphere-only
formulations GA6 and GA7. In all versions and formulations, the models depict a dipole
bias over the region with a wet bias at the eastern CA and a dry bias over the coastal
western CA (Fig.27f-i). The wet (dry) bias is stronger in the coupled (atmospheric)
models and the exploration of remote and local climate processes is conducted to under-
stand the models’ biases.

At a large scale, differences between CGCM and AGCM are mainly due to the
differences in SST which lead to bias in large-scale circulation and rainfall. Over the
coastal western CA, the dry bias in the models is linked to the misrepresentation of
the Atlantic-Congo zonal overturning cell with its overestimated sinking branch. This is
associated with an increase in ocean-land pressure gradient between the equatorial eastern

Atlantic Ocean (high pressure) and the Congo Basin (low pressure). The low-level zonal
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moisture flux is therefore so strong as to dry the coastal region. The coupled models are
less dry in that region compared to the atmosphere-only models because over the Gulf of
Guinea, a warm SST bias is simulated in the coupled models and enhances evaporation
that reduces the dry bias. Compared to older versions, the dry bias is reduced in the
latest version of both coupled and atmospheric formulations of the model. This is linked
to the weakening of the subsidence branch of the Atlantic-Congo zonal overturning cell.
Over eastern CA, large-scale circulation from both the Atlantic and the Indian Oceans
play a role in the eastern CA wet bias. From the Atlantic Ocean, the same large-scale
circulation leading to a dry bias over the coastal western CA also contributes to enhanced
rainfall over eastern CA. As the strength of low-level zonal moisture flux is overestimated,
moisture from the Atlantic Ocean is advected further in the continent and contributes
to enhanced rainfall over eastern CA. On the other hand, the subsidence branch of the
Indian Ocean zonal overturning circulation is weakened by the anomalous mean state
low-level easterly winds which are added to the Indian Ocean easterly winds during IOD
years to increase the inflow of moisture from the Indian Ocean.

At the regional scale, the overestimated strength of the simulated Congo basin cell
is associated with the western CA dry bias through the overestimation of the simulated
LLWs. For the eastern CA wet bias, simulated AEJ components have opposite actions in
the models. Due to a misrepresentation in the land-surface temperature, overestimated
strength of the AEJ-N tends to suppress convection in the models while an underesti-
mation of the AEJ-S intensity favours convection. Biases in the strength of the AEJ’s
components shift the mid-tropospheric moisture flux convergence southward favouring
more convection south of the equator. In terms of differences between model versions, the
mid-tropospheric moisture flux divergence associated with the AEJ-N is less pronounced
in the latest model version. This explains why the latest version is wetter than the
previous ones. Enhanced rainfall in eastern CA is also linked to the misrepresentation
of the Congo basin cell. The overestimation in the simulated width and intensity of the
cell is associated with a strong low-level moisture convergence over eastern CA which
contributes to more precipitation.

Let us note that, the same biases pattern in the MetUM model were also reported on
earlier versions of the model in James et al., 2018 and Hirons and Turne, 2018. Besides

this, a similar west—east dipole pattern of rainfall biases over CA are highlighted in CMIP5
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(Creese and Washington, 2018) and CORDEX models (Tamoffo et al., 2021) although
the signs of the dipole are opposite in the MetUM model. This translates the fact that
rainfall in these two subregions of CA is governed by different climate processes and
models generally struggle to capture the corresponding features. In the MetUM model,
although some differences exist between model versions, the present study has highlighted
the persistent atmospheric circulation errors which lead to persistence in rainfall biases
between different versions of the MetUM climate model over CA. Results from this work
give direction to model developers to address those biases in the next versions of the model.
This include among other things the improvement of the shared variability between rainfall
over CA and SST and the revision of the land surface schemes across model versions to
improved surface characteristics (e.g., temperature and soil moisture) contrast between

Congo and both Saharan and Kalahari drylands.

Outlooks

As outlooks for a further study of Central Africa (CA) rainfall in General Circulation

Models (GCMs) and associated mechanisms, it would be interesting to:

e Investigate on the projected rainfall over the region under different Global warming

levels with CMIP6 models.

e Evaluate the plausibility of the changes using a process-based approach.
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Abstract

We evaluate and compare the simulation of the main features (low-level westerlies (LLWs) and the Congo basin (CB) cell)
of low-level circulation in Central Equatorial Africa (CEA) with eight climate models from Phase 6 of the Coupled Model
Intercomparison Project (CMIP6) and the corresponding eight previous models from CMIPS5. Results reveal that, although
the main characteristics of the two features are reasonably well depicted by the models, they bear some biases. The strength
of LLWs is generally overestimated in CMIP5 models. The overestimation is attributed to both divergent and rotational
components of the total wind with the rotational component contributing the most in the overestimation. In CMIP6 models,
thanks to a better performance in the simulation of both divergent and rotational circulation, LLWs are slightly less strong
compared to the CMIP5 models. The improvement in the simulated divergent component is associated with a better represen-
tation of the near-surface pressure and/or temperature difference between the Central Africa landmass and the coastal Atlantic
Ocean. Regarding the rotational circulation, and especially for HadGEM3-GC31-LL and BCC-CSM2-MR, a simulated
higher 850 hPa pressure is associated with less pronounced negative vorticity and a better representation of the rotational
circulation. Most CMIP5 models also overestimate the CB cell intensity and width in association with the simulated strength
of LLWs. However, in CMIP6 models, the strength of key cell characteristics (intensity and width) are reduced compared to
CMIP5 models. This depicts an improvement in the representation of the cell in CMIP6 models and this is associated with
the improvement in the simulated LLWs.

Keywords Low-level westerlies - Congo basin cell - Temperature contrast - Pressure difference - Central Africa - CMIPS -
CMIP6

1 Introduction

Central equatorial Africa (CEA) (10° S-10° N; 10°-30°
E) hosts the Congo basin (CB) whose important climatic
role extends well beyond the African continent. The Basin
is known as one of the three hot spots of major convec-
tive activity in the global tropics (Webster 1983), experi-
encing the highest lightning strike frequency of anywhere
on the planet (Jackson et al. 2009) and receiving around
1500-2000 mm of rainfall per year (Dezfuli 2017). In addi-
Laboratory for Environmental Modelling and Atmospheric tion, its rainforest stores incredible amounts of carbon,
Physics, Department of Physics, University of Yaounde 1, preventing it from being emitted into our atmosphere and
Yaounde, Cameroon . .
fueling climate change. At the local scale, through evapora-
tion, tropical forests and woodlands exchange vast amounts
of water and energy with the atmosphere, controlling the
seasonality of rainfall in the region (Crowhurst et al. 2020).
Despite its importance in the local and global climate
systems, CEA remains a very understudied region compared
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to other parts of Africa (Washington et al. 2013; Creese and
Washington 2016). This is mainly due to a lack of observa-
tional data (Washington et al. 2013; Creese and Washing-
ton 2018). Although much remains to be done to cover the
gap, several studies (Cook 1999; Nicholson and Grist 2003;
Pokam et al. 2012, 2014; Nicholson and Dezfuli 2013; Dez-
fuli and Nicholson 2013; Cook and Vizy 2016; Nicholson
2018; Longandjo and Rouault 2020; Kuete et al 2019) have
used reanalysis data to highlight, describe and investigate
the drivers of some important features of the atmospheric
circulation in the region. Among them, elements of the low-
level circulation play a crucial role because they are active
year-round and their changes throughout the year strongly
influence the climate in the region (Nicholson and Grist
2003; Pokam et al. 2014; Longandjo and Rouault 2020).

1.1 Key elements in the low-level circulation

The lower tropospheric circulation in CEA is mainly char-
acterised by two components which are both established
throughout the year: Low-level westerlies (LLWs: Nicholson
and Grist 2003) and the Congo basin cell (CB cell: Longan-
djo and Rouault 2020).

LLWs are associated with the southeasterly trades on
the northeastern flank of Saint Helena (South Atlantic)
high. Due to the Coriolis force, the southeasterlies recurve
and become westerlies when crossing the equator (Pokam
et al. 2014). Nicholson and Grist (2003) suggested that the
strength of equatorial westerlies is related to the sea level
pressure associated with the South Atlantic High (SAH).
However, in investigating the drivers of LLWs, Pokam et al.
(2014) split the zonal wind into its divergent and rotational
component and found that north of 6° N in CEA, LLWs
are primarily a rotational flow forming part of the cyclonic
circulation driven primarily by the heat low of the West
African monsoon system. This northern arm of the LLW
is well-developed from June to August. It weakens during
September—November, disappears in the December—Febru-
ary season and originates in the March—May season. South
of 6° N, the circulation is dominated by the divergent com-
ponent and the seasonal variability of the LLW is controlled
by the zonal land-sea thermal contrast near the equator. By
advecting moisture from the Atlantic ocean to the CEA
region, the strength of LLWs is related to rainfall variabil-
ity in the region where wet years exhibit a distinct westerly
wind during both wet seasons (Dezfuli and Nicholson 2013;
Nicholson and Dezfuli 2013). This makes LLWs an essential
circulation feature in CEA.

Many studies (Pokam et al. 2014; Cook and Vizy 2016;
Neupane 2016) have suggested the presence of a zonal
shallow overturning cell over central Africa. The cell
was finally highlighted by Longandjo and Rouault (2020)
and they denoted it the Congo basin cell. It is a closed,
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counterclockwise and shallow zonal overturning cell that
is confined at the lower troposphere (between the surface
and 800 hPa) and is active throughout the year. LLWs form
the lower base of the cell and similar to LLWs, the Congo
Basin cell intensity and width are driven by the near-surface
temperature warming on both the central African landmass
and the eastern equatorial Atlantic. The cell’s maximum
(minimum) intensity and width are registered in August/
September (May). As shown by Longandjo and Rouault
(2020) the eastern edge of the cell is associated with the
Congo Air Boundary, a convergence zone where the low-
level jets from the equatorial Atlantic, having crossed the
central African landmass, meet the Indian monsoon system
easterlies to form the ascending branch of the cell. It is a
zone of maximum convection and precipitation in the region.
The zonal rainfall maximum position in the region is then
modulated by the width of the Congo basin cell.

Therefore, because LLWs contribute to modulate the
amount of rainfall in CEA (Nicholson and Dezfuli 2013)
while the CB cell plays a crucial role in rainfall redistribu-
tion over central Africa via the zonal rainfall maximum posi-
tion (Longandjo and Rouault 2020), the ability of climate
models to simulate their strength and drivers is important
for advancing knowledge of the CEA climate.

1.2 State of evaluation

Climate models are tools used to investigate the response of
climate to various forcings and for making climate projec-
tions (Creese and Washington 2016; Taguela et al. 2020).
However, to assess confidence in projected outputs, models
are evaluated on their ability to represent the past or present
climate. In this line, the process-based evaluation method
has been advocated (James et al. 2015, 2018; Rowell et al.
2015; Baumberger et al. 2017), because a better understand-
ing of how models behave is fundamental to help determine
how to improve them. In addition, it is also an important way
to assess their adequacy for future projection. Although there
is not much such study in CEA, there are growing efforts in
that direction (Creese and Washington 2018; Tamoffo et al.
2019; Crowhurst et al. 2020; Tamoffo et al. 2021a, b).

For instance, regarding the LLWs in CEA, Tamoffo et al.
(2021a, b) showed that rainfall in the regional climate model
RCAA4-v4 has been improved in CEA compared to its previ-
ous version (RCA4-v1) due to the stronger LLWs in the new
version that advect sufficient moisture into the region and
contribute to reduce the dry bias in the model. However, to
the best of our knowledge, Creese and Washington 2018 is
the only study that has investigated the LLWs in the hind-
cast model output from the Coupled Model Intercomparison
Project 5 (CMIPS5) in CEA. This study assessed their impact
on the simulated rainfall biases in the region during the SON
(September—November) season. They found that wetter
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models in the east of the region exhibit stronger westerly
flow across the tropical eastern Atlantic, advecting a surplus
of moisture in the region that contributes to an increase of
rainfall. Since LLWs were not the focus of the study, they
did not go deeply in their evaluation by investigating the
origin of their biases. In addition, with the release of model
datasets from the Coupled Model Intercomparison Project 6
(CMIP6), it will be interesting to assess how they represent
LLWs and if there is an improvement compared to CMIP5
models. As far as the CB cell is concerned, it was recently
highlighted and described by Longandjo and Rouault (2020)
and has never been evaluated in any coupled climate models.

1.3 Aims

In light of the importance of these low-level circulation fea-
tures in CEA (Sect. 1.1) and given the gap in the state of
their evaluation in coupled climate models (Sect. 1.2), this
paper aims to answer the following questions:

a) How are the main features (LLWs and the CB cell) of
low-level circulation in CEA represented in CMIP5 and
CMIP6 models?

b) Is there an improvement in CMIP6 compared to CMIP5
models?

¢) Do their drivers explain changes in models’ behaviour?

The paper outline is as follows: Sect. 2 presents the data

and methods used in this study. The LLWs and the CB cell
are evaluated in CMIP5 and CMIP6 models in Sects. 3 and

Table 1 Details of CMIP5 and CMIP6 models used in the study

4, respectively, while Sect. 5 summarizes our results and
highlights the main conclusions.

2 Data and methods

Data used in this study are output from coupled general cir-
culation models’ (CGCMs) simulations taking part in the
Coupled Model Intercomparison Project Phase 5 (CMIP5;
Taylor et al. 2012) and 6 (CMIP6; Eyring et al. 2016). Only
one ensemble member for each model is used: the rlilpl
integration for CMIP5 and rlilp1fl for CMIP6 models. We
analyse the monthly output of 16 climate models, 8 from
CMIP5 and 8 from CMIP6 (see Table 1 for more details).
To track any improvement, each CMIP6 model used is the
new version of a corresponding CMIP5 model. For this
study, model datasets cover a period from 1980-2005 to
1980-2010 for the CMIP5 and CMIP6 output respectively.

Three reanalysis datasets at monthly time scale from
1980 to 2010 are used to assess models output: MERRA2
(Gelaro et al. 2017) the updated version of MERRA, is a
reanalysis dataset from the National Aeronautics and Space
Administration (NASA). It is available on 72 sigma levels
at a horizontal resolution of 0.5° X 0.625°; ERA-Interim
(Dee et al. 2011) a reanalysis dataset produced with the
ECMWEF Integrated Forecast System (IFS Cycle 31r2) with
a horizontal resolution of 0.75° x 0.75° on 60 levels; ERAS
(Hersbach et al. 2020), the reanalysis dataset with the high-
est spatial resolution used in this study, is also produced by
the European Centre for Medium-Range Weather Forecast
(ECMWF) Integrated Forecast System (IFS Cycle 41r2) to

Institute, Country

Model short name Model name

Resolution (latitude References

X longitude, vertical

Beijing Climate Center, China Meteoro- BCC-CSM CMIP5:
logical Administration (China) CMIP6:
Centre National de Recherches CNRM-CM CMIPS:
Meétéorologiques (France) CMIP6:
NOAA Geophysical Fluid Dynamics GFDL-CM CMIPS5:
Laboratory (USA) CMIP6:
Met Office Hadley Centre (UK) HadGEM CMIP5:
CMIP6:

Atmosphere and Ocean Research Insti- MIROC CMIP5:
tute, The University of Tokyo (Japan) CMIP6:
NASA Goddard Institute for Space Stud- GISS-E2 CMIPS:
ies (USA) CMIP6:
Met Office Hadley Centre (UK) UK CMIP5:
CMIP6:

Meteorological Research Institute MRI CMIPS:
(Japan) CMIP6:

levels)
BCC-CSM1.1-m 1.125° x 1.12°,L26 Wu et al. (2014)
BCC-CSM2-MR 1.125° x 1.12°, L46 Wu et al. (2019)
CNRM-CM5 1.4°x 1.4° 131 Voldoire et al. (2013)
CNRM-CM6-1 1.4° x 1.4°, 191 Voldoire et al. (2019)
GFDL-CM3 2.0° % 2.5°,1.48 Griffies et al. (2011)
GFDL-CM4 1.0° x 1.25°, 148 Held et al. (2019)
HadGEM2-CM3 1.25° x 1.8°, .38 Collins et al. (2001)

HadGEM3-GC31-LL 1.25° x 1.8°,L.38 Roberts (2017)
MIROC5 1.4° x 1.4°,L40 Watanabe et al. (2010)
MIROC6 1.4°x 1.4°,1L81 Tatebe et al. (2019)
GISS-E2-R 2.5°%2°, 129 Kim et al. (2012)
GISS-E2-1-G 2.5° % 2°,L40 Kelley et al. (2020)
HadGEM2-ES 1.25° x 1.8°,L38 Jones et al. (2011)
UKESM1 1.25° x 1.8°,L.38 Sellar et al. (2019)
MRI-ESM1 1.1°x 1.1°,L48 Adachi et al. (2013)
MRI-ESM2-0 1.1°x 1.1°,1L48 Yukimoto et al. (2019)

Horizontal resolution (grids) and vertical levels are included
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replace their ERA-Interim product. It has a spatial resolution
of 0.25° x 0.25° with 137 levels. Some variables used in our
investigations are the horizontal wind vector (both zonal and
meridional components) and the near surface temperature,
pressure and geopotential height.

To evaluate the ability of models to represent LLWs over
Central Equatorial Africa, the horizontal zonal wind is par-
titioned into divergent and rotational (non-divergent) com-
ponents using the Helmholtz theorem as applied in Pokam
et al. (2014). This is to assess the contribution of each
component to the total zonal wind. Afterwards, we explore
the processes that control each component to investigate
mechanisms of the LLWs in CMIP5 and CMIP6 models.
For bias calculation, datasets used in this study have been
interpolated to a common grid of 1° X 1° to easily compare
models and reanalyses. Regarding the Congo basin cell, we
use the zonal mass-weighted stream function, as computed
in Longandjo and Rouault (2020) for its exploration. It sat-
isfies the meridional mean continuity equation in spherical
coordinates and is calculated at each pressure and longitude
as a downward integrated zonal wind function. The zonal
wind is first averaged between 5° N and 5° S before the zonal
mass-weighted stream function is computed.

3 Low-level westerlies (LLWs)

The representation of the simulated LLWs together with the
contribution of the divergent and rotational circulations to
the total zonal wind are assessed in this section. The atten-
tion is also put on LLWs’ drivers to understand their biases.

3.1 Mean seasonal climatology of the total
circulation

With the core speed of the LLWs in CEA located along the
coastal region between 10° and 15° E year-round (Pokam
et al. 2014), the long term mean of the zonal wind is aver-
aged in that longitude band in all the reanalyses, CMIPS5
and CMIP6 models and represented in Figs. 1 and 2 for
March—-May (MAM) and September—November (SON)
seasons, respectively. The focus is on the MAM and SON
seasons because they are wet seasons that encompass the
majority of mechanisms driving the region's climate sys-
tem (Tamoffo et al. 2021b). It appears in reanalyses that,
although the westerlies are weaker in MAM (Fig. la—c)
than in SON (Fig. 2a—c) season, there is an agreement (even
though not perfect) with the upper boundary of LLWs found
around 850 hPa and the core speed located around 925 hPa
in both seasons. Furthermore, in reanalyses, the MAM sea-
son depicts a distinct arm of westerly winds located north of
6° N which is strengthened (not shown here) in June—August
(JJA) and weakened significantly in SON, to disappear (not
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shown here) in December—February (DJF) as highlighted
in Pokam et al. (2014). Although they bear some biases, the
above basic features of LLWs are relatively well represented
in models. In MAM, HadGEM2-CM3, BCC-CSM1.1-m and
MIROCS5 (GFDL-CM3, GISS-E2-R and MRI-ESM1) are
CMIP5 models overestimating (underestimating) the upper
boundary of LLWs found at around 800 hPa (900 hPa).
However, this is slightly improved in CMIP6 models except
in BCC-CSM2-MR and MIROCS6. In addition to the over-
estimation of the upper boundary of LLWs in HadGEM2-
CM3, the modelled westerlies are also extended further
south in the SON season, with once more an improvement in
its CMIP6 version. In the MAM season, most of the CMIP5
models fail to represent the arm of westerly winds located
north of 6° N. There is no improvement observed in that
feature in CMIP6 models. This could be due to the coarse
resolution of both CMIP5 and CMIP6 models. However, the
study will focus on the arm of westerly winds located south
of 6° N because that arm is present year-round (Pokam et al.
2014). In both seasons, CMIP5 and CMIP6 models depict
well the vertical location of the core speed of LLWs found
at around 925 hPa as in reanalyses. Models’ ability to repre-
sent the intensity and the spatial pattern of the core speed of
LLWs at this level (925 hPa) is discussed next.

Figures 3 and 4 show for MAM and SON season respec-
tively, the 925 hPa seasonal mean climatology of total circu-
lation (vectors) and zonal wind (shading) speed from all the
reanalyses (Figs. 3a—c and 4a—c). Biases relative to ERA5
are shown from CMIP5 and CMIP6 models (Figs. 3d—s
and 4d-s). In both seasons, reanalyses depict an inflow
of westerly winds in the study region through the western
boundary with the inflow stronger in SON than in MAM
season. The simulated biases of CMIP5 and CMIP6 models
are similar in their spatial pattern but differ in intensity. In
both seasons, the positive (negative) bias along the coastal
region in HadGEM2-CM3, HadGEM2-ES, BCC-CSM1.1-m
and MIROCS5 (GFDL-CM3, GISS-E2-R and MRI-ESM1)
denotes an excess (a deficient) in the intensity of west-
erly winds, much more pronounced in BCC-CSM1.1-m
(GFDL-CM3). Although the sign of the biases is the same,
an improvement in reducing the biases depicted in CMIP5
models is observed in their corresponding CMIP6 models
in both seasons. However, in the MAM season, the CNRM-
CM5 model and its corresponding CMIP6 version (CNRM-
CM6-1) have an opposite bias in the simulated zonal wind
along the coast. CNRM-CMS5 overestimates while CNRM-
CM6-1 underestimates.

3.2 Contribution from the divergent and rotational
circulations

To focus on the westerly winds at the western boundary of
the study region, the 925 hPa zonal wind and its divergent
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and rotational components are averaged between 10°
S-5° N and 10°-15° E. Their annual cycles are then dis-
played in Fig. 5 for reanalyses, CMIP5 and CMIP6 models
(Fig. 5a—f). This is done to assess the contribution of each

component to the total zonal wind and to determine to
what extent they contribute to the models’ biases. Reanaly-
ses agree well in the representation of the total zonal wind
and its components. Throughout the year, the divergent
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Fig.2 Same as in Fig. 1, but for the September—November season

circulation (Fig. 5b and e) is a westerly wind (positive
values) while the rotational circulation (Fig. 5c and f) is an
easterly wind (negative values) in most months. The total
zonal wind being also a westerly wind (positive values:
Fig. 5a and d), it follows that it is mainly divergent in its

@ Springer

kinematic character. This is in line with the findings from
Pokam et al. (2014). In addition, the reanalyses (Fig. 5a—f)
show that, the total and divergent zonal wind peaks’ are
found in February and August while for the rotational cir-
culation, the peaks are found in May and November since
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Fig.3 Long term seasonal mean of March—-May 925 hPa total wind
(vectors: m/s) and zonal wind (shading: m/s) for a—c reanalyses, d—k
CMIP5 models biases with respect to ERAS and I-s CMIP6 models

it is principally an easterly wind as highlighted above.
Although the seasonality of the total zonal circulation and
its components is reasonably captured by the CMIP5 and
CMIP6 models, considerable differences in terms of inten-
sity are depicted (Fig. Sa—f). Most of the CMIP5 models
overestimate the strength of the total zonal circulation at
the beginning and around the end of the year (Fig. 5a).
Moreover, in addition to what emerges from Figs. 3 and
4, the BCC-CSM1.1-m model overestimates the total cir-
culation not only in MAM and SON but over the whole
year, in contrast with GFDL-CM3 which underestimates
the westerly flow in most months (from February to Sep-
tember). Examining the wind components (Fig. 5b and ¢),

biases with respect to ERAS. The black box is the study region, and
the interest is on the inflow at the region’s western boundary

most models overestimate the westerly component of the
rotational circulation throughout the year (Fig. 5c), mak-
ing it a westerly flow that increases its contribution to the
total wind. However, from one model to another, the posi-
tive or negative bias in the total zonal circulation (Fig. 5a)
is generally attributed to the combined biases in both the
divergent (Fig. 5b) and rotational (Fig. 5c) circulation.
This is observed in the BCC-CSM1.1-m model that over-
estimates the total zonal wind as the result of the overes-
timation of both divergent and rotational components. On
the other hand, the overestimated total zonal wind in the
HadGEM2-CM3 model is only attributed to the rotational
circulation in MAM and SON while from May to August,
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Fig.4 Same as Fig. 3, but for the September—November season

the deficit of the total wind in the GFDL-CM3 model is
mainly due to its underestimated divergent component.
Compared with reanalyses, the rotational circulation
(Fig. 5f) in the CMIP6 models has led to a stronger under-
estimated total wind in GFDL-CM4 and MRI-ESM2-0
during June and May (Fig. 5d). However, in comparison
with the CMIP5 models, smaller biases are generally
observed in their corresponding CMIP6 models, highlight-
ing the improvement in the total wind (Fig. 5d) which is
the result of the improvement in both components (Fig. Se
and f). This is well observed in Fig. 5g—i displaying the
annual cycle of the uncertainty ranges in total, divergent
and rotational zonal wind from reanalyses, CMIP5 and
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CMIP6 models. The uncertainty range here is the spread or
the dispersion in a set of data. It is represented with a band
and the smaller the bandwidth, the smaller the uncertainty
and vice-versa. It appears that, compared to reanalyses, in
most months, the spread of the total wind in CMIP6 mod-
els is slightly smaller than the one from CMIP5 models
due to the improvement in both divergent (Fig. Sh) and
rotational (Fig. 5i) circulation. However, in general, in
both CMIP5 and CMIP6 models, the spread of the rota-
tional component (Fig. 5i) is larger than the spread of the
divergent (Fig. Sh) component. This highlights the fact
that, in most months, the bias in the rotational circulation
contributes most to the bias in the total zonal circulation.
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3.3 Control mechanisms of LLWs

This section aims to understand simulated LLWs biases by
exploring the processes that control the variability of the
LLWs over CEA. As seen above, when decomposed into
their two components, the LLWs biases are attributed to
either the divergent or the rotational component or both.
Therefore, investigating their drivers means looking at those
of their two components. In addition, investigating whether
drivers agree with the improvement in the simulation of
LLWs from CMIP5 to CMIP6 models will add more confi-
dence in the improvement and to the CMIP6 outputs.
Pokam et al. (2014) have shown that the divergent com-
ponent of the LLWs in CEA is driven by the near-surface
temperature difference between the Atlantic ocean and the
Congo basin landmass. However, the area of the Atlantic
ocean over which temperature variability is strongly associ-
ated with the coastal circulation variability is not clearly

Jan Feb Mar AprMay Jun Jul AugSep Oct NovDec

Jan Feb Mar AprMay Jun Jul Aug Sep Oct Nov Dec

—— BCC-CSM

MIROC BN Reanalyses M CMIP5 @Bl CMIP6

tainty ranges in total, divergent and rotational zonal wind from rea-
nalyses (red), CMIP5 (blue) and CMIP6 (green) models. Note that
westerly winds are positive while easterly are negative

defined and has always been taken arbitrarily (Cook and
Vizy 2016; Neupane 2016; Longandjo and Rouault 2020).
To identify that area, the near-surface temperature difference
is calculated between western Central Africa (averaged in
the black box in Fig. 6a) and each grid point over the Atlan-
tic Ocean. The difference found for each grid point in the
Atlantic ocean is correlated with the 925 hPa divergent wind
averaged over the coastal area (between 10° S—5° N and
10°~15° E) and the correlation values obtained at each grid
point are then displayed in Fig. 6 for reanalyses (Fig. 6a—c),
CMIP5 (Fig. 6d—k) and CMIP6 (Fig. 6i—s) models. Let us
note that, the computed correlation is based on the inter-
annual variability. Except in ERAS, other reanalyses such
as ERAINT and MERRA?2 depict a positive correlation all
over the Atlantic ocean (Fig. 6a—c). This means a high (low)
temperature difference is associated with a strong (weak)
divergent wind. The blue box (Fig. 6a) located at the east of
the Atlantic ocean (between 10° S—0° and 0°-10° E) shows

@ Springer



T.N.Taguela et al.

ERAINT

0
HadGEM2-ES

30E

30W 0
GFDL-CM4

30w

HadGEM3-GC31-LL

UKESM1-0-LL

CMIP6

Fig.6 Correlations of 925 hPa temperature difference between Cen-
tral Africa (averaged in the black box) and each grid point temper-
ature over the Atlantic Ocean, against the divergent wind, averaged
between 10° S—5° N and 10°-15° E (red box) for a—c reanalyses, d—k

the region with the highest positive correlation based on
all three reanalyses. All reanalyses agree relatively well
with the location of that region (Fig. 6a—c) although the
strength of the correlation is less in ERAS (Fig. 6b). Both
CMIP5 and CMIP6 models succeed in reproducing the posi-
tive correlation over the Atlantic ocean and the region of
maximum correlation is also well detected by most models.
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CMIPS5 and 1-s CMIP6 models. Long term annual mean data are used
here and the blue box (a) shows the region of highest correlation in
reanalyses

However, in CNRM-CM6-1 (Fig. 61), GFDL-CM4 (Fig. 6m)
and GISS-E2-1-G (Fig. 6n), the positive correlation is less
strong compared to that depicted by their corresponding
previous CMIP5 models (Fig. 6d—f). This feature suggests
that the strength of the divergent wind is less related to
the temperature difference between the Atlantic ocean and
the Congo basin landmass in those models. In addition, in
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HadGEM?2-CM3 (Fig. 6g) and BCC-CSM2-MR (Fig. 6r),
the region of maximum correlation is shifted a little south-
westward in the Atlantic ocean.

Figure 7 is used to help further understand the divergent
wind biases. It shows the annual cycle of temperature and
pressure differences between the Central Africa landmass
(black box in Fig. 6a) and the eastern Atlantic Ocean (blue
box in Fig. 6a) from reanalyses, CMIP5 and CMIP6 mod-
els. It emerges that, throughout the year, the temperature
(pressure) difference is positive (negative) because of higher
(lower) temperatures (pressure) over the land than ocean.
Reanalyses show two peaks found in February—March and
July—August respectively. The two peaks are also observed
in the seasonal cycle of the pressure difference and they
coincide with the divergent wind component peaks (Fig. 5b).
The second and stronger peak appears during the eastern
equatorial Atlantic cold tongue (Cook and Vizy 2016;
Neupane 2016). The later enhances the temperature differ-
ence between the cool SSTs and the warm continent and
strengthen the divergent wind flow.

CMIPS and CMIP6 models reasonably capture the main
characteristic (the two peaks) of the annual cycle of both
temperature and pressure differences, but they bear some
biases. Most CMIP5 models underestimate the July—August
peak of the temperature difference annual cycle (Fig. 7a).
The underestimation is more pronounced in HadGEM and

Reanalyses and CMIP5

is associated with an underestimation of the simulated pres-
sure difference (Fig. 7b) which can explain why its simu-
lated divergence wind is also underestimated (Fig. 5b). In
BCC-CSM the overestimated divergent wind (Fig. 5b) is
exclusively associated with the overestimation of the simu-
lated pressure difference (Fig. 7b) as the temperature dif-
ference is within the range of reanalyses (Fig. 7a). Exam-
ining the corresponding CMIP6 models, GFDL-CM and
MRI-ESM deteriorate in representing the annual cycle of
both temperature and pressure difference as compared with
their corresponding CMIP5 models, consistent with their
simulated wind divergence. However, most CMIP6 models
such as HadGEM and BCC-CSM do better (Fig. 7c and d)
than their corresponding CMIP5 models (Fig. 7a and b).
Figure 7e and f illustrate the improvement by showing the
uncertainty ranges in thermal and pressure differences from
reanalyses, CMIP5 and CMIP6 models. These results reveal
that, the range of CMIP6 models remains larger than that of
the reanalyses range but compared to CMIP5 the bandwidth
of CMIP6 models is relatively small except in a few months
such as June-July in the temperature difference annual cycle.
However, from one month to another, the median CMIP6
model is generally closer to the median reanalysis. Overall,
this shows that the improvement in the simulated divergent
wind is associated with an improvement in the simulated
drivers.
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Fig.7 Annual cycle of 925 hPa land—ocean thermal difference and
the zonal pressure difference between the Central African landmass
(10° S-5° N; 15°-30° E) and the coastal Atlantic Ocean (10° S-0°;
0°-10° E) for a, b reanalyses and CMIP5, ¢, d reanalyses and CMIP6

models. e, f Uncertainty ranges in land—ocean thermal and pressure
differences from reanalyses (red), CMIP5 (blue) and CMIP6 (green)
models
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Figure 8 shows the spatial pattern of the long term annual
mean 850 hPa relative vorticity (shading) and geopotential
height (contours) for reanalyses, CMIP5 and CMIP6 mod-
els. Here, the focus on these variables (relative vorticity and
geopotential height) at the 850 hPa pressure level is because
at 925 hPa (where the core of the LLWs is found), many
areas are blank due to high orography, making difficult any
interpretation. In the reanalyses (Fig. 8a—c), at the western
boundary of the study area (red box: Fig. 8a), the negative
values of the relative vorticity associated with low-pressure
values reflect a clockwise circulation corresponding to the
rotational component of LLWs. These negative values of the
relative vorticity are strengthened in most CMIP5 models in

\w?’}

=75

HadGEM2-ES

N[

line with the overestimation of their simulated LLWs rota-
tional component all-year-round (Fig. 5c). The reinforce-
ment of the negative values of relative vorticity is generally
associated with a reinforcement of the simulated low pres-
sure and this is particularly observed in HadGEM2-CM3
(Fig. 8g). By contrast, MRI-ESM1 (Fig. 8h) underestimates
the strength of the negative vorticity found at the western
boundary of the study region. This is consistent with the
underestimated LLWs rotational component in that model
(Fig. 5¢). The CMIP6 models depict a similar pattern as
their corresponding CMIP5 models with the negative val-
ues of the relative vorticity remaining pronounced with
respect with reanalyses. However, although the improvement

_ ERAINT
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CMIP6
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Fig.8 Long term annual mean of 850 hPa relative vorticity (shading:
1075 s71) and 850 hPa Geopotential height (contours: Pa) for a—c rea-
nalyses, d—k CMIP5 and l-s CMIP6 models. The red box is the study
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region, and the interest is on the value of the relative vorticity at the
region’s western boundary
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in CMIP6 with respect to CMIP5 is not very obvious for
all the models, an improvement is observed for some of
them such as HadGEM3-GC31-LL and BCC-CSM2-MR.
Furthermore, the improvement in the relative vorticity in
HadGEM3-GC31-LL is associated with an improvement in
the simulated pressure consistent with a better representation
of the rotational circulation (Fig. 5f).

4 The Congo basin cell (CB cell)

In this section, we assess models' ability to represent the CB
cell with the focus on the cell’s key characteristics (intensity,
width, western and eastern edge positions).

4.1 Mean seasonal climatology and link with LLWs

To investigate the Congo basin cell, Figs. 9 and 10 dis-
play the seasonal mean climatology of the mass-weighted
stream-function (contours) for reanalyses, CMIP5 and
CMIP6 models in MAM and SON seasons respectively.
The zonal wind is also represented (shaded) in Figs. 9
and 10 to highlight the link between LLWs and the Congo
basin cell. With the negative values of the mass-weighted
stream-function depicting the Congo basin cell, it emerges
from the figures that the three reanalyses agree relatively
well in the intensity and the width of the cell in both sea-
sons (Figs. 9a—c and 10a—c) although in MAM the cell
looks wider in MERRA?2 and ERAS than ERAINT and its
height is located around 800 hPa in MAM (Fig. 9a—c) but
slightly higher in SON (Fig. 10a—c) season. In the MAM
season (Fig. 9), CNRM-CM5, HadGEM2-CM3 and BCC-
CSM1.1-m (GISS-E2-R and MRI-ESM1) are CMIP5 mod-
els that simulate a stronger and larger (weaker and narrower)
cell compared to the reanalyses with the height of the cell
exceeding 500 hPa in HadGEM2-CM3. To a certain extent,
with this overestimated height, this could be assimilated to
a large-scale circulation since there is an ongoing debate on
whether the CB cell is distinct or not from the larger scale
Central Africa Walker cell (Longandjo and Rouault 2020;
Nicholson 2022). During the SON season, the cell remains
stronger in HadGEM2-CM3 and BCC-CSM1.1-m but the
width of the cell is less large in HadGEM2-CM3. Looking at
the corresponding CMIP6 models, in terms of intensity, an
improvement is particularly observed in CNRM-CM6-1 and
HadGEM3-GC31-LL during the MAM season. Although
BCC-CSM2-MR does not show a real improvement during
the SON season, HadGEM3-GC31-LL shows an improve-
ment in the cell’s intensity, width and height while GFDL-
CM4 depicts a stronger cell compared to its corresponding
previous CMIP5 model (GFDL-CM3). However, we observe
that compared to CMIP5 models, most of the correspond-
ing CMIP6 models better represent the cell in both seasons.

It is also observed that the bias in the representation of the
CB cell is generally associated with the bias in the strength
of the simulated LLWs. In both seasons (Figs. 9 and 10) the
overestimated (underestimated) Congo basin cell in mod-
els is associated with stronger (weaker) simulated LLWs.
This highlights the fact that LLWs and the CB cell have the
same drivers, consistent with findings from Longandjo and
Rouault (2020). Therefore, in MAM and SON seasons, the
improvement in the representation of the cell from CMIP5
to CMIP6 models is associated with the improvement in the
representation of the simulated LLWs. Does the improve-
ment extend throughout the year? We answer this question
in the following section.

4.2 Annual cycle of the cell’s key characteristics

Examining at the annual cycle of the cell in more detail,
the models’ ability to represent the seasonal evolution of
the cell's key characteristics (intensity, width, western and
eastern edge positions) is assessed in this section. Located
between 925 and 850 hPa (Longandjo and Rouault 2020)
the intensity of the cell is found by vertically averaging the
mass-weighted stream function between 925 and 850 hPa
and the minimum value found in the longitudinal band
of the cell represents its intensity. The smaller that value,
the stronger the cell because negative values of the mass-
weighted stream functions are those depicting the cell. The
western and eastern edges are located at the longitudes
where the vertically (between 1000 and 850 hPa) averaged
mass-weighted stream function is equal to zero or changes
sign and the difference between the two edge longitudes
indicates the width or zonal extent of the cell.

The seasonal cycle of these cell’s key characteristics is
represented in Fig. 11 for reanalyses, CMIP5 and CMIP6
models. The figure reveals that the seasonal evolution of
the Congo basin cell is consistent in all three reanalyses
with the maximum intensities found in February and August/
September (Fig. 11a and e). Moreover, in agreement with
findings from Longandjo and Rouault (2020), the second
maximum is stronger than the first and throughout the year,
the peaks of this bimodal signal are associated with the west-
ernmost positions of the western edge (Fig. 11c and g) and
the maximum width (Fig. 11b and f) of the cell. Although
ERAINT does not agree with other reanalyses (MERRA?2
and ERAS), the eastern edge position of the cell (Fig. 11d
and h) has a low annual variability compared to the western
edge position. CMIP5 models moderately capture the main
features of the cell’s key characteristics. However, most fail
to simulate the bimodal signal of the evolution of the Congo
basin cell’s key characteristics, especially during the first
half of the year. Although the second peak is reasonably
well detected, most CMIP5 models fail to detect the first
one, simulating it in April instead of February (Fig. 11a). In
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Fig.9 March-May mean seasonal climatology of the zonal mass-
weighted stream function (contours: 10" kg s™!) and the total zonal
wind (shading: m/s) averaged between 5° S—5° N for a—c reanalyses,
d-k CMIPS5 and I-s CMIP6 models. Solid black, green and dashed

addition, especially in CNRM-CM and HadGEM (Fig. 11a),
the simulated first peak found in April is stronger than the
second (Fig. 11a) and is associated with a simulated larger
cell (Fig. 11b) and a further west position of the simulated
western edge (Fig. 11c¢). The simulated western edge lon-
gitude of the cell suggests that water vapour is transported
from further afield in the Atlantic ocean toward central
Africa inland. However, although the CMIP6 version of
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black contours represent positive, zero and negative values of mass-
weighted stream functions, respectively. Contour intervals are 10
between positive contours and 4 between negative contours

BCC-CSM still overestimates the strength (Fig. 11e), the
width (Fig. 11f) and the western edge position (Fig. 11g)
of the cell throughout the year, CMIP6 models generally
perform better in representing the seasonal cycle of the
cell’s key characteristics (Fig. 11e~h). This is well illustrated
with the spread in CMIP6 models being smaller than that of
CMIPS models and their ensemble mean generally closer to
reanalyses (Fig. 11i—k). The bandwidth of CMIP5 models
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Fig. 10 Same as Fig. 9 but for the September—November season

is more important, showing a large range of disparity or
dispersion compared to CMIP6 models.

5 Summary and conclusion

A recent study (Creese and Washington 2018) has high-
lighted the fact that rainfall bias in CMIP5 models over Cen-
tral Equatorial Africa (CEA) is partly attributed to the mis-
representation of the important features of the atmospheric

low-level circulation in the region. However, the study
did not go deeply in the understanding of the origin of the
misrepresentation. Acting year-round, the key features of
the lower circulation in CEA are the low-level westerlies
(LLWSs) and the Congo basin cell (CB) cell. With the release
of CMIP6 models, in this paper, we compare the ability of
eight CMIP6 climate models and the corresponding eight
previous CMIP5 models to simulate the long term mean
climatology and the seasonal cycle of these features. In
addition, we explore their drivers to understand how these
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Fig. 11 Seasonal cycle on the Congo Basin cell intensity, width,
western and eastern edge positions as depicted in a—d reanalyses and
CMIP5 models, e-h reanalyses and CMIP6 models. i-1 Uncertainty

features are represented in models and to explain changes in
models’ behaviour.

Although both CMIP5 and CMIP6 models perform well
in simulating the main characteristics of LLWs such as the
vertical location of the core speed found at around 925 hPa,
and the two peaks in the seasonal cycle, most CMIP5 models
overestimate the strength of LLWs by up to around 2 m/s
in BCC-CSM1.1-m model. The overestimation is generally
attributed to both divergent and rotational components of
the total wind with the rotational component contributing
the most in the overestimation. In CMIP6, although most
models still overestimate LLWSs strength, the intensity is
slightly reduced compared to CMIP5 models. That improve-
ment is the result of a better performance in both divergent
and rotational circulation. The improvement in the simulated
divergent component is associated with a better representa-
tion of the near-surface pressure and/or temperature differ-
ence between the Central Africa landmass and the coastal
Atlantic Ocean. Regarding the rotational circulation, in a
model such as HaddGEM3-GC31-LL and BCC-CSM2-MR,
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ranges in CB cell intensity, width, western and eastern edge positions
from reanalyses (red), CMIP5 (blue) and CMIP6 (green) models

a simulated higher 850 hPa pressure is associated with less
pronounced negative vorticity and a better representation of
the rotational circulation (Fig. 5f).

For the CB cell, our results suggest that, its simulated
biases are related to those of LLWs. In most CMIP5 mod-
els, the cell intensity and width are overestimated with the
western edge generally found further west. These biases in
the cell’s key characteristics are associated with the overes-
timation of the simulated LLWs in CMIPS5 models. How-
ever, although in CMIP6 models the cell key characteristics
are still overestimated, the strength is reduced compared to
CMIP5 models. This shows that CMIP6 models perform bet-
ter in representing the cell and therefore, the improvement
in the representation of the cell in CMIP6 models is associ-
ated with improvement in the representation of the simulated
LLWs. We note that a small improvement in LLWs trans-
lates to a larger relative improvement in the CB cell.

Given the results we have highlighted in this study, com-
pared to CMIP5 models, more confidence can be put in
CMIP6 models although the spread is still relatively large.
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However, to help better represent low level circulation fea-
tures in the next generation of the coupled models, the land
and ocean surface schemes could be advanced to resolve
much better the surface characteristics which in turn can
lead to an improvement of the simulated low-level circula-
tion drivers (land—ocean thermal and pressure differences).
In the meanwhile, the future work will investigate whether
the improvement in the simulation of these low-level circula-
tion features in CEA from CMIP5 to CMIP6 models has an
impact like an improvement in the representation of rainfall
in the region.
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Abstract

Although climate models are important for making projections of future cli-
mate, little attention has been devoted to model simulation of the complex cli-
mate of Central Africa (CA). This study investigates rainfall biases through
processes in three versions of the Met Office Unified Model over CA with both
coupled and atmosphere-only formulations for each version. The study shows
that the models depict a wet (dry) bias over the eastern (coastal western) CA
in the September—November season with the wet (dry) bias stronger in coupled
(atmosphere-only) models. Here, we explore potential regional to large-scale
causes of these biases. Results reveal that the overestimation of the simulated
sinking branch of the Atlantic-Congo zonal overturning cell is associated with
a strong near-surface temperature and pressure gradient between CA and the
eastern Atlantic Ocean. This leads to strong low-level westerlies (LLWs) which
dry the coastal western CA and strengthen the intensity of the Congo basin
cell. Over eastern CA, the wet bias is partially due to the misrepresentation in
the strength of both African easterly jet components that shift the mid-
tropospheric moisture flux convergence southward favouring more convection
south of the equator. Furthermore, the overestimation in the simulated width
and intensity of the Congo basin cell is associated with a strong low-level mois-
ture convergence over eastern CA which contributes to more precipitation.
Remote contributions to the wet bias come from both the Atlantic and the
Indian Oceans. The simulated Atlantic-Congo zonal overturning circulation
dries the coast through its overestimated lower branch (LLWs) which moves
further into the continent and advects more moisture to the eastern CA. In the
meantime, during positive Indian Ocean Dipole years, the advected moisture
from the Indian Ocean to the CA region is overestimated in models, much

more in coupled models and contributes to the eastern CA wet bias.
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African easterly jet, Atlantic-Congo zonal overturning cell, Central Africa, Congo basin
cell, Indian Ocean dipole, MetUM, rainfall bias
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INTRODUCTION

1 |

Central Africa (CA) encompasses the Congo River basin
and rainforest which are respectively the world's second
largest river basin and rainforest next to those of the
Amazon. The role of the Congo Basin in the Earth cli-
mate system is undisputed (Washington et al., 2013).
However, the climate of the region, compared to other
regions of the World, has remained critically under-
studied (Hua et al., 2019). This creates a gap in the under-
standing of the global climate system and complicates the
analysis of its representation in climate models. Based on
the urgent need for action to tackle climate change, the
Paris agreement has called to limit global warming to well
below 2°C above pre-industrial levels and is pursuing
efforts to limit the temperature increase to 1.5°C (Masson-
Delmotte, 2018). According to King and Harrington
(2018), for a 0.5°C global warming, equatorial regions, and
especially CA, will experience the largest changes in local
climate compared to extratropical areas. This underlines
the need for accurate projection of the future climate over
the region to efficiently build mitigation and adaptation
plans to reduce the potential impact on CA countries
where livelihoods mainly depend on climate and especially
rain-fed agriculture (Fotso-Nguemo et al., 2018). Since gen-
eral circulation models (GCMs) are crucial to developing
climate projections (Creese and Washington, 2016), it
becomes urgent to better evaluate hindcasts to identify the
strengths, diagnose the deficiencies and thereby improve
these vital tools.

The CA rainfall pattern follows a bimodal distribut-
ion with peaks in the March-April-May (MAM) and
September-October-November (SON) rainy seasons,
with higher amounts occurring during the SON season
on average (Jackson et al., 2009). Roughly 70% of rainfall
variability in this region is the result of mesoscale convec-
tive systems (MCSs: Nesbitt et al., 2006; Hartman, 2021)
initiated in the lee of the high terrain of the Great Rift
Valley (Jackson et al., 2009). In addition, rainfall is driven
by features such as the African easterly jet (AEJ: Nichol-
son and Grist, 2003; Kuete et al., 2019), low-level west-
erlies (LLWs: Pokam et al., 2014) and the Congo basin
Walker like circulation (Cook and Vizy, 2015). However,
in the region, climate models generally fail to represent
these drivers leading to rainfall biases.

Several studies have assessed models over CA (James
and Washington, 2012; Nikulin et al., 2012; Haensler
et al., 2013; Saeed et al., 2013; Washington et al., 2013;
Aloysius et al., 2016; Vondou and Haensler, 2017; Fotso-
Nguemo et al., 2018; Sonkoué et al., 2018; Tamoffo et al.,
2019a; Taguela et al., 2020). However, Almazroui et al.
(2020) and Zhu and Yang (2020) have noted a lack of
model improvement in the new generation of climate

models. Early studies on climate model analysis were
mostly restricted to statistical evaluation. However, scalar
metrics in climate model evaluation give information on
the degree to which the model is far from the observation
but do not yield the reason behind biases. The identifica-
tion of misrepresentation of physical processes underly-
ing model biases may help to explain why models fail
and enable efforts to improve them (James et al., 2018).

Recent studies have started to apply a process-based
approach to evaluate climate models on their capacity to
reproduce important processes driven rainfall variability over
the study region. Findings from Creese and Washington
(2018) show that, over the Atlantic Ocean, models combin-
ing larger and more equator-ward sea surface temperature
(SST) bias, higher evaporation and higher local convection
have a wet bias in the western CA. They also found that the
underestimation of the simulated strength of the northern
component of the African easterly jet (AEJ-N) leads to wet
bias over eastern CA while an overestimation of the AEJ-N
strength may suppress convection and lead to a dry precipi-
tation bias. Furthermore, they have concluded that the over-
estimation of the simulated Indian Ocean overturning cell
may also contribute to an overestimation of both subsidence
over the western Indian Ocean and convection over the east-
ern CA. Tamoffo et al. (2019b) found that overestimation of
the strength of the simulated AEJ components favours mid-
level moisture divergence which dries mid-tropospheric
layers over CA and in turn induces a dry precipitation bias.
It has also been established (Washington et al., 2013; Creese
and Washington, 2016) that there is a strong relationship
between simulated rainfall and moisture flux convergence
over CA. For that reason, simulated moisture transport is a
good candidate for understanding precipitation bias. The
findings from Pokam et al. (2014) show that LLWs from the
eastern Atlantic Ocean are an important source of moisture
over CA. However, as demonstrated by James et al. (2018),
an overestimation of the strength of the simulated LLWs in
models leads to a dry precipitation bias over the coastal
region in CA. It clearly appears from these studies that rain-
fall biases could be reduced by improving the simulated SST,
both wind convergence and divergence, moisture transport
and/or Walker type circulations. Such studies are useful for
model development because they provide reasons for model
errors by tracing processes that are not well simulated.
Therefore, they provide direction to model developers to
improve the next generation of climate models.

This study aims to continue efforts on the process-based
evaluation of models over CA. It has been established that
CA rainfall is modulated by both regional climate circula-
tion (Nicholson and Grist, 2003; Jackson et al., 2009;
Pokam et al., 2011, 2014; Longandjo and Rouault, 2019)
and the large-scale response of the atmosphere to tropical
SST variations (Dezfuli and Nicholson, 2013; Nicholson
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and Dezfuli, 2013; Dezfuli et al., 2015; Hua et al., 2016;
Dyer et al., 2017; Hua et al., 2017). Therefore, in this study,
the investigation of simulated rainfall bias will emphasize
both regional and large-scale features already identified as
key contributors to climate variability over the region. The
focus of the paper is on the Met Office Unified Model
(MetUM) which is currently a particular focus of model
development over Africa as part of the Improving Model
Processes for African Climate (IMPALA) programme. Sev-
eral versions of the MetUM are considered in this study,
including both coupled global climate model (CGCM) and
atmosphere-only (AGCM) formulations of each model ver-
sion. We investigate the influence of the atmosphere—ocean
coupling by highlighting differences and similarities
between the coupled and atmosphere-only models over
CA. We also compare different versions of the coupled and
atmosphere-only model with each other to identify and,
where possible, explain changes from one version to
another. In parallel, the persistence of errors between the
model's versions is emphasized. This is particularly impor-
tant to establish as such errors will require a concerted
effort to address in order to improve the next versions of
the model.

This work is organized as follows. In Section 2, we pre-
sent details of the MetUM. Observational and reanalyses
data are also presented in Section 2 together with the
methods used to assess the model outputs. Section 3 shows
the pattern of the MetUM rainfall climatology in the main
rainy season (September—-November: SON) in the region.
We show how rainfall biases in MetUM over CA can be
explained or understood through the exploration of remote
and local processes in Sections 4 and 5 respectively. Section
6 gives a summary and concluding remarks.

2 | DATA AND METHODS

The MetUM is the global modelling system developed
and used at the Met Office in the United Kingdom (UK).
Three versions of the model are evaluated in this study,
including three Global Coupled models GC2 (Williams
et al., 2015), GC3 (Williams et al., 2018) and GC4 together
with their corresponding atmosphere-only formulations
GA6 (Walters et al., 2017), GA7 (Walters et al., 2019) and
GA8 respectively. They were all run at a grid spacing of
0.833° longitude x 0.555° latitude. Monthly outputs are
used for this study. The atmosphere-only versions, GA6
and GA7 have 27 years (from 1982 to 2008) of simula-
tions while GA8 has 20 years (from 1989 to 2008). For
coupled models, 35 years (1981 to 2015 for GC2 and GC4;
2080 to 2114 for GC3) of simulations are used. Let us note
that GC3 is a free-running simulation and years do not
correspond to observations. Therefore the selected output
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period (2080 to 2114) corresponds to hindcasts and not the
projections. GA6/GC2, GA7/GC3 and GA8/GC4 are the
three latest versions of MetUM with GA8/GC4 being the
most recent version released. The most noteworthy modifi-
cations in GA7/GC3 compared with GA6/GC2 are to the
physical parameterization including a new modal aerosol
scheme, an improved treatment of gaseous absorption in
the radiation scheme, revisions to the numerics of the con-
vection scheme, introduction of multi-layer sea ice and the
introduction of a seamless stochastic physics package in
the atmospheric model (Williams et al., 2018; Walters
et al., 2019). Although published details of GA8/GC4 is as
yet still forthcoming, in terms of changes in GA8/GC4
compared to GA7/GC3, a routine basket of parametriza-
tion changes (among many others) are as below: increased
detrained cloud, time-smoothed convective increments,
Convective cloud tuning for GA8 and the most notable of
which is the introduction of prognostic based convective
entrainment rate. However, let us note that, relative to
GC3, there are no science changes to the ocean model
in GC4.

Several reference datasets, both observations and
reanalyses, are used to evaluate models outputs. They are
also at a monthly time scale resolution covering the
period 1981 to 2015 (35 years). The observed rainfall used
in this study is from the following sources: the Global
Precipitation Climatology Project (GPCP version 3.1:
Huffman et al., 2020) available on a 0.5° grid and derived
from gauge and satellite measurements with a less use of
rain gauges over the study region translated by a weak
relative weighting of gauges in the data (not shown here);
precipitation from The University of Delaware with a
spatial resolution of 0.5° derived from gauge measure-
ments (UDEL version 5.01: Matsuura and Willmott,
2015) and the Climate Hazards group Infrared Precipita-
tion with Stations (CHIRPS: Funk et al., 2015) at 0.05°
grid spacing. The satellite estimates and observed SSTs is
from HadISST version 1 (Rayner, 2003) with a spatial res-
olution of 1°. The reanalyses data are used here for the
assessment of the dynamical aspects of the atmosphere
(such as convection, subsidence, moisture transport and
wind convergence). This is a widespread practice for the
region of interest (Todd and Washington, 2004; Balas
et al., 2007; Jury et al., 2008; Jackson et al., 2009; Pokam
et al., 2011, 2014; Sandjon et al., 2012; Dezfuli and
Nicholson, 2013; Nicholson and Dezfuli, 2013; Cook and
Vizy, 2015; Dommo et al., 2018). Owing to the large vari-
ation in precipitation estimates from satellite and
reanalyses datasets (Washington et al., 2013; Creese and
Washington, 2016; James et al., 2018), two reanalyses are
used in this study to evaluate the models. These are
ERAS reanalysis with a grid resolution of 0.25° x 0.25°
(Hersbach et al., 2020) produced by the European Centre
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for Medium-Range Weather Forecast Integrated Forecast
System (IFS Cycle 41r2) and a 0.5° latitude by 0.625° longi-
tude grid resolution MERRA2 (Gelaro et al., 2017) provided
by the National Aeronautics and Space Administration,
United States (US).

To keep uniformity between datasets in terms of spatial
resolution and enable comparison, all data used in this
study are remapped onto a 1° X 1° spatial grid. Data sets
with higher resolution than 1° X 1° are remapped using
the first-order conservative remapping method (Jones,
1999) while coarser-resolution datasets are bilinearly inter-
polated (Nikulin et al., 2012). At the local or regional scale,
the zonal mass-weighted stream function as computed in
Longandjo and Rouault (2019) is used to explore the
Congo basin cell. It satisfies the meridional mean continu-
ity equation in spherical coordinates and is calculated at
each pressure and longitude as a function of the downward
integrated zonal wind. The large-scale forcing such as the
influence of Indian Ocean SST on CA rainfall is investi-
gated through the Indian Ocean Dipole (I0OD). Also called
Dipole Mode Index (Saji et al., 1999), the IOD index is
defined as the SST difference between the western equato-
rial ocean (10°S-10°N, 50°-70°E) and the southeastern
ocean (10°S-0°N, 90°-110°E).

3 | SEPTEMBER-NOVEMBER
RAINFALL CLIMATOLOGY

Here, we present the spatial pattern of the mean
September-November rainfall climatology over CA
depicted by three observations (GPCP: Figure 1a, UDEL:
Figure 1b and CHIRPS: Figure 1c) and two reanalyses
(ERAS: Figure 1d and MERRA2: Figure 1le). The models'
(coupled models and their corresponding atmosphere-
only version) biases with respect to GPCP are shown in
Figure 1f-k. Three observational data sets of precipitation
provide a perspective on precipitation uncertainty. The
choice of GPCP in bias calculation is due to its availabil-
ity over oceans. The CA domain used in this study is 9°-
29°E, 12°S-6°N (box, Figure 1a) but Figure 1 covers a
larger area including surrounding oceans to provide an
overview of the spatial distribution of rainfall biases
around CA and to detect possible links with CA rainfall
biases.

Observations agree well with the spatial distribution
of mean SON rainfall over CA (Figure 1la-c). Two areas
of maximum rainfall are located in the northwestern and
northeastern parts of CA (Figure 1a—c) although both are
higher in CHIRPS (Figure 1c). At the centre of the region,
UDEL and CHIRPS show a rainfall maximum that is
higher in UDEL and does not appear in GPCP. This high-
lights uncertainties between observations. According to

Maidment et al. (2014), in regions where the gauge net-
work is sparse and unevenly distributed, conversion from
point to area averages may be subject to large representa-
tiveness errors. This is the case over the Congo Basin
where very few gauges exist (Washington et al., 2013). In
general, the reanalyses (Figure 1d,e) struggle to capture
both the spatial pattern and the intensity of rainfall over
CA. For instance, the northwestern and the northeastern
rainfall maxima are overestimated in the two reanalyses
and this is more pronounced in MERRA2 compared to
ERAS. In addition, the spatial extent of rainfall maxima
in MERRA2 is too large. The disagreement among the
reanalyses is likely due to differences in forecast models,
data assimilation schemes and available observations
(e.g., radiosonde, aircraft and satellite data) (Lin et al.,
2014). However, compared to MERRA2 (Figure 1le), ERAS5
(Figure 1d) is closest to the mean observed rainfall clima-
tology (GPCP: Figure 1a). Therefore, in dynamical ana-
lyses, ERA5 will be considered as the principal reference
among reanalyses.

All versions of the MetUM in both coupled and
atmosphere-only formulation depict a dipole bias over
CA in SON season (Figure 1f-k) with a wet bias (dry
bias) over the eastern (western) CA. The dipole pattern is
consistent across the model versions whichever observa-
tion is taken as reference (not shown). The wet bias is
noticeably larger in coupled models while in atmosphere-
only formulations, the dry bias in the western CA is most
pronounced. Furthermore, from the older (GA6/GC2) to
the recent (GA8/GC4) version in both atmosphere-only
and coupled models, the eastern CA wet bias strengthens
while the coastal western CA dry bias weakens. This sug-
gests that newer versions of MetUM are wetter over the
entire CA compared to previous ones although remaining
dry over the coastal region compared to GPCP. Over the
Indian Ocean, a wet bias is evident in the central equato-
rial basin in atmosphere-only models (Figure 1f-h) while
in coupled models (Figure 1i-k) the structure of the bias
is a dipole with the predominance of dry (wet) bias in the
southeastern (western) equatorial Indian Ocean. Let us
notice that, the wet bias found in the equatorial Indian
Ocean in both atmosphere-only and coupled formula-
tions is much improved in the latest version of the model
(GA8/GC4). The improvement could be due to the impor-
tant convection changes made in GA8/GC4. However,
unlike in atmosphere-only models, in coupled models,
the Indian Ocean wet bias extends to the east of the Afri-
can continent to link with the wet bias over eastern
CA. The hypothesis here is that a large-scale circulation
associated with the Indian Ocean contributes to the east-
ern CA wet bias in coupled models and may help to
explain why they are wetter than their atmosphere-only
versions. It should be noted that the wet bias over eastern
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FIGURE 1

September-November spatial rainfall (mm day™?) climatology for (a—e) GPCP, UDEL, CHIRPS, ERA5 and MERRA2

absolute values (1981-2015), (f~h) atmosphere-only and (i-k) coupled models biases with respect to GPCP. The box in (a) indicates the
Central Africa domain used in this study and superimposed dots in (f-k) indicate the areas where the differences are statistically significant
at the 95% confidence level using the t-test [Colour figure can be viewed at wileyonlinelibrary.com]

CA increases in recent versions of the MetUM while
over the western Indian Ocean it decreases. This shows
that the contribution to the eastern CA wet bias is not
limited to the Indian Ocean. As far as the dry bias over
the coastal western CA is concerned, in both coupled
and atmosphere-only formulations, the bias is not a
localized bias too. It extends to the southern coast of
Western Africa and could also be the result of the
Atlantic Ocean large-scale circulation. Therefore, to
understand the models' biases, analyses will first focus
on the remote or large-scale drivers such as the atmo-
spheric response to the simulated SST over the Atlantic
and Indian Oceans.

4 | UNDERSTANDING THE
MODELS’ BIASES: LINKS TO
REMOTE FORCING AND
LARGE-SCALE CIRCULATION

4.1 | Rainfall and SST teleconnection
in MetUM

Dezfuli and Nicholson (2013) have highlighted the rela-
tionship between rainfall in CA subregions and SST.
Their findings reveal that the boreal autumn (October-
December) rainfall over eastern (western) CA shows a
large spread of positive correlation with SST over the
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equatorial Indian Ocean (Benguela coast and the equato-
rial Atlantic Ocean). Similar findings are shown in Figure
2a (Figure 3a) where observed SON rainfall from GPCP is
averaged over eastern (western) CA and correlated with
observed SON SST from HadISST for the period 1981-2015.

However, in Figure 2a (Figure 3a), the highest positive cor-
relation is found south of Madagascar (southwest of
South Africa in the Atlantic Ocean). Figure 2b-g (Figure
3b-g) show biases of correlations computed as in Figure 2a
(Figure 3a) for each model with respect to Figure 2a

30w

(b) GA6

60E 90E 120E 150E

30W

90E 150E

30N

30S

60E 90E 120E 150E

30N

30S

30S S

30W

120E 150E

[—

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

FIGURE 2
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(a) Correlations of observed SON rainfall from GPCP, averaged over eastern Central Africa (the box: 12°S-6°N,

19-29°E), against observed SON SST from HadISST for the period 1981-2015. (b-g) biases of correlations computed as in (a) for each model
with respect to (a). We have used 27 years of GA6 and GA7 and 20 years of GA8 while 35 years of GC2, GC3 and GC4 were used [Colour

figure can be viewed at wileyonlinelibrary.com]
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(a) Correlations of observed SON rainfall from GPCP, averaged over western Central Africa (the box: 12°S-6°N, 9-19°E),

against observed SON SST from HadISST, for the period 1981-2015. (b-g) biases of correlations computed as in (a) for each model with
respect to (a). We have used 27 years of GA6 and GA7 and 20 years of GA8 while 35 years of GC2, GC3 and GC4 were used [Colour figure

can be viewed at wileyonlinelibrary.com]|

(Figure 3a). The eastern (western) CA area over which rain-
fall is averaged represents the area of the wet (dry) bias.

In general, the models struggle to capture the basic
features of the teleconnection such as the areas of posi-
tive and negative correlation between CA rainfall and

SST. In Figure 2b-g, between 0 and 30°S, models gener-
ally depict a position correlation bias over the Atlantic
Ocean, stronger in coupled than in atmospheric models.
This shows that the relationship between the eastern CA
rainfall and SST over the Atlantic Ocean is stronger in
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models than in observations and the strength of the rela-
tionship is more pronounced in coupled models. In the
Indian Ocean, a dipole pattern of correlation bias is
observed with positive and negative biases in the western
and eastern Indian Ocean respectively (although the
structure is not well observed in GC2). In addition, the
western positive (eastern negative) correlation bias
extends southeasterly (westward) in the coupled models.
The dipole pattern breaks down considerably in GAS8
(Figure 2d) and GC4 (Figure 2g) with the spreading of
negative correlations biases all over the Indian Ocean
basin. This translates to a weak relationship between
eastern CA rainfall and SST variation in the latest version
of the model and could be attributed to the fact that
changes between GA7/GC3 and GA8/GC4 were focused
on convection with the ocean remaining unchanged. For
the relationship between the simulated western CA rain-
fall and SST (Figure 3b-g), over the Atlantic Ocean,
models depict a positive correlation bias stronger than
that in Figure 2b-g showing that the western CA rainfall
is more associated with the Atlantic Ocean SST variabil-
ity than the eastern CA rainfall. Furthermore, this posi-
tive correlation bias is stronger in coupled (Figure 3e-g)
than in atmosphere-only (Figure 3b-d) formulations. In
the Indian Ocean basin, west of Australia a negative cor-
relation bias stronger in AGCM than in CGCM is

observed and extends westward along the equatorial
region in all CGCM (Figure 3e-g). In sum, in both
AGCMs and CGCMs, the deficiencies in the representa-
tion of the shared variability between CA rainfall and
SST compared to observation are noticed and CGCMs
seem to be not superior to AGCMs in this regard. This
suggests biases in simulated mechanisms linking Indian
and Atlantic Oceans to CA rainfall in both AGCMs and
CGCMs.

4.2 | The tropical large-scale circulation

To investigate possible links between the large-scale circu-
lation and precipitation biases, an overview of the zonal
circulation along the equator is shown in Figure 4. It rep-
resents the longitude-height cross-section of vertical wind
and the streamlines constructed from the divergent com-
ponent of the zonal wind and the vertical wind averaged
between 5°S and 5°N. The Atlantic-Congo zonal over-
turning cell is found between 5°W and 25°E in reanalyses
(Figure 4a,b). The cell is described in Longandjo and
Rouault (2019) as being a non-closed cell at the base
when we assume that the zonal circulation is not ther-
mally driven by the divergent component of the zonal
wind. However, its simulated subsiding branch is more
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intense in the models (Figure 4c-h), particularly in atmo-
spheric versions (Figure 4c-e). Furthermore, the down-
ward branch of the Indian Ocean zonal overturning
circulation is almost absent in the three versions of the
coupled model (Figure 4f-h). SST biases may help under-
stand this and how rainfall is affected.

The SON climatological SST from HadISST (Figure 5a)
and CGCMs SST biases with respect to HadISST (Figure
5e-g) are represented in Figure 5. Given that the AGCMs
are prescribed with HadISST, AGCMs SST biases with
respect to HadISST are zero and therefore are not represen-
ted (Figure 5b—d). Then, it is plausible that the strong sub-
sidence over the Gulf of Guinea (Figure 4) may be
attributed to the lack of ocean-atmosphere coupling in the
case of the AGCMs. It is also plausible that this response
could derive from the anomalously strong upward motion
located between 60°E and 90°E over the equatorial Indian
Ocean (Figure 4c-h). However, in the coupled models,
though the convection over the equatorial Indian Ocean is
still pronounced and even more zonally extensive, com-
pared to atmospheric models, a weakening of the subsi-
dence in the Gulf of Guinea is observed (Figure 4f-h). This
is associated with the warm SST biases depicted over the
Gulf of Guinea (Figure 5e-g). Although the strength of the
downward branch is less pronounced in the coupled
models than in the atmospheric models, it remains stron-
ger than in the reanalyses. Over the western Indian Ocean,
coupled models also depict a warm SST bias inhibiting the
subsidence branch of the overturning circulation there.

421 |
the coast

The western CA dry bias along

Low-level atmospheric circulation with its associated
moisture transport from the Atlantic Ocean is known to
be primarily driven by the surface temperature difference
between the Atlantic Ocean and the Congo basin land-
mass (Pokam et al., 2014). In this section, in addition to
the surface temperature difference, we explore the contri-
bution of the anomalously strong simulated subsidence
over the Gulf of Guinea (Figure 4) on low-level moisture
transport off the Atlantic Ocean to CA to understand the
western CA dry bias.

Figure 6 shows the September-November climatolog-
ical 850 hPa geopotential height (shaded) and moisture
transport (vectors) from reanalyses (Figure 6a,b) and the
models' biases with respect to MERRA2 (Figure 6c-h).
In reanalyses (Figure 6a,b) and around the equator
(between 5°S and 5°N), the geopotential height decreases
progressively eastward from the Atlantic Ocean (Gulf of
Guinea) to the continent. This shows a contrast of surface
pressure between the ocean and the continent with high

of Climatology

(low) pressure over the ocean (continent) bound up with
the sinking (rising) branch of the Atlantic-Congo zonal
overturning cell. The simulated 850 hPa geopotential
height biases (Figure 6c-h) show differences in the models
with GA6, GC2 and GC3 depicting in general negative
biases while GA7, GA8 and GC4 depict positive biases.
However, despite the differences, in all versions and formu-
lations of the model, the zonal transect of surface pressure
exhibits a decrease from the Atlantic Ocean to the conti-
nent, stronger in models than in the reanalyses (Figure 7a).
This is particularly well observed in GA7 (Figure 6d), GA8
(Figure 6e) and GC4 (Figure 6h) with a higher pressure
bias over the ocean and a lower pressure bias over the con-
tinent related to the strong simulated sinking branch of the
Atlantic-Congo zonal overturning cell (Figure 4). In addi-
tion, the stronger simulated land-ocean thermal difference
between the Central African landmass and the coastal
Atlantic Ocean (Figure 7b) is in agreement with the simu-
lated strength of the zonal surface pressure decrease from
the Atlantic Ocean to the continent (Figure 7a). This has
an impact on low-level moisture transport.

In reanalyses and over the Atlantic Ocean (Figure 6a,b),
moisture transport is predominantly easterly and northeast-
erly north of the equator and southeasterly south of the
equator. However, the strength of the subsidence branch of
the Atlantic-Congo zonal overturning cell in the models
(Figure 4c-h) is associated with higher pressure over the
Gulf of Guinea (Figure 6¢c-h). This enhances the pressure
gradient between the Atlantic Ocean and the Coastal area
which increases moisture transport as indicated by the
westerly and southwesterly biases over southern West
Africa and along the coastal region of CA (Figure 6¢c-h).
The strong moisture transport in the models results in the
dry bias at the western CA coast. Therefore, the stronger dry
bias in atmospheric models over western CA as compared to
coupled models is associated with the more pronounced
overestimated subsidence over the Gulf of Guinea. Further-
more, although in the most recent version of both coupled
and atmospheric models (GC4/GAS8) the strength of the
downward branch of the Atlantic-Congo zonal overturning
circulation is still overestimated with respect to ERA5, an
improvement in the strength is observed compared to older
versions (Figure 4). Its weakening in GC4/GAS is in agree-
ment with the reduced dry bias over western CA compared
to older versions (GC2/GA6, GC3/GA7).

4.2.2 | The eastern CA wet bias

Simulated large-scale circulations over both the Atlantic
Ocean and the Indian ocean may contribute to the over-
estimation of rainfall over the eastern CA in the models.
In terms of the contribution from the Atlantic Ocean, as
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shown in the previous sections, the strength of the simu-
lated subsidence over the Gulf of Guinea is overestimated
(Figure 4) and associated with a high ocean-land pressure
gradient which strengthens the moisture transport from
the Atlantic Ocean to CA (Figure 6). The strength of the
moisture transport is then sufficiently strong to dry out
the coast and wet the eastern CA. Moisture entering
through the western boundary of the CA region is then
overestimated in both coupled and atmospheric models.
In addition, in all versions of the coupled model, warmer
SST in the Gulf of Guinea (Figure 5e-g) is likely to
enhance evaporation and therefore, more moisture is

available to be advected toward eastern CA. This can
explain why eastern CA is wetter in coupled models than
in atmospheric models.

To understand the misrepresentation of the Indian
Ocean large-scale circulation (Figure 4) and how this
could affect CA rainfall, mean SON SST and low-level
(850 hPa) wind are explored over the Indian Ocean in
Figure 5. Maximum SST are found over the equatorial
Indian Ocean (Figure 5a) with warmer SST in the eastern
sector of the ocean compared to the western sector. This
leads to a prevalence of westerly winds which form the
lower branch of the Indian Ocean zonal overturning
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circulation (Figure 5a). With regard to the coupled
models, they depict a mean SST bias in the Indian Ocean
with the pattern of the positive IOD with a warm (cold)
bias over the western (southeastern) Indian Ocean
(Figure 5e-g). This is similar to the findings from Hirons
and Turner (2018). In agreement with the dipole pattern
of correlation over the Indian Ocean (Figure 2b-g), the
simulated 850 hPa equatorial winds in the Indian Ocean
exhibit easterly anomalies which are more pronounced in
CGCMs than in AGCMs (Figure 5b-g). The easterly
anomalies result in weaker westerly winds in AGCM and
anomalous easterly winds in CGCM (not shown here).
Therefore, the easterly anomalies present in the atmo-
spheric models are intensified in the coupled models due
to the positive IOD pattern in the mean state of their SST
biases (Figure 5e-g). Indeed, in the coupled models, the
positive IOD pattern weakens the downward branch of
the Indian Ocean East-West overturning circulation
(Figure 4) and strengthens the existing easterly anomalies
at the surface (Figure 5). The easterly anomalies are
likely to be associated with an anomalous moisture
advection from the Indian Ocean to the continent.

To assess the effect of the positive IOD-like pattern on
the advected moisture from the Indian Ocean, an exami-
nation of the strongest positive IOD years compared to
the mean state in both the reanalyses and the models is
performed. A composite of years with the strongest posi-
tive IOD pattern is constructed following Hirons and
Turner (2018). For each dataset, the IOD index is calcu-
lated for each year in the SON season and years are
ranked from the lowest to the highest value of their IOD
index. The top 20% of years is then chosen to build the
composite and the number of years in the composite
depends on the length of each data. Therefore, 7 years
are used for the composite in the reanalyses and the

coupled models, 5 in GA6 and GA7 and 4 in GAS8. The
SON climatological mean of the vertical integrated zonal
moisture flux (shading) and total moisture flux (vectors) is
subtracted from the mean of the years corresponding to
the composite to form the composite anomaly which
is represented in Figure 8 for each dataset. The two
reanalyses agree with an inflow of moisture through the
eastern boundary of the CA region (Figure 8a,b). In agree-
ment with findings from Moihamette et al., 2022, this
highlights the fact that during positive IOD years, easterly
winds advect more moisture from the Indian Ocean to CA
and contribute to rainfall in the region. Although the
moisture is drawn from a much broader area across the IO
basin in the reanalyses (Figure 8a,b) compared with a
narrower channel of moisture in the models (Figure 8c-h),
the inflow of moisture from the Indian Ocean at the east-
ern boundary of the rectangular box is stronger and
extends further west in models. The westward extension is
more pronounced in the coupled than in the atmosphere-
only models (Figure 8c-h). In the atmosphere-only
models, the mean state easterly winds anomalies (Figure
5b-d) is added to the easterly wind due to a positive IOD
pattern in the composite to advect more moisture from
the Indian Ocean to the CA region as shown in Figure
8c—e. In the coupled models, the anomalous mean state
easterly winds from the atmosphere-only models are
reinforced by the positive IOD pattern in the mean state
SST biases (Figure 5e-g). This is added to the easterlies of
the positive IOD years to advect more moisture from the
Indian Ocean to the CA region (Figure 8f-h) compared to
the atmosphere-only models. As a result in the MetUM
models, biases in large-scale circulation over the Indian
Ocean contribute to the wet conditions over eastern CA,
in line with the spatial distribution of simulated rainfall
biases (Figure 1i-k).


http://wileyonlinelibrary.com

TAGUELA ET AL.

International Journal

(a) ERA

of Climatology

(b) MERRA2

.....

30E

60E

[ [T T T

-90 -70 -50 -30 -18 -14 -10

FIGURE 8

-1 —1.

[TTTTTTT
6 2 0 2 6 10 14

18 30 50 70 90

Composite anomaly of SON vertical integrated (1,000-100 hPa) zonal moisture transport (kg m™* s™*: Shading) and total

moisture transport (kg m™ s™°: Vectors) for positive IOD years. The strongest positive IOD years minus the mean state in (a and b) each
reanalysis, (c—e) atmosphere-only models and (f-h) coupled models. The box in (a-h) indicates the Central Africa domain used in this study

[Colour figure can be viewed at wileyonlinelibrary.com]

These results show that large-scale circulations from
both the Atlantic and the Indian Oceans have a role in the
overestimation of the simulated rainfall over eastern
CA. However, simulated key regional features may also
contribute to overestimating or underestimating simulated
rainfall over the region.

5 | UNDERSTANDING THE
MODELS’ BIASES: A REGIONAL
APPROACH

Past studies (Nicholson and Grist, 2003; Jackson et al.,
2009; Dezfuli and Nicholson, 2013; Kuete et al., 2019;
Longandjo and Rouault, 2019) have shown that there are
dominant features of the local circulation such as the two
components of the African Easterly Jet (AEJ-S and AEJ-N)

and the Congo basin cell that play an important role in
rainfall variability over CA. In this section, these features
are investigated in association with the wet and dry biases
over eastern and western CA respectively.

51 | The western CA dry bias along
the coast

Longandjo and Rouault (2019) highlights the existence of
a lower tropospheric, closed, counterclockwise and shal-
low zonal overturning cell over CA namely the Congo
basin cell discernible throughout the year. The Congo
basin cell intensity and width are driven by the near-
surface temperature warming on both the central African
landmass and the eastern equatorial Atlantic, leading to
LLWs which form the lower branch of the cell. Therefore,
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the width of the cell is linked to the strength of LLWs.
The stronger the LLWs, the larger the Congo basin cell.
Figure 9 shows the zonal mass-weighted stream func-
tion with the zonal wind averaged over the latitudinal
band 5°N-5°S before computing the zonal mass-weighted
stream function. Negative values of the mass-weighted
stream function (dashed red contours) depict the Congo
basin cell. It appears that the models overestimate the
intensity and the width of the cell (Figure 9c-h) with the
western edge of the cell located farther west in the models

compared to reanalyses. Simulated LLWs transport moist
air from a farther west position in the equatorial Atlantic
(Figure 6¢c-h) in agreement with the farther west position
of the western edge of the Congo basin cell (Figure 9c-h).
Furthermore, the overestimated strength of the simulated
Congo basin cell in the models is associated with strong
simulated LLWs (Figure 6) over the Atlantic coastal area
due to the strong ocean-land pressure contrast (Figure 7).
As shown in Section 4.2.1, this induces a strong moisture
divergence at the coastal area and, in turn, dry conditions.
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FIGURE 9 September-November climatological mean of the zonal mass-weighted stream function (contours: 10" kg s™) computed

with 5°S-5°N averaged zonal wind for (a and b) ERA5 and MERRA2, (c-e) Atmosphereonly models (GA6, GA7 and GA8), and (f-h)
coupled models (GC2, GC3 and GC4). Solid and dashed contours represent positive and negative values of mass-weighted stream functions
respectively, seperated with the zero value of mass-weighted stream (thicker contour). Contour intervals are 10 between positive contours
and 4 between negative contours. The vertical lines are the zonal boundaries of the Central Africa region [Colour figure can be viewed at
wileyonlinelibrary.com]
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The misrepresentation in the intensity and width of
the simulated Congo basin cell is therefore associated
with the western CA dry bias through the overestimation
of the simulated LLWs. The dryness of MetUM over
the coastal region in CA is well known (Creese and
Washington, 2016; James et al., 2018) and the present
study underlines the persistence of this bias, although
slightly reduced in recent versions of the model.

5.2 | The eastern CA wet bias

The misrepresentation of the Congo basin cell (Figure
9c-h) is also associated with the eastern CA wet bias.
Known to play an important role in rainfall redistribution

10N

10S

10N

108

of Climatology

over CA via the zonal rainfall maximum position
(Longandjo and Rouault, 2019), the width and the inten-
sity of the Congo basin cell are respectively associated
with the zonal position and the strength of the eastern
CA rainfall peak (Longandjo and Rouault, 2019). There-
fore, the overestimation in its simulated width and inten-
sity (Figure 9c-h) is related to a larger advection of
moisture from the farther west position in the equatorial
Atlantic toward the eastern edge of the cell. This leads to
a strong moisture convergence at the eastern edge of the
cell and since this is the location of its rising branch,
more convection and more rainfall are observed in com-
parison with the reanalyses. In addition, the depth of the
cell appears to be higher in models. This is associated
with the depth of the convection and the latter influences

(b) MERRA2
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FIGURE 10
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September-November long-term mean meridional potential temperature gradient (10~° K m™"; shaded) at 850 hPa and

zonal easterly wind averaged between 700 and 600 hPa with speed >6 m s~ (contours) for (a and b) each reanalysis, (c—e) atmosphere-only
models and (f-h) coupled models [Colour figure can be viewed at wileyonlinelibrary.com]
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in models [Colour figure can be viewed at wileyonlinelibrary.com]|

the biases. The height of the cell in models is therefore
also associated with the wet bias.

Next, we analyse the contribution of the AEJ compo-
nents to the eastern CA wet bias. Known as the mid-
tropospheric (700-600 hPa) easterly wind (with a speed
equal to or greater than 6 ms™' (Nicholson and Grist,
2003; Kuete et al., 2019), the AEJ-N and AEJ-S are key
regional circulation features over CA during the SON sea-
son. Previous studies have established that CA rainfall is
strongly related to the advected moisture into the region

with AEJ components playing an important role in control-
ling the mid-level moisture flux convergence (Nicholson
and Grist, 2003; Jackson et al., 2009; Washington et al.,
2013). Furthermore, Jackson et al. (2009) have identified a
maximum in MCS activity in the region of that strong mid-
level convergence.

Setting up by the surface temperature contrast between
Congo and both Saharan (Cook, 1999) and Kalahari dry-
lands (Kuete et al., 2019), we first investigate the link
between the AEJ components and the mechanisms


http://wileyonlinelibrary.com

TAGUELA ET AL.

International Journal RMetS

associated with their setup. Figure 10 shows AEJ compo-
nents and the meridional potential temperature gradient at
850 hPa in both reanalyses and models. Although signifi-
cant discrepancies could have been expected between dif-
ferent reanalysis products due to the paucity of upper-air
observations in that region, it appears that the two
reanalyses agree relatively well in the representation of the
two AEJ's components (Figure 10a,b). Furthermore, the
AEJ-N (AEJ-S) is associated with a strong positive (nega-
tive) meridional potential temperature gradient centred at
around 10 N (10°S). Compared to reanalyses and according
to the threshold of 6 m s7%, the intensity and the extent of
the AEJ-N are both overestimated in the models (Figure
10c-h) and much more in the atmosphere-only formula-
tion (Figure 10c-e) while its southern component is not
detected in the two formulations of the model whatever
the version (Figure 10c-h). This reflects an underestima-
tion of the easterly wind in the region where the AEJ-S
is supposed to be found. Errors in the simulated AEJ com-
ponents are associated with a misrepresentation of the
meridional potential temperature gradient. Compared to
reanalyses, the overestimation (absence) of the AEJ-N
(AEJ-S) is associated with a stronger (weaker) positive
(negative) meridional potential temperature gradient
centred at around 10N (10'S). Therefore, the fact that the
strength of both AEJ-N and AEJ-S biases are of the same
magnitude in all versions of MetUM suggest that changes
in land surface schemes across model versions have not sig-
nificantly improved surface characteristics (e.g., tempera-
ture and soil moisture) contrast between Congo and both
Saharan and Kalahari drylands.

To investigate how the wrong representation of the
AEJ components contribute to the simulated wet bias
over eastern CA, the jets are represented (contours) in
Figure 11 with the vertical wind (vectors) and the net
zonal moisture transport, computed as the difference
between moisture flux across the western (19°E) and the
eastern (29°E) boundary of the zonal extension of the wet
bias. Positive values indicate moisture flux convergence
and negative values moisture flux divergence. It appears
in reanalyses (Figure 11a,b) that at mid-troposphere, jet
components found at around 10'S and 10°E are associ-
ated with moisture flux divergence. This leads to mois-
ture flux convergence and strong convection around the
equator. In models (Figure 11c-h), the misrepresentation
in the intensities of the AEJ's components is associated
with biases in the net zonal moisture flux and convection.
The overestimation (absence) of the AEJ-N (AEJ-S) is
associated with a stronger mid-tropospheric net moisture
flux divergence (convergence) favouring dry (wet) condi-
tions. This is in line with Dezfuli and Nicholson (2013)
who showed that, at interannual time scales, the variabil-
ity of the strength of AEJ's components is opposed to that
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of the rainfall amount with abnormally strong (weak) jets
associated with dry (wet) years. Then AEJ's components
have opposite effects in the MetUM models. The over-
estimated AEJ-N strength tends to suppress convection
while the absence of AEJ-S favours convection and in turn
precipitation. These findings are similar to those of Creese
and Washington (2018). Furthermore, biases in the strength
of the AEJ's components shift the mid-tropospheric moisture
flux convergence southward favouring more convection
south of the equator (Figure 11c-h). This is in agreement
with the wet bias which is more widespread south of the
equator in the region (Figure 1f-k). In addition, the reason
why the coupled models are wetter than their corresponding
atmospheric formulations could be due to the strength of
their AEJ-N which is less strong than in atmospheric
models. This is associated with less mid-tropospheric mois-
ture flux divergence. Comparing the versions of the coupled
(atmospheric) model with each other, it appears that, in the
most recent version GC4 (GAS), the mid-tropospheric mois-
ture flux divergence associated with the AEJ-N is less pro-
nounced compared to earlier model versions (Figure 11e,h).
This may explain why they are wetter than previous model
versions.

6 | SUMMARY AND
CONCLUSIONS

This study investigates processes leading to precipitation
biases over CA in different versions of the MetUM model
(atmosphere—ocean coupled and atmosphere-only formu-
lations) during the main rainy season (September—
November: SON). In all versions and formulations, the
models depict a dipole bias over the region with a wet
bias at the eastern CA and a dry bias over the coastal
western CA (Figure 1f-k). The wet (dry) bias is stronger
in the coupled (atmospheric) models and the exploration
of remote and local climate processes is conducted to
understand the models' biases.

At a large scale, differences between CGCM and
AGCM are mainly due to the differences in SST which
lead to bias in large-scale circulation and rainfall. Over
the coastal western CA, the dry bias in the models is
linked to the misrepresentation of the Atlantic-Congo
zonal overturning cell with its overestimated sinking
branch. This is associated with an increase in ocean-land
pressure gradient between the equatorial eastern Atlantic
Ocean (high pressure) and the Congo Basin (low pres-
sure). The low-level zonal moisture flux is therefore so
strong as to dry the coastal region. The coupled models
are less dry in that region compared to the atmosphere-
only models because over the Gulf of Guinea, a warm SST
bias is simulated in the coupled models and enhances
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evaporation that reduces the dry bias. Compared to older
versions, the dry bias is reduced in the latest version of
both coupled and atmospheric formulations of the model.
This is linked to the weakening of the subsidence branch
of the Atlantic-Congo zonal overturning cell. Over eastern
CA, large-scale circulation from both the Atlantic and the
Indian Oceans play a role in the eastern CA wet bias.
From the Atlantic Ocean, the same large-scale circulation
leading to a dry bias over the coastal western CA also con-
tributes to enhanced rainfall over eastern CA. As the
strength of low-level zonal moisture flux is overestimated,
moisture from the Atlantic Ocean is advected further in
the continent and contributes to enhanced rainfall over
eastern CA. On the other hand, the subsidence branch of
the Indian Ocean zonal overturning circulation is weak-
ened by the anomalous mean state low-level easterly
winds which are added to the Indian Ocean easterly
winds during 10D years to increase the inflow of moisture
from the Indian Ocean.

At the regional scale, the overestimated strength of the
simulated Congo basin cell is associated with the western
CA dry bias through the overestimation of the simulated
LLWs. For the eastern CA wet bias, simulated AEJ compo-
nents have opposite actions in the models. Due to a misrep-
resentation in the land-surface temperature, overestimated
strength of the AEJ-N tends to suppress convection in the
models while an underestimation of the AEJ-S intensity
favours convection. Biases in the strength of the AEJ's com-
ponents shift the mid-tropospheric moisture flux conver-
gence southward favouring more convection south of the
equator. In terms of differences between model versions,
the mid-tropospheric moisture flux divergence associated
with the AEJ-N is less pronounced in the latest model ver-
sion. This explains why the latest version is wetter than the
previous ones. Enhanced rainfall in eastern CA is also
linked to the misrepresentation of the Congo basin cell.
The overestimation in the simulated width and intensity of
the cell is associated with a strong low-level moisture con-
vergence over eastern CA which contributes to more
precipitation.

Let us note that, the same biases pattern in the MetUM
model were also reported on earlier versions of the model
in James et al., 2018 and Hirons and Turne, 2018. Besides
this, a similar west-east dipole pattern of rainfall biases
over CA are highlighted in CMIP5 (Creese and
Washington, 2018) and CORDEX models (Tamoffo et al.,
2021) although the signs of the dipole are opposite in the
MetUM model. This translates the fact that rainfall in these
two subregions of CA is governed by different climate pro-
cesses and models generally struggle to capture the
corresponding features. In the MetUM model, although
some differences exist between model versions, the present
study has highlighted the persistent atmospheric circulation

errors which lead to persistence in rainfall biases between
different versions of the MetUM climate model over
CA. Results from this work give direction to model devel-
opers to address those biases in the next versions of the
model. This include among other things the improvement
of the shared variability between rainfall over CA and SST
and the revision of the land surface schemes across model
versions to improved surface characteristics (e.g., tempera-
ture and soil moisture) contrast between Congo and both
Saharan and Kalahari drylands.
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Abstract This paper investigates the performance of 10 Regional Climate Models (RCMs) hindcasts
from the Coordinated Regional Climate Downscaling Experiments (CORDEX) over Central Africa,
covering the period 1998-2008 and performed over a common model grid spacing 0.44° (~50 km).
Multiple observational data sets are used to evaluate model performances over four targeted subregions.
Throughout the work, a measure of observational uncertainty is made and we discuss whether or not the
models are found within or outside the range of observational uncertainty. Results indicate that RCMs
generally capture rainfall and temperature basic features, though important biases exist and vary for
models and seasons. Dry (wet) biases are common features over the Congo basin (northern and southern
part of the domain). In terms of precipitation and temperature in both seasonal and annual scale, most
RCMs along with their ensemble mean generally fall in the range of observational uncertainty.
Furthermore, most RCMs show a good spread of grid points where the added value of RCMs is found
although the added value in temperature is not as great as with precipitation. UC-WRF is among models
adding less value on ERAINT and this could explain why whatever the time scale of variability, UC-WRF
outputs are generally out from the observational uncertainty. The multimodel ensemble mean is generally
found within observational range when most models are there as well. This highlights the fact that the
ensemble mean, built from the equal treatment of RCMs, does not generally outperform individual RCMs
realization as it is reported in several previous studies.

1. Introduction

Many of the observed climate changes and impact since the 1950s are unprecedented and can be confidently
attributed to anthropogenic emissions (Hansen & Stone, 2016). However, there is little research connect-
ing precipitation changes in Central Africa (CA) to impacts in natural, managed, and human systems. The
reliable detection and attribution of changes in climate and their effects, is fundamental to understand-
ing the scientific basis of climate change and in enabling decision makers to manage climate risks. The
fifth assessment report (ARS5) of the Intergovernmental Panel on Climate Change (IPCC) reviews the sci-
entific, technical, and socioeconomic information relevant to understanding the scientific basis of risk of
human-induced climate change, its potential impacts, and options for adaptation and mitigation (Pachauri
et al., 2014). AR5 focuses on four major climatic zones across Africa including Sahara, Western Africa,
Eastern Africa, and Southern Africa, and concludes that multiple biophysical, political, and socioeconomic
stresses interact to increase the region's susceptibility and constrain its adaptive capacity (Christensen et al.,
2013). Evidence of warming has increased over land regions across Africa, consistent with anthropogenic
climate change (Creese et al., 2019; Fotso-Nguemo et al., 2016; Pokam et al., 2018; Tamoffo et al., 2018).
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