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Abstract

Mesoscale Convective Systems (MCSs) and their associated rainfall, winds and lightning
pose threats to the lives of citizens and the economy of West African countries. These
systems are poorly predicted as they are not well represented in Numerical Weather
Prediction (NWP) models. To address this forecasting challenge, the (thermo-)dynamic
environment associated with mature MCSs and its effect on the intensity of MCSs has
been investigated. This analysis includes the effects of vertical wind shear, which plays
a key role in the intensification of MCSs. The ability of current convection-permitting
NWP models to represent rainfall and the effects of vertical wind shear on MCSs has
also been evaluated by comparing the forecast skill of the Met Office 4.4 km Tropical
Africa Model (TAM) to that of the Global model.

Matured MCSs were mostly found in regions of strong surface convergence and high
orography. These storms were also found to be associated with environments of strong
vertical wind shear. Long-lived moderate speed storms had larger sizes, colder bright-
ness temperatures (BTs) and associated with a strong vertical wind shear as compared
to short-lived slow moving storms. Long-lived moderate speed storms were also asso-
ciated with the presence of the African Easterly Waves. Oceanic storms were mostly

slow-moving but had higher rain-rates as compared with land storms.

A detailed investigation of the effects of vertical wind shear on MCSs has revealed that,
a strong vertical wind shear results in colder BTs relative to their temperatures at the
level of neutral buoyancies (LNBs). It is hypothesised that, vertical wind shear results
in colder BTs by increasing updrafts and minimising entrainment. Oceanic storms
could reach their LNBs compared to land storms, suggesting that, high entrainment
rates over land, as well as entrainment dilution by drier air over land, prevents storms
over land from reaching their LNBs. Over the Sahel, Southern West Africa (SWA),
and the Coast, a strong vertical wind shear did not only result in colder BTs but also

high rain-rates.

vii



The effects of vertical wind shear on MCSs was found to be better represented in the
TAM compared to the Global model. The skill of the TAM is highest over coastal areas
and mountainous regions suggesting the model’s ability to simulate land-sea breeze and
orographic effects more accurately. The TAM outperforms the Global model in fore-
casting sub-daily rainfall over West Africa, as well as in simulating the closest location
of convective rainfall as compared to observations, although this location is still too
coarse for forecasters to make useful decisions. The skill of the TAM is also signifi-
cantly affected by the long spin-up period of the model, making Day 2 forecasts better
than that of Day 1. The TAM also outperforms the Global model for higher rainfall
intensities, demonstrating the model’s ability to simulate organised convective systems

more accurately.

These findings are useful for forecasters, model developers and policy makers as a better
representation of the (thermo-)dynamic environments of mature MCSs and the effect
of vertical wind shear on rainfall, which is poorly represented in current convection-
permitting climate models, will not only enhance better rainfall forecasts but also help

to provide more accurate climate projections.
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Chapter 1

Introduction

High Impact Weather (HIW) systems over West Africa pose serious threats to farmers,
fishermen, industries, lives, and properties of the general public. HIW systems are not
well understood and poorly predicted. The representation of process interactions in
these weather systems, especially Mesoscale Convective Systems (MCSs) are one of the
greatest source of uncertainties in weather and climate models (Edwards et al. [2020;
Fitzpatrick et al.|2020a; Senior et al.|2021). To save lives, properties, and improve the
economy of West Africa, the understanding and prediction of HIW systems, is crucial.
This study aims to investigate the dynamics and predictability of MCSs over West
Africa.

Mesoscale convective systems and their associated winds are one of the most devas-
tating HIW systems in West Africa. Rainfall in West Africa is contributed mainly by
MCSs (Laurent et al. [1998; Nicholson [2013; Maranan et al.|[2018). MCSs, particularly
squall lines, contribute to about 90% of the rainfall in the West African Sahel (Laurent
et al.|1998; Nicholson|2013; [Maranan et al. [2018) and about 56% in Southern West
Africa (SWA) (Maranan et al.[|2018). MCSs range from tens to hundreds of kilometres
across (Houze Jr/2018). Due to their horizontal scales, MCSs are not explicitly resolved
in global climate models. Global models with convection parameterisation schemes gen-
erally struggle to capture the structure, initiation and evolution of convective systems
across multiple grid-boxes in Africa (Fink et al.[2011} Lin et al|2022). Parameterised
models also struggle to accurately capture the size, intensity, direction of propagation
of MCSs |Crook et al.| (2019)) as well as the effects of vertical wind shear on convective
systems in West Africa. Explicit convection on the other hand, has been shown to pro-
duce more realistic representation of the spatial variability in rainfall over West Africa

(Kniftka et al.[2020). Regional models with explicit convection are therefore key for a
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better understanding and prediction of MCSs and their associated impacts.

Studies with the Met Office Unified Model (MetUM) (e.g. Marsham et al.|2013; Wood-
hams et al.|2018} Keat et al.[2019; |Hanley et al.[2021) have revealed that high-resolution
models with permitted moist convection perform better in representing the diurnal cy-
cle of convection than their parameterised counterparts. However, significant biases
are still seen when compared with observations. For instance, there is a significant
difference between the model and observations in the mean rainfall rates over the Sahel
and SWA and a difference in the diurnal cycle of the mean rainfall rate (especially after
1500 UTC). Convection-permitting models produce too much high intensity rainfall
with fewer less intense rain events (Kendon et al.|2012; Lean et al.|[2008]). These biases
are partly due to uncertainty in the initial conditions of the models (Paxian et al.|2016;
Walker et al.|2019)). The sparse nature of observations in some parts of the region and
inadequate upper air measurements to be assimilated into the models further compli-
cates this problem. Data assimilation in convective regimes is also a challenge even if
there are suitable observations. The representation of the diurnal cycle of the monsoon,
our understanding of the role of vertical wind shear and cold pool outflows from moist
convection also remain incomplete. Vogel et al.| (2020]) found that both the European
Centre for Medium-Range Weather Forecasts (ECMWF') and Meteorological Service of
Canada models poorly simulates convective organisation. The post processed forecasts
struggled to outperform the climatology. Forecasters in West Africa do not trust the
location and intensity of convective storms produced by Numerical Weather Predic-
tion (NWP) models. West African forecasters rely on the synoptic-scale circulation,
satellite animations, knowledge of land surface properties of different regions and other
experiences to make their predictions (personal correspondence Ghana Meteorological
Agency). A better understanding of the (thermo-)dynamic environments that generate
MCSs in different parts of West Africa (such as the Sahel, SWA and the Coast intro-
duced in Maranan et al. (2018)) is needed to better represent MCSs in NWP models

and to make best use of NWP forecasts.

In the West African Sahel, an increase in the meridional temperature gradient between
the dry and hot Sahara and the humid Gulf of Guinea results in an increase in the
frequency of intense MCSs over the region and is expected to further increase under
climate change (Taylor et al.| 2017, 2018|). Excess warming intensifies the Saharan
heat low (SHL) (Lavaysse et al.2009) and increases the meridional temperature gra-

dient (Vizy and Cook |2017). The meridional temperature gradient results in a strong
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African Easterly Jet (AEJ). The intense SHL also causes a stronger monsoon flow.
The AEJ and the strong monsoon flow creates a strong 600 - 925 hPa wind shear. The
strong vertical wind shear favours more intense MCSs (Alfaro and Khairoutdinov|[2015;
Alfaro|2017; Rotunno et al.|[1988; Taylor et al.[2017). The effect of vertical wind shear
on MCSs is however different for the different sub-regions in West Africa as different
environmental conditions dominate the regions in the various seasons (Taylor et al.
2018; Klein et al.[2020). Understanding the effect of shear on the dynamics of storms
in the different sub-regions of West Africa and for different seasons is therefore key to

addressing the challenges associated with MCS prediction.

Tomasini et al.| (2006)) have developed an MCS climatology for West Africa by grouping
the MCSs into four classes based on their speed and lifetime. This classification has
been widely used in other studies of MCSs in the region. These include |Lafore et al.
(2017), who among others showed the preferred triggering and dissipation regions of
each MCS class, Maranan et al.| (2018) who described the rainfall types that are likely
to be associated with each MCS class and |Crook et al.| (2019) who evaluated the the
representation of each MCS type in convection-permitting and parameterised models.
However, the environments of these MCS classes and the reasons for their characteristic

lifetimes and speeds have not been thoroughly investigated.

The aim of the thesis is to understand the effect of the dominant environmental condi-
tion in the different parts of West Africa on the storm characteristics and to compare
the different regions with one another. The thesis also aims at providing an under-
standing of the mechanism through which vertical wind shear results in intense storms
by evaluating the (thermo-)dynamic environments of MCSs. And finally, to evaluate

the representation of rainfall in the convection-permitting MetUM over West Africa.

This thesis addresses the following main research questions:

1. What is the climatology of the dynamic and thermodynamic conditions associated
with different MCS types in West Africa?

2. What are the reasons for the characteristic lifetimes and speeds of these MCS

types?
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3. How does the vertical wind shear affect the intensity of MCSs in the sub-regions
of West Africa?

4. How well does the 4.4-km MetUM forecast rainfall in West Africa?

Chapter 2 provides an overview of the West African Monsoon (WAM), convection in
West Africa, MCSs, effects of vertical wind shear on MCSs, and the Tropical African
Model (4.4 km MetUM). Chapter 3 gives a description of the study areas, the sources of
the data, and the description of the methods used for the analysis. Chapter 4 discusses
the environments, characteristic lifetime and speeds of MCSs in West and Central
Africa with the aim of providing insight into the (thermo-)dynamic environments that
result in MCSs of different intensities. Chapter 5 focuses on investigating the effects of
vertical wind shear on MCSs with a special focus on the effect of vertical wind shear
on the brightness temperatures of MCSs as compared to their temperatures at their
levels of neutral buoyancies. Chapter 6 focuses on the evaluation of the performance
of the Met Office convection-permitting Tropical Africa Model. The conclusions and

recommendations from this work are finally presented in Chapter 7.



Chapter 2

Background

2.1 The West African Monsoon (WAM)

The WAM is the seasonal reversal of the prevailing near surface wind over West Africa
due to a thermodynamic contrast between the Sahara and the Gulf of Guinea (Fink
et al.[[2017; Nicholson|2013). The north-easterly winds known as Hammattan, experi-
enced in wintertime are replaced by the summertime southwesterly winds. The region
exhibits a high north to south climatic variability due to varying rainfall amounts from
the Gulf of Guinea to the Sahara (Vizy and Cook [2002; Le Barbé et al. 2002). This
north-south climatic variability has led to the concept of the four weather zones intro-
duced first by Hamilton et al.| (1945]).

The first zone, zone A is the region located north of 20°N. This region is usually located
at the north of the intertropical discontinuity (ITD) and is characterised by a hot and
dry northerly surface flow (Figure[2.1)). The ITD is the front that separates the hot and
dry northerly surface winds in the north of the region from the cool and moist southerly
monsoon winds in the south. The zone usually has less than 750 mm annual rainfall
and an extended dry season that lasts for about 10 months (Ferguson| 1985; [Kessler
and Breman||1991; Casenave and Valentin [1992). The region has very high maximum
temperatures and low dew points (<15 °C). The SHL is located in this zone (Fink et al.
2017). The southern (ITD) region is characterised by low-level convergence between
the northeasterlies and the southwesterly monsoon. Over the ocean, this convergence
zone coincides with the region of maximum rainfall but on land, the maximum rainfall
region is located at about 10° south of the ITD (Nicholson/2009a), [2018).
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Figure 2.1: Schematic cross-section of West African atmosphere (10°W and 10°E) for July,
illustrating the 4 weather zones of the WAM. The positions of the ITD, AEJ, TEJ, and the
monsoon layer (ML) is shown. Also shown are the mean monthly rainfall totals (RR), isentropes
(6), minimum and maximum temperatures T and T, respectively), dew point temperatures

(Ty) and atmospheric pressures (p) (from (Fink et al. m

The region between about 17 to 20°N is known as zone B. This zone is characterized by
a shallow moist monsoon layer with only short-lived thunderstorms. Maximum thun-
dery activity is experienced in zone C (located between ~7°N and 17°N). Mid-level
easterlies associated with the AEJ that forms a waveguide on the AEWSs are located
in this zone. The tropical easterly jet (TEJ) is also located at upper-levels (about 200
hPa) in this zone. The AEJ region is the region with the deepest cumulonimbus clouds
(Fink et al.2017). The maximum rainfall is located between the AEJ and the TEJ
(Nicholson||2008).

The region between the equator and ~7 °N is zone D. This zone is dominated by shal-
low stratus or mid-level altostratus as well as a few deep convective clouds. Relatively
fewer MCSs occur in this region as compared to zone C due to lower Convective Avail-

able Potential Energy (CAPE), Convective inhibition (CIN) and wind shear (Parker
2017)). These systems also propagate slower than their counterparts in zone C. A larger
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percentage of the annual rainfall in this region is contributed by the monsoon rainfall
associated with a cyclonic vortex within a regime of intense westerlies (Maranan et al.
2018). The resulting rainfall is usually continuous and intermittent as the large scale
cyclonic vortex is slow moving. [Maranan et al. (2018]) found that about 90% of the
rainfall systems in SWA (located in zone D) are these weakly organised classes, which
explains the rainfall amounts located in zone D in Figure A bimodal rainfall dis-
tribution is experienced in zone D with a short dry season occurring usually in August
(Stern et al.|[1981} Baidu et al. 2017; Aryee et al.|2018; [Maranan et al.|[2018). The
monsoon layer depth is deepest at the Guinea coast (~4-6 °N) (Fink et al.[2017).

2.1.1 Atmospheric circulation features that influence the variability
of the WAM

The main circulation features that define the West African monsoon are the TEJ, the
AEJ and the equatorial westerlies associated with the southwest monsoon flow (Nichol-
son and Grist|[2003)). The interannual variability of the WAM is linked to changes in

these circulation features (Nicholson|2013).

The climatological positions of the main atmospheric circulation features have been
plotted in Figure using ERA-Interim (ERAI) reanalysis data (1980 - 2010). The
mean positions of the ITD, SHL, 1010 hPa mean sea level presure (MSLP), the AEJ
and TEJ are shown for the months of January, April, July and October. The ITD
and the SHL are identified using the 15°C dew point contour and 850 hPa potential
temperature contours at 28 - 38°C. The AEJ and TEJ are also identified using the 10
and 15 ms~! wind contours at 700 and 200 hPa respectively. The criteria used are
described in [Parker| (2017). The AEJ is pronounced during May - October while the
TEJ is seen in July and August. Figure [2.3] shows the same features using a vertical
transect of the zonal wind and (v, w) plotted along 0° longitude (the dashed green line
in Figure [2.2). Shades of blue indicates easterlies (locations of the AEJs and TEJs),
while shades of red indicates westerlies (location of the sub-tropical jet (STJ) and low
level westerlies). MCSs dominates the Sahel (~10 - 20°N) at the peak of the monsoon
season (July) (Janiga and Thorncroft(2014; Taylor et al.|2022)). The dominance of MCSs
in the Sahel in this season is sustained by a strong vertical wind shear characterised by
the strong AEJ and low-level westerlies. However the exact mechanisms through which

the strong vertical wind shear sustains MCSs are not thoroughly understood. The
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Figure 2.2: Climatology of the main features that describe the WAM using ERA-Interim data
from 1980 - 2010. Overlaid are the 925-hPa wind vectors. AEJ - blue contour, TEJ - green
contour, ITD - red contour, SHL - black contours and 1010 hPa MSLP in yellow contour.
Dashed line: location of cross section in Figure 2:3] Numbers in top left corner refer to the
months: 01 - January, 04 - April, 07 - July and 10 - October.

core of the TEJ is located on the eastern side of West Africa whereas that of the AEJ
and the monsoon westerlies can be found over West Africa (Figure [2.4). In addition
to these zonal flows are two meridional overturning circulations consisting of northerly

flow at higher levels and southerly flow at low levels (Nicholson|2009a).

The AEJ is characterised by a maximum zonal wind speed of about 15m s~! located
in a region of strong meridional temperature gradient in the lower atmosphere (Parker

2017). It results from a reversed lower-tropospheric temperature gradient between the
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Figure 2.3: Vertical transect of the ERAI climatology (1980-2010) of the main features
that describe the WAM (zonal wind -shaded, (v, w) -arrows). Numbers in top left
corner refer to the months: 01 - January, 04 - April, 07 - July and 10 - October.

Sahara and the Gulf of Guinea due to extremely warm temperatures over the Sahara
Desert in contrast with the cooler Gulf of Guinea (Cook|/1999; Thorncroft and Black-|
burn|[1999; Nolan et al.|2007; Nicholson and Grist|2001; |Zhang et al.|2008). The AEJ

is also associated with regions of strong horizontal shear pronounced between August

and September and vertical shear pronounced from May to July (Maranan et al.2018;

\Gu and Adler|2004)). An anticyclonic circulation associated with the mid-upper tropo-
sphere over the Sahara sustains the AEJ (Chen/[2005). The AEJ intensifies and moves
more polewards prior to the onset of the rainy season over the Sahel (May - June)
with the average speed of 12 ms™! (Nicholson and Grist|[2003). The speed however
decreases during the Sahelian phase of the monsoon. The development and intensifi-
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Figure 2.4: The mean easterly wind speed in August at 600 and 150 hPa, showing the AEJ
(bottom) and TEJ (top) (from (Nicholson|[2009al)).

cation of the AEJ is supported by the Saharan high (Chen|2005), moist processes and
aerosols (Cornforth et al.|[2009; Tompkins et al.|2005). |Chen| (2005) showed that, the
AEJ which forms the southern rim of the Saharan high is maintained by the Coriolis

acceleration associated the divergent winds from the Saharan high. |Cornforth et al.
(2009) also showed that moist processes increases the development rate of the AEJ,
but reduces its speed and meridional extent. On the effect of aerosols on the AEJ,
Tompkins et al.| (2005]) showed that, improving the aerosol climatology in the ECMWF
forecasting system significantly improved the forecasts of the AEJ. The AEJ is also
maintained by meridional circulations driven by the SHL and the Hadley cell
croft and Blackburn|[1999; |Cook|/1999).

The AEJ varies zonally with two distinct cores: the eastern and western cores (Hall
et al.|2006; Dezfuli and Nicholson [2011). The intensity of the two cores exhibits a

significant interannual variability. The eastern core appears to be more prominent in

10
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dry years whiles the western core seem more prominent in wet years (Nicholson 2013]).

The latitudes of the AEJ cores experiences both interannual and seasonal variability
(Dezfuli and Nicholson|2011; Wang and Elsberry|2010)). The region south of the AEJ

core is characterised by a deep moist convection and a peak in mean rainfall amount

while dry convection and less rainfall dominates the region north of the AEJ core. The

northern side is however favourable for tropical squall lines (Parker et al.[2005b). Wang|
and Elsberry| (2010) demonstrated that, the passage of an MCS modifies the structure
of the AEJ.

Two distinct potential vorticity (PV) anomalies are associated with the AEJ. A posi-
tive PV anomaly dominates the region south of the AEJ whiles a negative PV anomaly
dominates the region north of the AEJ (Thorncroft and Blackburn| |1999). The PV

anomaly is positive at the core of the AEJ and is associated with frequent generation

of mesoscale convective vortices (MCVs). The presence of these PV gradients is essen-

tial for the development of AEWs (Parker|2017)).

The AEWSs are perturbations in the zonal wind field around 700 hPa with wavelength
of about 3000 km that occurs at a 3 - 5 day time scale (Couvreux et al.[2010; [Leroux
. These perturbations result from barotropic and baroclinic instabilities on
the AEJ (Thorncroft and Hoskins [1994; [Wu et al.2012). Two cyclonic vortices are
associated with the AEWSs located at 925 hPa on either side of the AEJ axis
et al][2006} [Carlson|[1969a]b). [Leroux and Hall (2009) found that a strong AEJ and ver-
tical shear are required for an AEW to be triggered. The strong vertical shear is found
to be present when the core of the AEJ lies over strong surface westerlies
\Grist et al.|2002; [Nicholson et al.|2008). The AEWSs are the dominant synoptic-scale
phenomenon in the WAM and usually occur in May - October . Several
studies (e.g. Cornforth et al.|2009; Hsieh and Cook! 2005, [2008} [ Thorncroft et al.|2008}
Mekonnen et al.|2006) suggest convection as the mechanism through which AEWs are
triggered. However, work by |Leroux et al.| (2010)) and Hall et al. (2006 has demon-

strated that dry dynamics also play a role in the development of the waves. Thus,

dynamic instabilities remain a pre-requisite for the wave development.

In wet years, the equatorial westerlies extends to the mid-troposphere and results in

strong horizontal wind shear (Grist et al.|[2002)). There are two main tracks of the
AEW which are associated with the axes of the AEJ and the TEJ (Nicholson|2008). The

11
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northerly track located between ~18° N and 20°S and the southerly track located south
of ~11°N. The northerly track is located at lower levels (~850 hPa) whiles the southerly
track is usually located at higher levels (~600 hPa) and extends to the Ethiopian
Highlands (Fink et al.|2017). AEWs in the southerly track are mostly associated with
convection and produce more rainfall than those of the northerly track (Druyan et al.
2006; Pytharoulis and Thorncroft|[1999). The northern track coincides with the ITD.

In moist conditions faster growth rates, phase speeds and stronger AEWs are observed
than under dry conditions. A deep barotropic structure occurs in moist conditions
(Grist(2002} |Grist et al.2002; Nicholson et al.[2008)). (Grist| (2002)) analysed the seasonal
cycle of AEWSs over the Sahel and found a peak development between July and Septem-
ber. Interestingly, this happens to be the period where horizontal shear and baroclinic
instability peak. |Cornforth et al.[(2009) also showed that the low-level amplitude of the
AEW becomes weak during the peak monsoon season due to the interaction between
convection and the AEWs. The zonal wind however undergoes rapid intensification
due to a rapid warming of the lower layers through the combined action of both dry
and moist convection. The warming of the lower layers reverses the mid-tropospheric
temperature gradient more efficiently resulting in the intensification of the zonal wind.
The jet is further sustained by the diabatic heating and the heating associated with

the surface fluxes. The average moist basic state jet however remained slightly weaker.

The TEJ is located around 200 hPa and is identified as one of the most intense circu-
lation features in West Africa (Grist and Nicholson 2001). Northerly winds dominate
the region south of the TEJ core while southerly winds are dominant north of the core.
This creates a region of strong divergence at 200 hPa (Thorncroft et al. 2011). This
pattern is very prominent during the Sahel wet years and plays a key role in determining
the rainfall amounts in the region. Over the eastern Sahel, the TEJ has a mean speed
of 18 m s ~! during the boreal summer. The core of the TEJ shifts to the southern
hemisphere during January - March (Nicholson and Grist|[2003). Over West Africa, the
TEJ exhibits a strong zonal variation but varies little meridionally (Grist and Nichol-
son|2001; Nicholson|2008; |[Nicholson and Grist|2001; Sathiyamoorthy|2005). A stronger
TEJ is associated with wetter conditions over West Africa while a weaker TEJ is asso-
ciated with drier conditions (Dezfuli and Nicholson |2011; Nicholson|2008, [2009b)). The
TEJ exhibits a very strong interannual variability especially over the Sahel. The mean
speed of the TEJ during the wet years is about 30 m s ~! but drops to about 10 m s !
or less during the dry years (Nicholson and Grist|2001}; |Sathiyamoorthy|[2005). The TEJ
has also been found to be associated with the El Nifio Southern Oscillation (ENSO). A

12
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strong El Nifio results in a weaker TEJ (Chen and van Loon/|1987). A stronger TEJ also

results in cooler temperatures in the upper troposphere (Nicholson|2008)). The dynamic

instability of the TEJ has been related with both borotropic and barotropic-baroclinic
instabilities resulting in the development of waves on the TEJ (Mishra/1993; Mishra and|
'Tandon|[1983; [Nicholson et al.||2007). Using a model simulation and NCEP reanalysis

data, [Nicholson et al. (2007) found that the waves were planetary scale waves, had a

period of 5-6 days and developed through interactions between the TEJ and the surface.

Three equatorial westerlies are associated with the southwest monsoon flow. These
include: the African westerly jet (AWJ), the West African westerly jet (WAWJ) and
Nocturnal low-level jet (NLLJ). The AWJ is dominant during the Sahelian wet years
with the average speed of about 10 m s ~! (Grist and Nicholson 2001). The WAW.J

is also a low-level westerly jet over the equatorial Atlantic and pronounced between

May and September. The jet usually lies in the zone where the trade winds converge
(usually around 10° N) with the speed of about 13 ms~!. The WAWJ is significant
for the advection of moisture from the Atlantic unto the humid region of West Africa
(Southern-West Africa) (Grodsky et al.[2003; Pu and Cook|2010)).

A NLLJ also lies within about 200 - 400 m above the surface (Parker et al.[2005a}
'Abdou et al.[2010). According to Sultan et al. (2007)) the NLLJ reaches it’s maximum

during the onset of the monsoon and minimum when the I'TD begins to retreat. The

boundary layer in West Africa exhibits a strong diurnal variability with turbulence

during the day and a laminar flow during the night (Parker et al.|2005a). There is rel-

atively low wind speed during the day. An inversion layer develops in the night which
leads to the development of the NLLJ. The jet has a maximum wind speed of about
10 ms~! (Lothon et al.[2008; Bain et al|[2010). The direction of the jet changes with
the seasons. It is generally southwesterly during the monsoon season and northeasterly
during the Harmattan. (Parker et al||[2005a; Lothon et al.2008). The NLLJ helps
the development of deep convection by supplying moisture during the monsoon onset
(Sultan et al.|2007; Bickle |2021}; Bickle et al.|2022).

As mentioned earlier, the SHL is another key feature of the WAM. The SHL is char-

acterised by a thermal depression that exists below 700 hPa with high surface temper-

atures and low surface pressure (Lavaysse et al.[2009| 2010al). The SHL influences the
variability of the WAM on intraseasonal, interannual and decadal timescales (Lavaysse

13
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et al|2010b} Biasutti et al.|2009). During the monsoon season, a low-level cyclonic

circulation develops around the SHL. An intensification of the low-level cyclonic cir-

culation results in an increased convection in the central Sahel. A reverse response

happens in the western Sahel (Parker et al.|2005a). A direct relationship between the

SHL and the monsoon circulation has been discerned. An interaction between the SHL
and midlatitude depression has been found to result in a wide spread convective activ-
ity in the Sahel (Chauvin et al.|2010; Lavaysse et al.2010al).

2.1.2 The role of Sea Surface Temperatures (SSTs) on the variability
of the WAM

The relationship between SSTs and the WAM was first proposed by (1978ayb)).
[Folland et al.| (1986) followed by emphasising the role of inter-hemispheric SST gra-

dients. Subsequent studies have reviewed that a variety of regional and global SST
patterns influences the WAM at different timescales (interannual and interdecadal)
(Lau et al. 2006; Rowell|[2003} (Ward||1998; |Joly et al. 2007; Joly and Voldoire 2010).
The influence is however strong for low frequency variations (Delworth et al.|2007;
Ting et al.[2011} Zhang and Delworth!/2006). Hoerling et al. (2006) suggested that the
drying trend observed in West Africa during the latter part of the 20th century was

due a positive SST anomaly in the South Atlantic. These findings were supported by
Losada et al|(2010). Losada et al.|(2010) also highlighted that the equatorial Atlantic
SST is a major factor in modulating the northward migration of the WAM. A strong
link to the extratropical South Atlantic has also been found by [Sun et al. (2010) and
Nicholson and Webster| (2007)). [Polo et al.|(2011) found that changes in weather regime
frequencies in the North Atlantic could partly account for the interannual rainfall vari-
ability in West Africa.

The influence of the Pacific Ocean especially ENSO on West African rainfall has been
studied by Ropelewski and Halpert| (1987, 1989)); [Nicholson and Kim| (1997); Rowell
(2001); Ward, (1998); Ndehedehe et al. (2017). Ropelewski and Halpert| (1987) in-

vestigated the global and large-scale regional precipitation patterns associated with

ENSO. They identified several regions that showed consistent ENSO-related precipita-
tion which included parts of Africa. However, ENSO-precipitation relationships over the

Sahel could not be separated from the influence of Atlantic SST relationships because of

the long-term negative trend in precipitation found by [Nicholson| (1985)). [Nicholson and)
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(1997) did a comprehensive study of the relationship between ENSO and Africa
rainfall using the harmonic method used in Ropelewski and Halpert| (1987) over the

period 1991-1990. ENSO was found to modulate rainfall in 15 multi-region sectors in
Africa with the strongest signals found in eastern equatorial and south-eastern Africa.
investigated the impact of Pacific SST anomalies on fluctuations in Sa-
helian rainfall. They found that the El Nino phase increases the likelihood of Sahel
drought. showed a strong link between ENSO and inter-annual variability
of the WAM. This relationship has been confirmed by several studies (Joly et al.[|2007}
Losada et al.|2012). However, Bader and Latif (2003) have suggested that the influence
of the Pacific Ocean is stronger in the eastern than western Sahel. |Ndehedehe et al.|
examined the impact of the ENSO, the Indian Ocean Dipole (IOD) and the At-
lantic Multi-decadal Oscillation (AMO) on terrestrial water storage. ENSO was found

to be associated with the terrestrial water storage over the Volta basin with an r value

of -0.40. The association was however stronger in the coastal West African countries
(regions below latitude 10°N).

A relationship between the WAM and the Indian Ocean has also been found (Raicich|
et al.[2003; |Chung and Ramanathan/[2006; |Giannini et al.|2003; Lu and Delworth/[2005).
Bader and Latif| (2003) proposed that the Indian Ocean was the driver of the drying
trend in the Sahel in the latter half of the 20th century. They affirmed this by associ-
ating the extreme drought year of 1983 with Indian ocean SST's as opposed to previous
studies which related the drought to the Atlantic (Bader and Latif/2011)). The anoma-
lies of the Indian and Pacific Oceans can also affect the latitudinal displacement of the
ITD (Mohino et al|2011)).

(2003) was among the first to report on the link between the WAM and the

Mediterranean. His study revealed an influence comparable to that of the Pacific over

West Africa. Polo et al.| (2008) suggested a direct relationship between rainfall over the

Sahel and the Mediterranean. The eastern Mediterranean basin has a stronger influ-

ence as compared to the western Mediterranean (Fontaine et al.2011)). Other studies

have suggested an association of the Mediterranean with an enhancement in the south-
westerly monsoon flow, moisture flux, Saharan heat low, and increased convergence
(Fontaine et al. 2010, 2011} |Gaetani et al.|2010]).

The competing physical mechanisms influencing high and low frequency variability
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of the WAM as discussed above makes it difficult to isolate the contribution of any

particular ocean.

2.1.3 The onset of the WAM

The onset of the WAM, defined by the northward jump in rainfall, is usually preceded
by a poleward shift in the position of the ITD (Fitzpatrick et al.|2016)). The oscillation
of the ITD influences the onset and cessation of the monsoon (Amekudzi et al. |[2015).
However there is lack of spatial coherence in the onset dates due to breaks in the mon-
soon (Marteau et al.| 2009 |Dalu et al.|2009). The mean onset period over the Sahel
is the last dekad of June (Fitzpatrick et al. [2015; Sultan and Janicot| 2000) whereas
that of the Southern West Africa is the second and third dekads of March (Amekudzi
et al. 2015). The retreat of the ITD is however abrupt and result in a more uniform

distribution of the cessation dates throughout the region (Nicholson |2018).

Flaounas et al.| (2012a) demonstrated that, lowering albedo over the desert regions
through the intensification of the SHL induces a northward shift of the ITD. An en-
hanced SHL combined with the presence of an oceanic cold tongue led to a reduction in
rainfall over the Sahel through a low-level mositure flux divergence. They also showed
that the presence of mountains over North Africa increases rainfall amount over West
Africa although this didn’t have a corresponding effect on the timing of monsoon onset.
They however, found that, the onset of the WAM was dominantly controlled by large
scale dynamics such as the dynamics of the Indian monsoon. Flaounas et al.| (2012b))
showed that the onset of the Indian monsoon is vital for the predictability of the WAM
onset at the intraseasonal timescale. From [Flaounas et al. (2012b), the convention
associated with the Indian monsoon can excite a Rossby wave (Yang et al.|2017)) that
reaches North Africa within 7 - 15 days. The passage of the Rossby wave is associated
with the intrusion of dry air from the subtropical westerly jet over West Africa and a
subsequent suppression of convection. Low-level moisture transport is also reinforced
at the same time. Once the wave passes, the dry air intrusion is suddenly weakened,
releasing convection over the Sahel. Hence the onset of the WAM occurs about 20 days

after the onset of the Indian monsoon.
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2.2 Atmospheric moist convection

Atmospheric moist convection is the vertical transport of heat, momentum, mass, water
and vorticity in the atmosphere due to buoyant air parcels. Atmospheric moist con-
vection is often associated with clouds, thunderstorms and mesoscale cloud systems. It
involves the phase changes of water and its associated release or absorption of latent
heat. Atmospheric moist convection forms an essential part of the global atmospheric
circulation through the large-scale circulations such as the Walker Circulation, Hadley
Circulation, ENSO circulation and the MJO. Atmospheric moist convection plays a
significant role in cloud-radiation feedback and global climate change (Lin et al.|[2014;
Bony et al.[2015). It controls the sensitivity of climate models and explains half the vari-
ance among the IPCC models (Sanderson et al.2010; Sherwood et al.|2014} |Zhao|[2014).

Convection is initiated by several factors such as high sensible heat flux, steep lapse rate
and high humidity (Couvreux et al.|2012). Convection results from an unstable ver-
tical distribution of thermodynamic energy. Heated surfaces by solar radiation leaves
excess moist energy in the atmosphere which is eventually loss by radiative processes
in the free atmosphere (Lafore et al|2017). Global circulations such as the Hadley
and Walker circulations have not been sufficient in accounting for atmospheric energy
and momentum budgets and this imbalance has largely been explained by convection
(Riehl and Malkus|[1958). Convective systems usually initiate in the windward side of
mountains, consistent with thermal forcing from elevated heat sources (Hagen et al.
2011; Flaounas et al.|[2012a} [Berthou et al. 2019)). The organisation and propagation
of convective systems is associated with low to mid-tropospheric shear (Rotunno et al.
1988} |Laing et al.|2008; [Weisman and Rotunno|2004; Alfaro and Khairoutdinov|[2015}
Alfaro|2017; Bickle et al.||[2021]).

Forecasting convection over West Africa is one of the greatest forecasting challenges.
Convection is a sub-grid scale process and therefore not explicitly resolved by Global
NWP models. Even convection-permitting NWP models struggle to represent convec-
tion. A better understanding of convective processes is required to better parameterise

convection and to evaluate their representation in high resolution models.
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2.2.1 Development of convection

The process of convection can be described by the parcel theory which assumes an
adiabatic ascent and neglects the pressure gradient force (Manzato and Morgan Jr
2003). The process can be illustrated using Figure A parcel warmer than it’s
environment will be positively buoyant. The parcel therefore rises following the dry
adiabat line as seen on the skew-T while conserving its mixing ratio. The parcel however
expands and cools as it rises till the point where the temperature of the parcel becomes
equal to it’s dew point temperature. This level is known as the lifting condensation level
Ziei- The parcel becomes saturated at this point and begins to follow the saturated
adiabatic lapse rate. Condensation begins at this point, warming the parcel by the
release of latent heat. The parcel becomes more buoyant at this stage and rises beyond
the level of free convection (Z;s.) where it becomes warmer than the environmental
temperature. The buoyant parcel continues to rise at this stage until it reaches the
equilibrium level (Zpy,,) where its temperature becomes equal to the environmental
temperature and becomes neutrally buoyant. The upward acceleration of the buoyant
parcel as it rises from the Zjt. to the Zps,, is provided by the convective available
potential energy (CAPE). Which according to |Lafore et al.| (2017)) is given by:

ZPtop g (Tv _ Tvo)

CAPE =
T’UO

dz (2.1)

Zife
Where T, is the virtual temperature of the parcel and T, is the virtual temperature
of the environment. ¢ is the acceleration due to gravity. The virtual temperature is
the temperature at which a dry air would have the same pressure and density as the
moist air parcel (Mcllveen/[1991). The CAPE is converted to kinetic energy providing

the maximum vertical velocity for convective updrafts (wyqz) given as:

I %\/CAPE (2.2)

In reality, the wyq, is minimised through entrainment of environmental air (non adia-
batic ascent) by a few tens of metres per second for MCSs in West Africa (Lafore et al.
2017). Takahashi and Luo| (2012]) showed that, the height of storms in reality (the level
of maximum mass outflow in Figure occurs at about 3 km lower than their theoret-
ical levels of neutral buoyancies (LNBs) estimated by the adiabatic ascent. The height
of real life storms is therefore dependent on the amount and type of environmental
air entrained. Studies on the LNB following Takahashi and Luo| (2012) over different
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Figure 2.5: A Skew-T illustrating the parcel theory from [Lafore et al| (2017). The
solid green line is the environmental dew point temperature, the solid black line is the
environmental air temperature and the dashed blue line is the the path of a saturated
air parcel.

regions (such as the Warm pool, Amazon, Africa and other tropical regions) and using

different observations and methods, have confirmed the findings of [Takahashi and Luo|
(2012) (Takahashi and Luo/[2012; [Takahashi et al.|2017; Wang et al.|[2020; [Mullendore|
et al|[2013). The difference between LNB and the level of maximum mass outflow has
since been used as a proxy for entrainment (Takahashi et al[2017; [Wang et al.|2020).

Above the (Zptop), the parcel continues to move momentarily before finally coming to
halt creating an overshooting top. There is usually an energy barrier to overcome in
order to lift an air parcel from the surface to the (Z;s.). This is known as the convective
inhibition (CIN). The CIN is basically the integral of buoyancy from the surface (Zj, )
to the (Z.):

Zige (T, — T,
CIN = / gMdz (2.3)
Zinf TUO

Sufficient CAPE generally exist over West Africa during the monsoon period but the
exact location of convection normally depends on where the CIN is overcome
. CIN increases from south to north in West Africa with maximum values of
~200 Jkg~! in the Sahel (Lafore et al.[2017). The high CIN over the Sahel means that,

external factors are required to trigger convection, which include orographic forcing,
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Deep
Convective

LNB_maxMass

LNB_CBH

Figure 2.6: CloudSat radar reflectivity profile of tropical deep convective cloud of 24
February, 2007 (unit: dBZ) (Takahashi and Luo|2012). The LNB_.CTH is the LNB
defined by the anvil cloud top height. The LNB_maxMass is the LNB defined by the
maximum mass outflow form the storm. The LNB_CBH is the LNB defined by the
anvil cloud base height.

coastal circulations, surface-atmospheric coupling, synoptic forcing and convergence

lines, gravity waves and large scale convergence.

For most applications, instead of temperature ('), potential temperature () is useful in
describing the state of the system. Potential temperature is defined as the temperature

a dry parcel will have when it is brought adiabatically to the surface:

0=T(—)C (2.4)
where R is the gas constant for dry air (287.15 J kg7 'K ™!), C,, is the heat capacity at
constant pressure (1005 J kg7'K~!), and P, is the reference pressure at 1000 hPa. Ver-

tical perturbations within the atmosphere is driven by buoyancy perturbations (— g%).
Applying the ideal gas law (p = pRT') and substituting equation we obtain:

p/
=g—~ —g— 2.
b 9 95 (2.5)

In the case of a moist parcel, equivalent potential temperature (6.) or liquid water
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potential temperature (6;) may be used. These are defined respectively as follows:

Qv Ly
0. ~0 2.
ern( 220 (26)
—quLy
0, ~ 0 2.7
! exp( odT ) (2.7)

where L, is the latent heat of vapourisation while ¢; and ¢, are the mixing ratios of liquid
water and vapour respectively. 6; (also known as the evapouration temperature) reduces

to 6 in the absence of a condensate. Similarly, 8, is the condensation temperature.

2.2.2 Organisation of convection

Convective organisation refers to the clustering together of convective cells in space
usually surrounded by relatively drier regions (Moncrieff and Waliser|2015). A convec-
tive cell refers to an updraft region that extends vertically through the troposphere.
There are three types of organised convective storms. These include a single-cell storm,

a multicell storm and a supercell storm.

A single cell storm consists of a growing cumulus which can develop into a cumu-
lonimbus cloud with updraughts that results in an anvil cloud at upper levels and
downdraughts that dominates it’s mid-levels with associated precipitation (Weisman
and Klemp) |1986). Single-cell storms are usually short-lived storms found in environ-
ments of weak vertical wind shear (Richardson et al.|2007; Lafore et al. 2017). These
single cell storms are commonly found in regions south of the AEJ core (Lafore et al.
2017).

A multicell storm involves a group of single cell storms that propagates together as
one system. Multicell storms are usually characterised by environments of moderate
to strong vertical wind shear (Weisman and Klemp,[1982; |Markowski 2007; Richardson
et al.[2007)). Downdraughts from a mature single cell usually initiates a new cell which
also grows to sustain the system (Birch et al.|2014; Rotunno et al./1988)). This self
sustaining mechanism contributes to form a long-lived system and is usually associated
with a severe weather (Houze Jr et al.|1990). The propagation of a multi-cell storm is

believed to be a combination of the mean environmental wind speed of the convective
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layer and the speed of the rate of triggering of the new cells which may depend on the
speed of the cold pool outflow from the storm and environmental wind shear (Newton!
and Rodebush Newton|[1959; Corfidi et al.|1996; LeMone et al.|[1998; Lafore et al.[2017)).

A supercell storm involves a single quasi-steady rotating updraught formed in envi-
ronments of strong vertical wind shear that rotates at lower levels. Supercells are

not common in West Africa but may occur in mountainous regions or on the flank of

squall-lines where rotation of vertical wind shear may occur (Lafore et al.2017)).

2.2.3 Mesoscale Convective Systems

An MCS is a large area of deep cloud with a spatial scale > 2,000 km? which encom-

passes a number of convective systems (Houze Jr|2004}; [Yang et al.|[2017). Studies of

long-lived MCSs in convection permitting climate simulations by [Yang et al.| (2017)

over the central United States showed life times of longest lived storms between 10-24

hours. However MCSs over West Africa may live longer as they can get coupled with

the AEWs (Maranan et al.2018). Many studies have provided a comprehensive detail
of MCSs (e.g. [Fritsch and Forbes |2001; Houze Jr/2004). A typical MCS usually has a
large anvil stratiform cloud top with ice usually identified using a threshold of about
235 K (Fiolleau and Roca/2013). A well developed MCS produces both convective and
stratiform rains (Cheng and Houze Jr/|[1979; Chong and Hauser||1989; Rutledge and)

1987)), resulting in extended period of precipitation and sometimes leads to
flooding (e.g. Rasmussen et al.[2015). Although an MCS is associated with an intense

convection, the stratiform precipitation accounts for 73 % of the rain area and con-
tributes to about 40 % of tropical rainfall (Schumacher and Houze Jr/[2003). An MCS

activity usually initiates in the afternoon and can last for about 4 - 6 hours. However,

over the ocean, MCS activities initiate in early mornings and last for about 5 - 7 hours
(Huang et al.2018; Ricciardulli and Sardeshmukh 2002)). Over West Africa, MCSs
contributes to about 90 % of the rainfall in the Sahel but about 56 % in the coastal
zone (Mathon et al.|2002b; [Maranan et al|2018).

As shown in Figure the convective cells of an MCS are embedded within the strati-
form cloud. The individual convective cells are usually deep convective cells which may
be arranged in a line (commonly known as a squall line). Regions of strong updrafts

and downdrafts are contained in the convective cells. The stratiform cloud around
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the convective cells extend between 100-200 km and are located mainly from the mid
troposphere to the tropopause. It contains detrained ice particles from the convective
systems (Houze Jr| 1989} |2004, 2018]). A mesoscale updraft exist in the upper tropo-
sphere within the stratiform region with a corresponding mesoscale subsidence in the
lower troposphere (Houze Jr||1989; [Lafore et al. 2017)). Heavy showers of rain are as-
sociated with the downdraft regions of the convective cells while the deep stratiform

clouds are associated with lighter precipitation (Houze Jr|2018]).

Squall lines

Squall lines are the most dominant type of MCS in West Africa. The environmental
conditions required for the initiation of West African Squall lines includes the pres-
ence of low-level moisture supply, mid-level dry air and vertical wind shear (Rowell
and Milford |1993). West African Squall lines consist of a convective region which is
characterised by a curved line of powerful cumulonimbus with a length scale of several
hundreds to a thousand kilometres. Infrared satellite images indicates that the over-
shooting tops from the convective region extends into the lower stratosphere (Lafore
et al.|2017)). A low pressure develops at the mid levels due to the latent heat released by
the convective cells which supports the formation of intense precipitation that feeds the
convective downdrafts (Figure (Gray et al. 1998} |Lafore et al.|[2017; |Schumacher
and Rasmussen|2020)). The presence of this mid-level low pressure creates a horizontal
pressure gradient within the system that supports the formation of a rear inflow which
brings drier air into the storm (Houze Jr/2004). The rear inflow also strengthens the
AEJ behind the squall line. Diabatic cooling resulting form the drier air intrusion forces
the mesoscale subsidence and a subsequent cold pool outflow which supports the ini-

tiation of new cells in the presence of a strong vertical wind shear (Rotunno et al.|1988)).

The cold pool spread out as density currents upon reaching the surface (Simpson||1969;
Charba/|1974). The spreading out of the cold pools displaces warmer environmental
air. As the environmental air is less dense, it is lifted and results in the formation
of new cells (Goff |1976; |Warner et al.||[1980). Cold pools are associated with gusty
winds that influence latent and sensible heat fluxes and hence alter the thermodynamic
profiles of the boundary layer (Tompkins [2001; Langhans and Romps|2015). |Provod
et al. (2016) showed that cold pools from West African squall lines results in pressure

increases of 0 to 8 hPa, temperature decreases of 2° to 14° and wind gust of 3 to 2 m s .
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Figure 2.7: Conceptual model of a squall line MCS adapted from |Houze Jr| (]1989D.

Studies have shown that cold pools play a role in the maintenance of long lived squall

lines, storm organisation and the cell development (Rotunno et al.|1988; Weisman and|
Rotunno|[2004}; Khairoutdinov and Randall |2006} Jeevanjee and Romps|[2013)). Drager;

and Van den Heever| (2017) investigated the characteristics of cold pool composites and

found that, in environments where the ground had been soaked by rain from a previous
storm, cold pool dissipation is delayed due to the low surface temperatures in these

regions.

2.2.4 Effect of vertical wind shear on MCS in West Africa

Studies have shown that the intensity of an MCS is driven mainly by low-level hu-

midity, drier mid-levels and a stronger low-level shear (Richardson|1999; Weisman and|
Rotunno| 2004} Parker et al.|[2016; Taylor et al. 2017, 2018 Klein et al/2020). Among

these, shear and low level humidity have been identified in recent studies as the domi-

nant factors in determining MCS frequency, rainfall and outgoing longwave radiation.
(Taylor et al. 2017, 2018} Klein et al.2020; Fitzpatrick et al.2020a)). The contribution

of each factor and the exact mechanism through which these factors may influence

storm intensity have not been completely understood. Earlier studies have proposed

the mechanism through which shear might impact storm intensity. [Rotunno et al]
(1988)) described the role played by vertical wind shear on the lifetime and self organ-

isation of storms. According to [Rotunno et al| (1988), an intense MCS results when

the horizontal vorticity generated by the cold pools from an MCS is balanced by the
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Figure 2.8: Conceptual model of a West African squall line MCS as shown in
. a) a fast-moving squall line in 3D, showing the airflow circulation, the
cold pool outflow forming the density current (DC)(blue shading) and hydrometeor
trajectories. b) A conceptual model of squall line in 2D (from Lafore and Moncrieff|
(1989)). c) a box representation of b).
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vorticity generated by the environmental low-level wind shear. [Bryan et al| (2006)
assessed the relevance of the Rotunno et al. (1988]) theory to squall line characteristics
using output from four numerical models. The results confirmed that the structure of a

squall line is governed by the intensity of the cold pool and low-level vertical wind shear.

Alfaro and Khairoutdinov| (2015) investigated the role of environmental thermodynam-
ics on storm structure and intensity by focusing on the vertical distribution of CAPE
and level of free convection (LFC). They highlighted the relevance of latent heating in
determining storm intensity and explained that low-level wind shear intensified storms
by increasing the inflow of latent unstable air which results in the increase in latent
heating within storms. |Alfaro (2017) developed the Layer Lifting Model of Convection
(LLMC) which places importance on the thermodynamic role of wind shear on moist
convection (Figure by introducing a thermodynamic role to the Rotunno et al.
(1988) theory. The LLMC describes how low-level shear modulates the inflow of con-
vectively unstable air and water vapour. He found that stronger low-level shear leads
to a larger inflow of large convectively unstable air into storms hence increasing their

intensity through an increased latent heating within the storm.

Bickle et al. (2021) performed idealised simulations of Sahelian squall lines with the
aim of isolating the thermodynamic effects from the dynamic (shear) effects. They
found that, the LLMC works well for variations in vertical wind shear, but it was hard
to capture effects of thermodynamic changes from this simple framework alone (Bickle
et al. 2021, 2022). A study with a high resolution convection-permitting climate model
for Africa (CP4-A) showed no correlation between present day vertical wind shear and
precipitation rates although it showed a relationship between vertical wind shear and
outgoing longwave radiation (a proxy for cloud top temperatures) (Fitzpatrick et al.
2020a; |Senior et al|2021)). This result means that vertical wind shear could result in a
higher cloud top but not necessarily higher rain-rates. The study by |[Fitzpatrick et al.
(2020a) further revealed that future extreme rain-rates over the West African Sahel
scaled predominantly with low-level moisture. However studies conducted using ob-
servations over West Africa not only showed a correlation between vertical wind shear
and rainfall but also emphasised the effect on vertical wind shear on the frequency and
intensity of storms (Taylor et al.|2017) 2018; [Klein et al.|2020; |Senior et al.|[2021)).
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Figure 2.9: A schematic illustrating (2017) LLMC. The model illustrates how the
cold pool from an MCS lifts convectively unstable air (left) in the presence of vertical
wind shear. The skew T'— Inp plot on the right illustrates the pseudoadiabatic ascent of
parcels from different levels. In the middle, the system relative inflow of environmental
air for large vertical wind shear versus low vertical wind shear is illustrated. Large
vertical wind shear leads to a larger inflow of convectively unstable air into storms .

27



Chapter 2: Background

Taylor et al.|(2017) used 35-year brightness temperature data from satellites to study
trends in Sahelian storms. They found an increase in the frequency of extreme MCSs in
recent years which correlated with an increase in low-level shear without a correspond-
ing increase in trends in low-level relative humidity. They concluded that the increase
in extreme storms in recent years was due to the increase in low-level shear. Similar
work over the Congo basin showed a remarkable increase in intense MCS frequency in
early spring due to an increased meridional temperature gradient and low-level wind
shear (Taylor et al.|2018]). [Klein et al. (2020) repeated this study over SWA by com-
bining 34 years cloud top temperatures with rainfall and reanalysis data. It was found
that both low-level shear and humidity were important for MCS intensification. They
went ahead to compare the sensitivity of MCS intensity and peak rainfall to pre-storm
low-level moisture and wind shear. Low-level wind shear played a dominant role in
SWA March-May storms but switched to low-level moisture from June - November (as
the band of intense convection shifts northwards after June). However, the regions with
the band of strongest convection remained dominated by the role of vertical wind shear.
These regions were dominated by the presence of the AEJ which migrates northwards
(towards the Sahel) at the start of June explaining why the dominance of vertical wind

shear is weakened after June in SWA.

A recent work by Mulholland et al.| (2021) using an idealised model suggested that verti-
cal wind shear increases the updraft strength of squall lines by minimising entrainment-
driven dilution. Simulations with strong vertical wind shear resulted in wider updrafts,
less entrainment driven dilution and larger buoyancy than simulations with lower ver-
tical wind shear. This seem to support an earlier speculation by (Peters et al. [2019)
from their work on the role of vertical wind shear on the updraft strength of supercells.
Peters et al. (2019) hypothesised that, vertical wind shear increases the low-level inflow
into supercells and results in wider and faster updrafts. They found that, entrainment
dilution of the updraft cores weakens the updraft intensity of the supercells. They also
demonstrated that, strongly sheared environments makes supercell updrafts wider than
updrafts in environments of weaker shear. A follow up on Peters et al.| (2019) has also
confirmed that, larger vertical winds shear results in larger updraft sizes |Peters et al.
(2021).

The number and severity of extreme weather events over the Sahel is projected to in-
crease under global warming (Fitzpatrick et al|2020b) due the intensification of the

meridional temperature gradient between the Sahara and the Gulf of Guinea. The in-

28



Characterising Mesoscale Convective Systems and Evaluating Precipitation Forecasts

tensification of the meridional temperature gradient is expected to result in the increase
in low-level shear over the region. It is important that climate models are able to sim-
ulate this effect for a more accurate future projection. However the inability of CP4-A
to represent the shear - rainfall relationship stated above (Fitzpatrick et al.|2020a; |Se-
nior et al.[2021)) have cast doubts on our minds about these projections. Does CP4-A
represent these processes accurately? Observations are therefore needed to provide a

better understanding of atmospheric processes in order to constrain climate models.

2.3 Convection-Permitting models

Convection-permitting (CP) models have improved tropical rainfall forecasting by pro-
viding a more realistic representation of the diurnal cycle of convection as compared to
parametrised models (Marsham et al.||2013; |Clark et al.[2016; Woodhams et al./[2018).
The diurnal cycle of convection in CP models is more realistic because the sub-grid scale
processes relevant for an accurate simulation of convective initiation and lifecycle are
explicitly modelled. The relevant sub-grid scale processes include surface characteristics
such as orography, vegetation and soil moisture which vary significantly on scales less
than 1 km (Taylor et al.|2011)). Rapidly evolving boundary layer features, atmospheric
stability and associated cloud developments also occur within these scales and may be
resolved in CP models (Weckwerth and Parsons 2006; Morcrette et al. 2007). As a
result, the organisation and propagation of convection as well as the representation of
process interaction is better captured in convection permitting models (Weisman et al.
2008; 'White et al.|[2018; |Fitzpatrick et al.|[2020al). Global models (resolutions of the
order of 10 km or more) parameterize convection and as a result produce too much
widespread light rain and struggle to capture rainfall of high intensity (Stephens et al.
2010; |Cafaro et al|]2021)). Global models also struggle to correctly represent the cou-
pling between AEW dynamics and convection (Bain et al.2014). CP models on the
other hand produce more realistic precipitation fields (Marsham et al.[2013)). [Stein et al.
(2015) evaluated storm structures in a 1.5 km by 100 m MetUM and found that the
physical representation of convective storms compares better with radar observations
and retrievals such as updraft strength, size and rainfall intensity. Over West Africa,
CP models provides a better representation of not only the diurnal cycles but also the
lifetimes and direction of storm propagation (Crook et al.[2019)). Convection-permitting
models are therefore being explored for climate projections (Fitzpatrick et al. |2020a;
Senior et al.|2021)).
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Convection-permitting models still struggle to represent sub-grid scale processes and
their interactions, because tropical storms are still not fully resolved even in CP models
of grid lengths of the order 1 km (Petch et al.2002; Bryan et al.[[2003)). Studies with
the high resolution convective-permitting climate model for Africa (CP4-A) shows that
CP4-A struggles to represent the relationship between vertical wind shear and precip-
itation rates of individual storms (Fitzpatrick et al.2020a; Senior et al. [2021). The
rainfall produced by CP4-A models are also mostly more intense compared to obser-
vations (Lean et al.|2008; Kendon et al. 2012; Marsham et al. 2013). The sources
of error in CP models may include, larger horizontal grid spacing than most convec-
tive updrafts, longer spin up times in high resolution simulations and errors in initial
conditions and boundary conditions of the driving model (Lean et al. 2008} |Guichard
et al.|2010; Birch et al. 2013 Luo and Chen|[2015; (Clark et al|2016). The accuracy
of model initial conditions are of much concern in most parts of the tropics because
data is sparcely distributed in most of these regions. There is inadequate upper air
observations in most parts of the tropics. Errors in initial conditions therefore grow

and influence larger scales.

The Met Office convection-permitting modelling for Africa

Convection-permitting versions of the MetUM are run over the United Kingdom and
some tropical regions (Tang et al.|2013) including Southern Africa, Eastern Africa and
West Africa. A 4-km tropical Africa Model is run over Africa with its output data made
available since September 2020. The data covers the latitudes 11°S to 22°N degrees
and longitudes 19°W to 53°E. The output is freely accessible to the African operational
meteorological centres in real time as part of the Met Office’s contribution to the World
Meteorological Organisation (WMO) Voluntary Cooperation Programme (VCP) (Han-
ley et al.|2021)). Little work has been done on the evaluation of these products to date

and there is no evaluation or understanding of forecast skill over West Africa.

Some validation have been done on different versions of the Met Office CP models over
East Africa and the domain in Southern Africa. (Chamberlain et al. (2014) evaluated
the performance of the East Africa model and found a higher skill in predicting the
timing of the storms as compared to the global model. |Woodhams et al. (2018) as-
sessed the added value of the CP model for forecasting extreme rainfall over tropical
East Africa. The CP model showed greater skill than the global model. An increased
hit rate of up to 20% was obtained over Lake Victoria. Hanley et al|(2021]) evaluated

the prediction of convective storms over Lake Victoria by comparing the Met Office CP
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model configurations. They compared a Met Office CP model tuned for the tropical
regions to that based on the UK model configuration. They found that, the tropi-
cal configuration compared better with satellite-derived rain-rates although the two
configurations generally produced too much rain and too many small storms. When
evaluated for different seasons, a delayed onset was observed over Lake Victoria in the
tropical configuration. They hinted that, the precipitation field continues to spin up
during the first 12 - 24 hr of the simulations and affects the accuracy of the outputs
within this period. It is therefore suggested that using an ensemble approach could
lead to a more skilful forecast (Woodhams et al.[2018). |Cafaro et al. (2021) examined
the CP ensemble forecasts produced by the UK Met Office over tropical East Africa
using 24 cases from April-May 2019. The CP ensemble was generally more skilful in
forecasting heavy rainfall than the CP deterministic forecast. CP ensembles remained
skilful at scales greater than 100 km and were significantly better than the Global en-
semble. The skill however decreases with lead time and varies diurnally. Keat et al.
(2019)) evaluated the the initiation of convective storms over South Africa during the
summer months using the MetUM simulations at 1.5 km horizontal grid length. The
maximum number of storm initiations occurred earlier in the model (at least 2 hours) as
compared to the observations although the diurnal cycle was well captured. Contrary
to previous CP studies in other regions, the modelled storms were generally less intense
compared to the observations. However, the simulated storms exhibit similar intensity

as the observed during the month of February where tropical influences dominate.

2.4 Summary

Since AMMA 2006 many studies have been performed over West Africa focusing on
understanding the WAM and it’s associated MCSs. However most of these studies have
focused on the Sahel and in the JJA season. Relatively fewer studies have focused on
SWA, the coast and other sub-regions of West Africa. Given the significant spatial
variability of the climate of the regions and the uniqueness of the storms that dominate
each sub-region in different seasons, a detailed investigation of the (thermo-)dynamic
environment of MCSs in the various sub-regions and for all seasons is very important

not just for forecasters but also for model developers.

The intensity of an MCS is affected among others by low level humidity, mid-level dry-
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ness, availability of CAPE and vertical wind shear. Among these, studies such as|Klein
et al.| (2020) have shown that vertical wind shear plays a dominant role in the intensi-
fication of an MCS. Studies by [Rotunno et al.| (1988)), Alfaro (2017)), Mulholland et al.
(2021)) and several others have used idealised models to propose the role of vertical wind
shear in MCSs intensification. However, the exact mechanism through which vertical
wind shear affects MCS intensity hasn’t been thoroughly understood. It is therefore

important to investigate the role of vertical wind shear in the intensification of an MCS.

MCSs are however poorly represented in NWP models as most models parameterise
convection. With the availability of high resolution models comes the need to evaluate
the representation of explicit convection in the models. An earlier version of the Met
Office 4.4 km Tropical Africa model has been evaluated over East Africa (Woodhams
et al. [2018). However, no detailed evaluation has been performed over West Africa
since the model got operationalised in 2019. The Met Office Tropical Africa model is
to be evaluated over West Africa in this study. This is to include the representation of

precipitation and the the effects of vertical wind shear in the models.
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Method and datasets

3.1 Study area and MCS dataset

To understand the unique (thermo-) dynamic environments associated with MCSs in
different parts of West Africa, the study area is demarcated into 6 sub-regions: Sahel,
SWA, Coast, the North Atlantic (N. Atlantic), the Gulf and the Congo area where most
MCSs are initiated (Figure . The demarcation of the region is useful to understand
the dynamics of the different types of storm that dominates each sub-region as the

climate of the region varies spatially from south to north (Nicholson|2018|).

A 10-year MCSs dataset (1998-2007) from the data made available by Huang et al.
(2018)) was used for the development of the climatological characteristics of MCS fea-
tures over West Africa. The MCSs were tracked from Cloud Archive User Service
(CLAUS) brightness temperatures using a tracking algorithm that combines Kalman
filter with the area overlapping method enabling small and fast moving MCSs to be
tracked more effectively. The CLAUS brightness temperature data used is at 3 hourly
intervals and at a 30 km resolution. In tracking the MCSs, an area threshold of 5000 km?
and a brightness temperature threshold of 233 K were used. The brightness temperature
threshold of 233 K was consistent with|Goyens et al.| (2012) who suggested the adoption
of a 233 K as the best indicator for tropical convection after an assessment of other
thresholds. A long-term (1985-2008) tropical MCS dataset has been generated using
this algorithm and made available at https://doi.pangaea.de/10.1594/PANGAEA.877914.
The various parameters defined in the data include a storm ID, lifetime, latitudes and
longitudes of the geometric centre of the tracked storm, latitudes and longitudes of the
weighted centre of the tracked storm, the storm size, eccentricity, the average bright-

ness temperature, the minimum brightness temperature, the time of the occurrence of
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Figure 3.1: The study area and the various sub-regions: Gulf, N. Atlantic, Congo area,
Sahel, SWA and Coast. Contours of orography (elevations greater than 400 m above
sea level) are overlaid.
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the storm, the storm speed and direction. Statistics performed on the tracked MCS
dataset confirmed the robustness of the dataset and effectiveness of the tracking al-
gorithm. The frequency of MCS occurrence corresponded with TRMM and GPCP
rainfall distribution (Huang et al.|2018]). The Huang et al.|(2018) data being 3-hourly
however means that, short lived storms (including storms with 4-5 h duration) can eas-
ily be missed. Such storms are more frequent over the Congo area and southern West
Africa but might not be frequent over the Sahel where storms are mostly long-lived.
However, given that, the number density of the storms used in this study is dominated
by short-lived storms, the composites of short-lived storms used is still expected to be

representative of the characteristics of short-lived storms.

A distribution of the MCSs by speed and lifetime (as proposed in Tomasini et al.| (2006]))
for the year 2007 is shown in Figure [3.2h. For the purpose of addressing the second
research question, a re-classification of the storms by a selection of extremes of the
lifetimes and speeds were made (Figure [3.2p). This resulted in:

1. Short-lived slow moving (SL_slow) - lifetimes <20 hr; speeds <10 km h~!

2. Long-lived moderate speed (LL_moderate) - lifetimes >40 hr; speeds >25 km h~!
and <50 km h™!

3. Short-lived moderate speed (SL_moderate) - lifetimes <10 hr; speeds >25 km h~!
and <50 km h~!

4. Short-lived fast moving (SL_fast) storms - lifetimes <20 hr; speeds >60 km h~!

Composites of above mentioned storm categories were analysed to assess the unique
(thermo-) dynamics environments associated with these storm types for each of the
sub-regions of West Africa (Figure . As many studies have already been done on
storm initiations (e.g. Lafore et al.2017)), mature storms were selected for this study.
Mature storms were defined as the point in the lifetime of an MCS where its brightness
temperature was coldest. The features analysed include, the MCS lifetime, propagation

speed, brightness temperature, diurnal cycle and inter-seasonal variability.

TRMM 3B42 precipitation and ERA-Interim datasets
The TRMM 3B42 version 7 precipitation product is used as the main satellite obser-
vational data in this study. The TRMM 3B42 estimates precipitation at 0.25° x 0.25°

spatial resolution and at a 3 hourly interval. This products combines inputs from mi-
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Figure 3.2: Distribution of MCSs for the year 2007 based on lifetime and speed as
proposed in [Tomasini et al.| (2006): (a) whole distribution, (b) re-classification.

crowave and infrared sensors on board a variety of low Earth orbit satellites (Huffman
et al. [2007; |Chen et al. |[2013). The data is available from 1998 - 2014. It is worth
noting that the 3-hourly rain-rates estimated from TRMM do not exactly occur at the
said hour. For instance, rain-rate at 06 UTC is the instantaneous rain-rate for the
04:30-07:30 UTC period. Studies with TRMM 3B42 have shown an improved repre-
sentation of rainfall distribution (Michot et al.|2018; |Zulkafli et al.|2014) as compared
to the previous versions. However, an evaluation by (Chen et al.| (2013) suggests that,
TRMM 3B42 may overestimate rainfall over the oceans and under estimate over lands
although it is still generally more accurate over the oceans than over land (Chen et al.
2013; Ebert et al.|2007; Kubota et al.[2009).

Dinku et al.| (2010) found that TRMM 3B42 underestimates rainfall over the Ethiopian
highlands and other regions of complex terrain. Studies over West Africa have also
shown a good agreement with gauge data (Nicholson et al.|[2003; |Dembélé and Zwart
2016). Dembélé and Zwart| (2016|) found a high correlation between TRMM 3B42 and

gauge rainfall events in Burkina Faso but low correlation for rainfall amounts.

ERA-Interim reanalysis data is used for the investigation of the (thermo-) dynamic
environments of the MCSs studied. It consist of a large range of 3-hourly surface
parameters and 6-hourly upper air parameters available from 1989 - 2018 (Dee et al.
2011)). The spatial resolution of the datasets is 0.7° x 0.7°. A detailed description of
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the ERA-Interim product archive is provided by Berrisford et al.| (2009)).

In this study we use ERA-Interim upper air data and TRMM 3B42 version 7 for the
period 1998-2007. The thermodynamic environments of each MCS were selected from
ERA-Interim at the time of occurrence of the mature storm. As the temporal resolution
of ERA-Interim was 6 hourly, only storms occurring at times coinciding with the ERA-
Interim times were selected for the final analysis. Vertical wind shear was calculated
by computing the vector difference between the wind at 925 hPa and 600 hPa which

corresponds to the low-level south westerlies and the mid-level AEJ respectively.

It is recognised that there are likely some systematic biases in the ERA-Interim data set
over Africa. Rainfall biases are more readily discussed in the literature (e.g. Gleixner,
et al. 2020) but information on wind biases, especially upper winds, have little infor-
mation on reliability, probably due to a lack of upper level soundings over West Africa
to compare to. It is with this in mind that we caveat our studies, understanding that
there is uncertainty in the magnitude of the wind shear, and large scale comparisons

or relative differences are used where possible.

3.2 Met Office Tropical Africa Model evaluation

3.2.1 The Met Office Tropical Africa Model

The TAM is run at 06Z and 187 daily, out to 54 hours. It uses a 0.04 degree grid
(~ 4.4 km), spanning 1850 x 900 grid-points. It covers the domain: 20°W to 54°E
and 13°S to 23°N. It has 80 vertical levels with a model lid at 38.5 km. Timestep used
is 120 seconds. It uses the Arakawa C horizontal grid, with Charney-Phillips vertical
staggering. The JULES land surface scheme is used. SST’s are prescribed using the
OSTTIA analysis, and soil moisture is initialised from the global model. The lateral
boundary conditions from the Global model is used to force the model every 3 hourly.
The edges are smoothed to remove discontinuities. The model does not have data
assimilation but uses a ’cold start’ approach to initialisation where the analysis is a
downscaled version of the T+6h global model. This has the disadvantage that there
are few convective structures in the analysis but the advantage is that there is data

assimilation in the global model.

The TAM has been ran in a non-operational real time mode from March 2019 and
became operational in March 2020 as a replacement to the East Africa CP model
(Woodhams et al.[2018} Hanley et al|2021). It has however been been upgraded from
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the first Met Office Unified Model-JULES Regional Atmosphere and Land version 1.0
Tropical (RAL1-T) configuration (Bush et al.|2020) to RAL2-T since December 2020.
Convection is treated explicitly in this configuration with one-way nesting inside the
Global model (Hanley et al.[|2021). In this study, TAM data for the period December
2019 - November 2020 was used.

3.2.2 The Met Office Global Model

The Global model (and the TAM) uses the Even Newer Dynamics for General atmo-
spheric modelling of the environment (ENDGame) as it’s dynamical core (Wood et al.
2014). The horizontal resolution of the Global model is 17 x 25 km over Africa. It
is initialised every 0000, 0600, 1200 and 1800 UTC. For an easy comparison with the
TAM only the 0000 and the 1200 UTC initialisations were used. The mass-flux scheme
by |Gregory and Rowntree (1990)) was used for the parametrisation of convection in the
Global model.

The Met Office Unified Model solves non-hydrostatic, deep-atmosphere dynamics using
a semi-implicit, semi-Lagrangian scheme which allows stable integrations over long
timesteps (Wood et al|2014)). The Global model has used the Global Atmosphere
version 6.1 (GA6.1) configuration (Walters et al. 2017) but has recently moved to
GA7.0/7.1 (Walters et al.|[2019).

3.2.3 GPM IMERG products

The Integrated Multi-satellitE Retrievals for GPM (IMERG) Final Precipitation ver-
sion 6 (V06) level 3 product was used to validate the models as in situ observations are
sparse over the region (Hou et al.|2014; Huffman et al.|2015, 2017; Prakash et al.[[2018).
It has a 0.1 x 0.1° and 30 minutes spatial and temporal resolutions respectively. How-
ever only the times that marched the model outputs were used in this work. The data
resulted from the inter-calibration, merging and interpolation of a network of satellite
precipitation estimates from the GPM and TRMM eras and monthly gauge analysis
(Huffman et al.|[2015)).

GPM outperforms it’s predecessor, the TRMM 3B42 V7 product, in different parts
of the world (Sharifi et al.|2016; Tang et al. |2016; Kim et al.|[2017; Xu et al.|[2017)
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however other studies have revealed that GPM under-performs in dry climates and
high altitudes (Tang et al.2016). Particularly, there are uncertainties with orographic
convection (Kim et al.[2017; Xu et al. 2017; |Sungmin and Kirstetter|[2018). This is a
cause for concern in the mountainous regions of the Congo areas as well as the dry Sahel
regions in the current study. Some studies have also highlighted the underestimation
of high intensity rainfall events (Foelsche et al.|2017; |Wang et al.|2017) which is also

worth noting.

3.2.4 Verification method

The main challenge of tropical forecasting is the difficulty of NWP models to forecast
the exact location and intensity of convection. Global models which parametrise con-
vection result in widespread, weaker rainfall. So they miss the extreme rain-rates and
put weak rainfall where there is no rain causing so much false alarms. To assess the
TAM’s ability to address this problem, the Fractions Skill Score (FSS) is used instead of
the point-to-point verification method: this is because the traditional verification meth-
ods are unsuitable for verifying storm location. The small grids of the TAM means that
the model gets penalised when rainfall is displaced and then for creating a false alarm

(know as the 'double penalty problem’).

The FSS addresses this problem by comparing the fraction of precipitation forecasted
to the observed over several grid boxes known as the neighbourhood size (Roberts and
Lean [2008).

This is done by:
1. Creating fractions matrix for different neighbourhood sizes (n).
2. Drawing an n x n box around each grid point.
3. Counting the the fraction of grid points with rain.
4. Computing the mean square error (MSE) between the model M and observed O.

5. Finally calculating the FSS using the equation:

MSE,

F =1-—
55 MSE(n)ref

(3.1)
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where MSE(,) and MSE,),.; are given respectively as:

N’L‘ NU

1
MSE,) = Z Z[O(n)i,j — M )P (3.2)
Ne Ny i=1 j=1

Nz N’y

1 2 2
MSEwrer = NN, DD [Ofysg + M) (3.3)
i=1 j=1

It is important to note when computing the FSS fractions that, a threshold for precip-
itation need to be set above which a grid box will be considered as having rain or no
rain. This can either be absolute or a percentile. Woodhams et al.| (2018)) and other
similar works show that both the TAM and the Global models are too wet. Moreover,
CP models have excessive rain rates — therefore percentile thresholds is chosen to define
events in the FSS analysis instead of absolute rainfall intensities. Also using percentile

threshold helps to reduce the problem of observation uncertainty.

To do a detailed evaluation of the TAM, the following tasks are performed:

1. Compute FSS for all the sub-regions of study and for all seasons using both daily

and sub-daily rainfall accumulations.

2. Determine the nearest neighbourhood size for which the models have skill for
the various sub-regions in order to ascertain the models’ ability to simulate the

location of convection.

3. Compute the Localised Fractions Skill Score (LFSS) as defined in Woodhams
et al. (2018) for all season over the whole domain in order to determine the

spatial variation in the skill of the models).

4. Compute and compare the skills of the global model and the TAM for varying
rainfall intensities in order to evaluate the performance of the models in capturing

high intensity rainfall events.
5. Compute the FSS for different times of the day for all regions and all seasons.

The above listed tasks were performed for both the TAM and the Global models, using
the GPM rainfall data as observation. By performing these tasks, the models’ ability

to forecast rainfall of different intensities, including the timing, location, and the repre-
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sentation of the diurnal cycle of convection was ascertained. The areas in West Africa
with higher skill and their implication to forecasters as well as model developers were
also identified and discussed, providing a better understanding of processes that are

better represented in the models.

It is acknowledged that there are limitations of the datasets and methods used in the
thesis. These limitations result from many underlying issues, most notably the sparse
observation sampling network which makes it difficult to constrain both model and
observation data sets over Africa. However, the methods and datasets used are well
documented and curated and this means that the findings in this thesis will be more

closely linked to wider literature.
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Chapter 4

The environment, characteristic
lifetime and speed of Mesoscale

Convective Systems in West

Africa

4.1 Introduction

Improving our understanding of the (thermo-)dynamic environment associated with
MCSs is crucial as forecasting MCSs remains a major challenge in this region. This
chapter focuses on improving our understanding of the environments associated with
MCSs in the sub-regions of West Africa and investigates the reasons behind the char-
acteristic lifetime and speed of these storms. Such knowledge will not only benefit
forecasters but also aid to improve the representation of MCSs in NWP models and
improve climate projections as the intense warming of the Sahel under climate change
is expected to increase the frequency of MCSs with colder cloud tops and high rain-
rates through a strong meridional temperature gradient (Taylor et al.[2017). Two main
research questions are addressed in this chapter: (i) What is the typical environment
associated with intense MCSs in the various sub-regions of West Africa? and (ii) What
determines the lifetime and speed of an MCS in West Africa?

Maranan et al. (2018)) investigated the convective environment associated with seven

different types of rain bearing systems in SWA using three-dimensional reflectivity data
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from TRMM-Precipitation Radar. The seven categories of rain bearing systems were
Isolated Shallow Echo (ISE), Moderate Convection (MOD), Strong Convection (STR),
Deep Convective Core (DCC), Wide Convective Core (WCC), Deep and Wide Con-
vective Cores (DWC) and Broad Stratiform Regions (BSR). They found that highly
organised MCSs (mainly the WCC, DWC and the BSR as they were linked to matured
MCSs) normally occurred in strongly sheared environments in the presence of mid-level
northerlies ahead of a cyclonic vortex. MCSs in SWA propagated slowly compared to
those in the Sahel and occur mostly during the first coastal rainy season. Weakly or-
ganised MCSs (mainly the MOD, STR and DCC) contributed to about 90% of the
rainfall systems in SWA. Less organised convection occurred during and after the pas-
sage of a cyclonic vortex. These less organised storms occurred within a regime of deep
westerly anomalies, low wind shear and low to moderate CAPE (known as the mon-
soon or vortex rainfall). Organised convection in SWA typically lasted for more than
9 hours whereas less intense rainfall types were short-lived. Maranan et al. (2018)) also
found that the most intense storms were associated with mid-level wave disturbances

and highlighted the need for further investigation on this.

Over the Sahel however, [Taylor et al.| (2017)) identified changes in surface temperature
gradients and associated changes in wind shear to be important for MCS intensifi-
cation in recent decades. Following the work of |Taylor et al.| (2017) over the Sahel,
Klein et al.| (2020)) identified a relationship between trends in intense MCSs and their
associated atmospheric drivers in SWA. These drivers are vertical wind shear which
resulted from increased meridional temperature gradients, specific humidity and drier
mid-levels. The peak of the monsoon season has been characterised by a strong instabil-
ity in SWA. However, Klein et al.| (2020) also identified a less unstable but moist period
in SWA after June. They speculated that MCSs during this period are more likely to
be influenced by total column water vapour. They compared the sensitivity of MCS
intensity and peak rainfall to low-level moisture and wind shear conditions preceding
events and concluded that wind shear plays a dominant role in the intensification of
MCSs. These studies and other previous works have shown that the environment for
most intense MCSs in SWA and the Sahel but no single study has shown how the storm

environment vary across all sub-regions in West Africa.

To investigate the environments associated with long-lived storms, |Yang et al.| (2017)
simulated a realistic structure and frequency distribution of the lifetime and precip-

itation of MCSs over central United States using the convection-permitting Weather
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Research and Forecasting (WRF') simulations. It was found that, MCSs systematically
form over the central Great Plains ahead of a trough in the westerlies in combination
with an enhanced low-level moist jet from the Gulf of Mexico. Long-lived MCSs occur
closer to an approaching trough than shorter-lived MCSs. They also showed that long-
lived storms exhibit the strongest feedback to the environment through diabatic heating
(in the trailing regions of the MCS). The feedback strengthens the synoptic scale trough
associated with the MCS by producing an anomaly circulation which is characterised
by a divergent perturbation at higher levels over the MCS and a mid-level cyclonic
circulation perturbation near the trough line in association with the trailing portion
of the MCS. By comparing short-, medium- and long-lived MCSs, Yang et al. (2017)
found that it was only the medium-lived MCSs that were associated with stronger
upper-level vertical wind shear. They suggested that there might be an optimal envi-
ronmental shear beyond which shear effects might not be realised. (Coniglio et al.[(2010)
identified the nocturnal low level jet, frontal zone, moisture profile and wind shear as
the key elements that distinguishes the longevity of MCSs in central United States. It
is necessary to investigate the environments of long-lived MCS in West Africa and how

these environments compare with studies in other regions.

The relationship between MCSs and their large-scale environment must be captured
well by weather and climate models to be able to make accurate weather forecasts and
future projections. Investigating the environmental conditions associated with long-
lived storms is the first step in the quest to assess and improve model performance. All
the above mentioned studies have made an attempt to describe the convective environ-
ments associated with intense MCSs but none of them has made a detailed comparison
across the various sub-regions of West Africa. In this chapter, the characteristics of the
various storm types that affect each sub-region and their associated (thermo-)dynamic
environments is studied. The reasons for their characteristic lifetime and speed is also
investigated. Section describes the climatology of the (thermo-)dynamic environ-
ments associated with MCS in the study regions and section [£.3] identifies the reasons
for the characteristic lifetimes and speeds of the MCSs. The results are summarised

and concluded in section [£.4]
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4.2 Climatology of the (thermo-)dynamic conditions
associated with MCSs

4.2.1 Climatology of the number of MCSs and associated near
surface winds

To understand the (thermo-) dynamic environments associated with the MCSs in the
different regions in West Africa, the climatology of the number of MCSs and it’s re-
lationship with orography and the 925 hPa winds is first assessed with the aim of
providing clarity on the relationship between near surface convergence, orography and
number of MCSs that affect each region. A higher number of MCSs occurs in SWA, the
Coast, the Gulf and the Congo area compared to the Sahel. This is because the former
regions experience two storm seasons consistent with the oscillation of the Intertropical
Convergence Zone (ITCZ) while the later experiences only one season (Baidu et al.
2017; |Aryee et al. 2018} Maranan et al.|2018). Most of the MCSs are found in re-
gions with a strong surface (925 hPa) convergence and elevated orography (Figure .
Another prominent feature associated with MCSs is the effect of coastal convergence
(Alestalo and Savijarvi/|1985) on the number density of MCSs which seen mostly at the

coast of Liberia, the Congo area and the eastern coast of Nigeria.

The number of MCSs that affects the different regions of West Africa varies with season.
The relationship with orography and near surface convergence in each region is better
understood when investigated for each season. The number of MCSs that affect West
Africa in each season is shown in Figure The number of MCSs appears to be
associated with the north-south oscillation of the ITCZ. The number of MCSs is higher
over the Gulf of Guinea in December - February (DJF), reaches the coast and SWA
in March - May (MAM), the Sahel in June - August (JJA), and then retreats back in
September - November (SON). The convergence associated with the ITCZ intensifies
and results in more MCSs as it approaches the coastlines of Liberia, the Congo area and
east coast of Nigeria, confirming the effects of the coastal convergence mentioned earlier
(Alestalo and Savijarvi|[1985). These regions are also regions with high orography. As
the near-surface (925 hPa) winds approach the orographic features they are forced to
lift leading to the initiations and strengthening of more MCSs (Houze Jr(|2012; Marwitz
1983; [Wei-Jen Chang)|1982).
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Figure 4.1: Number of MCSs in West Africa (1998-2007). The 925-hPa winds and
contours of orography (elevations greater than 400 m above sea level) are overlaid.
Also shown is the demarcation of the study region into the various sub-regions: Gulf,
North Atlantic, Congo area, Sahel, SWA and Coast.

47



Chapter 4: Environment, characteristic lifetime and speed of MCSs

lat (°)

48

lat (°)

lon (°) lon (°)
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Number of MCSs Number of MCSs

No of MCSs in SON (1998-2007)

No of MCSs in JJA (1998-2007)

NST G MY
15 15
10 s 10
5 - 5
©
0 = 0
-5 -5
oM@ VTR —ofiSeE T TRNe
~353025201516-50 5 1015202530 ~353025201516-50 5 1015202530
lon (°) lon (°)
50 100150200250300350400 50 100150200 250300350400
Number of MCSs Number of MCSs

~ 5m

Figure 4.2: Same as figure but for different seasons.



Characterising Mesoscale Convective Systems and Evaluating Precipitation Forecasts

4.2.2 Characterising the thermodynamic environments of storms in

various sub-regions

The climatology of the thermodynamic environments of storm composites in the dif-
ferent sub-regions of West Africa is examined for parcels lifted at different pressure
levels beginning from the surface (925 hPa) to the upper levels (Figure . Generally
storms over the oceans are associated with lower CAPE and a lower level of neutral
buoyancy (LNB) as compared to MCSs over land. Storms over SWA and the Congo
area are associated with the highest values of CAPE. The Coast and the Sahel follows
respectively. Storms in the Sahel are associated with the highest Convective Inhibition
(CIN) followed by SWA. The mean winds associated with the storms at all pressure
levels are also shown in Figure [£3] Storms over the land are dominated by strong
easterlies from mid to upper levels. Storms over the ocean have weak or no easterlies
at upper levels. The mean rain rates and storm speeds are given on the top left of each
plot. Storms over the oceans and the coast have the highest rain rates but are slow

moving. The Sahel has the lowest rain rate but the fastest storms.
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Figure 4.3: Tephigram of storm composites in the different sub-regions. The mean
speed of the MCSs and their associated rain-rates are printed on the top right of
each plot.

Figure [£.4 summarises the profile of the environments of storm composites when parcels
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Figure 4.4: CAPE, CIN, temperature and pressure at the LNB of parcels lifted from
different levels.

in the environments are lifted from different levels. The amount of CAPE available
decreases sharply for oceanic storms when parcels are lifted from higher levels. Storms
over SWA and the Congo area continue to have significant CAPE until about 800 hPa.
Storms over the Sahel are associated with the highest CIN but this decreases as parcels
are lifted from higher levels. Compared to the Sahel, storms in the remaining regions
are associated with lower CIN values but the amount of CIN in these regions generally
increases as the parcels are lifted from higher levels. In relation to the available amount
of CAPE, storms in the Congo area and SWA have the coldest temperature at the LNB
while the North Atlantic and the Gulf have the warmest temperature at the LNB.
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4.2.3 Characterising pre to post convective environments

Before analysing the detailed dynamical environments of each sub-region in the various
seasons, we investigate the pre to post storm environmental conditions to determine
the features that lead to intense MCSs and when in time they occur. The relation-
ship between divergence, vertical velocity and rain rate two days before and after the
matured storm composites is investigated and the results presented in Figure A
strong surface convergence is associated with oceanic and coastal storms resulting in
strong vertical velocities on the day of the storm and a corresponding upper-level di-
vergence. This results in high rain-rates on the day of the storms as the strong surface
convergence leads to a strong influx of moisture into the storms. Land storms are also
associated with strong surface convergence, corresponding vertical velocities and upper
level divergence, however, the convergence associated with land storms maximises at
around 800 hPa for the Congo area and SWA but about 700 hPa for the Sahel. The
surface convergence associated with the land MCSs is seen to occur at about 6 hours
before the arrival of the storm. This convergence is elevated with time and maximizes
around 800 hPa resulting in strong vertical velocities, a weak upper level convergence
indicating the presence of the storm and an upper level divergence. The figure also
shows the potential of new cells being triggered by an old storm. The surface conver-
gence elevates with time, result in strong vertical velocities moving upwards with time
resulting in high rain rate convective systems with associated upper level divergence.
Low-level outflow (cold pools) from the storms and its associated surface divergence is

also seen (with the possibility of triggering another convergence).

The relative vorticities associated with the matured storms 2 days before and after the
arrival of the storms are shown in Figure[4.6] High relative vorticity values are observed
between 800-600 hPa on the storm arrival day for all the regions except the Sahel and
the Congo area. Over the Sahel relative vorticity is generally high between about 975-
800 hPa but decreases about 12 hours towards the arrival of the storm and maximizes
when the storm arrives. Elevated convection associated with Sahelian storms might be
shallower than that associated with SWA storms as inferred from the level of relative
vorticity maxima in the two regions. In the Congo area, relative vorticity remains gen-
erally high between 800-150 hPa. Generally, relative vorticity is maximized after about

6 hours after the arrival of the storm.

As will be shown later in Figure the region of maximum relative vorticity at mid-
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levels (mostly between 600 - 800 hPa) coincides with the trough axis of the African
Easterly Wave (AEW) (Tomassini et al. 2017). The North Atlantic, SWA, the Coast
and the Sahel are the regions that are mostly influenced by the AEW. The influence of
the AEW on MCSs is investigated and discussed in detail in section 4.3.2

4.2.4 Spatial environments of MCSs in the various sub-regions

We now proceed to investigate the environments of the storm composites for the dif-
ferent regions in different seasons. The divergence at 925 hPa, relative vorticity at
600 hPa and the wind speed at 600 hPa (to help detect the AEJ core) are plotted in
Figure 4.7l The results for the main seasons of each region are shown for the conditions
6 hours before the arrival of the storm as Figure showed that maximum convergence
and associated vertical velocities occurs at this time. The main seasons for each of the
sub-regions was defined as the season with the the largest number of MCSs as shown
in section The main seasons for the Gulf and Congo area are MAM and SON,
respectively, while JJA (the peak monsoon season) is the main season for the remaining

regions.

The results generally show that a strong surface convergence is associated with high rel-
ative vorticities and wind speed at mid-levels for almost all the regions. Over the oceans
and the coast, a strong convergence is associated with the storm locations whereas a
relatively weaker convergence is associated with the location of land storms with the

ITD region located north of the storm location.

Sahelian JJA storms are the storms with the strongest sheared environment (bottom-
middle of Figure . The strong sheared environment is characterised by a strong
AEJ with a core speed greater than 10.5 ms~! located on the western side of the mean
storm location and strong southerly 925-hPa winds (possibly driven by a strong St.
Helena high pressure system). There are also north-easterly 925-hPa winds which to-
gether with the southerly winds results in the near surface convergence required for
storm enhancement. The typical Sahelian storm in JJA is also located just southward
of the ITD (the region of strongest surface convergence). A mid-level (600 hPa) rel-
ative vorticity maxima is located just southward of the mean storm location. This is
the typical environment that results in the number of storms that occurs in the Sahel

during the peak of the monsoon season (JJA).
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Figure 4.7: Divergence (s~!) at 925 hPa (shaded), Relative Vorticity (s~!) (black con-
tours) and wind speed (ms~!) at 600 hPa (yellow contours) associated with storm
composites for the main season of each region.
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The typical JJA SWA storm is located slightly southward of the AEJ within a zone of
about 7.5 ms~! AEJ speed (bottom-right of Figure. Located within a convergence
zone created by strong south-westerlies and slightly weaker north-easterlies resulting in
a significant vertical wind shear zone. The SWA JJA storm is located right at the core
of the mid-level relative vorticity maxima and further south of the ITD (compared to

the Sahel) resulting in more intense storms in this season.

North Atlantic storms happen to be the storms with the second highest shear environ-
ment after the Sahelian storms in JJA (top-middle of Figure [4.7). The typical North
Atlantic JJA storm lies slightly southward of the AEJ core within a wind speed zone

of about 8 ms™!.

The North Atlantic storm is located within a strong convergence
region characterised by strong 925 hPa southerlies and northerlies. The North Atanltic
storms are located close to the centre of the relative vorticity maxima indicating a

strong association with the AEW as will be shown later in section

Coast JJA storms are located within a strong convergence zone and close to the center
of the mid-level relative vorticity maxima. It is located at about 5 latitutes southwards
of the AEJ core but lies within an AEJ wind speed of about 8 ms~! and further south
of the ITD.

The Gulf of Guinea MAM storm lies in a strong convergence region located at the
south-western side of the AEJ core. It is usually associated with an AEJ speed of
about 7 m s ! and east of the mid level relative vorticity maxima. It is also located
further south of the I'TD latitude.

The Congo area SON storm has a unique environmental feature. It is located west of a
convergence zone resulting form strong winds form the east (possibly the Indian ocean)
but east of the mid level relative vorticity maxima. Lying further south of the AEJ

core, the Congo area SON storm is located within the weakest shear region.
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Figure 4.8: North-south vertical transect along the longitude of the storm composites
showing divergence (s~!, shaded) and the combination of meridional wind (ms~!) and
vertical velocity (Pa s™!) (shown as arrows).

4.2.5 Vertical transect along the longitude of the storm

A vertical transect along the longitude of the storm composites in each region is shown

in Figure [£.8] The low level convergence associated with the storm composites gener-

ally has it’s associated divergence at upper levels (200 hPa). The low level convergence

associated with land MCSs maximizes around 800 hPa.

Over the oceans and the coast, a low level convergence occurs at the surface and results

in strong vertical velocities which induces an upper level divergence at the location of

the storm. The low level convergence associated with the storms over the Gulf induces

a mid-level dipole of divergence to the left and convergence to the right of the mean

storm location. Winds from the southern side of the ocean and the land area converges
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to sustain intense MCSs over the Gulf. There is an intense surface convergence zone
at the northern side of the mean storm location with indicates the mean location of
the ITD. Over the North Atlantic, a stronger surface convergence zone is associated
with the mean storm location which induces intense vertical velocities and a mid-level
divergence before an intense upper level divergence around 200 hPa. The storms over
the Coast exhibits quite a similar environment to that of the oceans except for a few
outstanding differences. There is a strong divergence over the ocean which feeds into
the low level convergence at the Coast from the southern side. The northern side is
supported by a weak inflow at the surface from the ITD region but stronger inflow
from the mid levels due to mid level divergence induced by the convergence at the ITD
region. Similar to the mean situation over the Gulf, a mid-level divergence is found to

the left of the mean storm location with seem to induce a weak convergence to its right.

Over the Congo, SWA and the Sahel, the convergence associated with the storms seem
to intensify at mid-levels; generally between 850-650 hPa. The Surface convergence
associated with Congo storms is particularly interesting. A strong surface convergence
occurs to the south and the north of the mean storm location which seem to elevate
towards the storm centre and intensifies at the mid-levels around 750 hPa. This results
in a large region of strong vertical velocities inducing a strong upper level divergence.
The surface convergence at the northern side of the mean storm location over the
Congo is likely a result of the presence of the ITD. Over the Sahel, the latitude of the
mean storm location is very close to the location of the ITD (to its north). A strong
surface convergence at its south which continues towards the mid-levels induces strong
vertical velocities and an upper level divergence which dominates the southern side of
the mean storm location. As seen in the other land regions, the convergence associate
with the ITD induces a strong region of divergence at the mid-levels. Over SWA, the
mean storm location is also sandwiched between two regions of low level convergence;
to the south and the ITD region in its north. The surface convergence at the storm
location intensifies at the mid-levels (~750 hPa) and induces strong vertical velocities
and a corresponding upper level divergence. There is a small region of divergence above
the level of the near surface convergence zone for the SWA and Sahelian storms. The
elevation of the near surface convergence to mid levels seen with land storms is quite

interesting and requires further investigation.
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Figure 4.9: Same as Figure but for all seasons in SWA.

4.2.6 Seasonal cycle in environmental conditions by region

The detailed seasonal cycle in environmental conditions associated with the MCSs in
SWA the Sahel and the Congo area is presented in this section. The evolution of the
synoptic scale conditions associated with SWA storms in the various seasons is con-
trasted with that of the Sahel. The Congo area being the region where most West

African storms are initiated is also investigated.

Figure shows the results for SWA storms. Generally, the ITD region (the strong
convergence zone) coincides with a region of negative 600 hPa relative vorticity and
a strong 600 hPa wind speeds (the AEJ core) lying slightly south of the ITD region.
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Figure 4.10: Same as in Figure @ but for all seasons in Sahel.
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Figure 4.11: Same as in Figure but for all seasons in Congo area.
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DJF is the season with the least number of storms in SWA. The typical storm that
occurs in the region during this period is normally associated with some convergence at
925 hPa 6 hours before the storm arrival. The convergence associated with the storm
coincides with the strongest convergence zone (the ITD region). Weak 600 hPa winds

and a positive relative vorticity lies slightly below the latitude of the storm.

The ITD begins its northward migration in MAM. SWA squall lines begin to occur
in this season. Storms that occur in this season are normally located slightly below
the ITD region (the band of strong convergence) and associated with stronger 600 hPa

winds and positive relative vorticity lying slightly below the storm location.

The typical SWA storm that occurs in JJA is associated with a surface convergence
located south of the I'TD region. This is collocated with a region of very strong relative

vorticity and south east of the AEJ core.

The ITD begins to retreat southwards in SON. The typical MCS that occurs in SWA
during this season is located in a surface convergence zone located slightly south of the

ITD region. This is collocated with a region of strong relative vorticity and east of the
AEJ core.

Over the Sahel (Figure , very few MCSs occur in DJF. The typical MCS that oc-
curs in the Sahel in DJF is located at a latitude above the ITD region. This is usually
a region of weak 600 hPa wind speeds and a negative relative vorticity. However, in
MAM, Sahelian storms are normally located in the ITD region which is a region of
negative 600 hPa relative vorticities and slightly north of the AEJ core. However in
JJA where the ITD is in its northernmost position, the Sahelian storm is located south
of the ITD region, just north of the positive relative vorticity region and east of the
AEJ core. As the ITD begins its migration southwards in SON, MCSs that occur in
this region occur north of the I'TD region, north-west of the AEJ core and north of the

positive relative vorticity region.

The Congo area is also given a special focus because of it’s unique features like orogra-
phy that leads to the initiation and strengthening of most MCSs in West Africa (Figure
4.11)). In DJF, storms in the Congo area are collocated with a convergence region south

61



Chapter 4: Environment, characteristic lifetime and speed of MCSs

of the deep convergence band (ITD region). This is south of the 600 hPa wind speed
core and a region of maximum relative vorticity. In MAM, the deep convection band
moves further north, the typical storm in this season is associated with a convergence
zone south of the 600 hPa wind speed core and a maximum relative vorticity region. A
strong convergence is associated with the Congo storms in JJA. This convergence zone
is further south of the AEJ core. Relative voriticiy at 600 hPa is also maximum at
this point. In SON, the convergence around the storm location gets stronger, the AEJ
core retreats southwards. The storm is also located east of the strongest relative vor-
ticity region. SON has the highest number of MCSs in the Congo. Followed by MAM.
Number of MCSs in the Congo seem to follow the characteristics associated with the
evolution of the ITD: AEJ, shear, moisture convergence etc. The coastal areas of the
Congo trigger and sustain more storms possibly because of moisture convergence from
the ocean which seem to converge around (the windward side of ) the mountainous areas
of this region. The jet core is greater than 5.6 ms~! in DJF but greater than 7.5 ms~!
in MAM explaining why there are more MCSs in MAM than DJF. The jet core is
greater than 9 ms~! in JJA but lies further away from the region (north western side)
during this season. The Jet core is greater than 6 ms~! in SON but is associated with
the greatest number of storms because it lies right over the Congo region creating a
strong shear required for more intense storms. This seem to support the speculation by
Taylor et al. (2018) that, increasing baroclinicity over West Africa may be contributing
to long-term MCS intensification within the Guinea Coast region at latitudes where

the AEJ provides a strong shear.

4.3 The characteristic lifetimes and speeds of the MCSs

The aim of this section is to understand the reason for the characteristic lifetimes and
speeds of MCSs that affect West Africa. This is investigated using the classification
introduced in section The climatology of the number of storms in each category is

first analysed before the reasons for these categories are investigated.

4.3.1 Number density, location and average sizes of different MCS

categories

Figure shows the number density of MCSs in the various categories introduced in
section SL_slow MCSs occur mostly over the oceans, SWA and parts of the Congo
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Figure 4.12: Number density of the four storm classes.

area where most storm initiations occur. LL_moderate storms dominates the North
Atlantic and parts of the Congo areas. SL_moderate storms occur in all regions except
the Sahel and southern parts of the Gulf of Guinea. SL_fast storms occur in all regions
especially the Congo area, SWA and N. Atlantic.

The average sizes of the MCSs of each class was first computed over the 6 sub-regions
and the results are shown in Figure Generally, long-lived MCSs have larger sizes
compared to short-lived ones. Long-lived moderate speed MCSs have the largest sizes.
These MCSs are mostly associated with squall lines (Lafore et al|[2017). The next

storm category with large sizes is short-lived fast moving MCSs. MCSs over land are

generally larger than their oceanic counterparts.

Investigating the regional variation in storm sizes revealed Sahelian long-lived storms

as the largest. Long-lived storms over the Congo also had large sizes following Sahelian
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Figure 4.13: Average sizes of the various MCS classes.

long-lived storms. SWA long-lived storms were also found to be larger than long-lived
storms found along the coast. Long-lived storms over the Gulf have the smallest sizes.
For short-lived storms, SWA and the Congo have the largest storm sizes. The average
size of a SWA/Congo short-lived slow moving storm size is about 80,000 km? while
the average size of their corresponding short-lived fast moving counterparts is about
125,000 km?. Sahelian short-lived storms follow with the average sizes of about 60,000,
30,000 and 110,000 km? for slow moving, moderate and fast moving respectively. The
Coast, North Atlantic and the Gulf generally had the smallest of short-lived storm sizes
of about 40,000, 27,000 and 74,000 km? for slow moving, moderate and fast moving
respectively. The size of Sahelian long-lived storms (squall lines) is the largest possibly
due to the presence of high CAPE and CIN over the region.

4.3.2 Impact of the AEW on the lifetime and speed of MCSs

To investigate the reason for the lifetime and speed of the MCSs, we first hypothesise
that, long-lived storms are associated with the AEW. To confirm this the meridional
winds associated with the different storm categories are plotted for the period 2 days
before the arrival of the storms to 2 days after the arrival of the storms. The result for
the regions that are directly influenced by the AEW is shown in Figure 19. These re-
gions are North Atlantic, the Sahel and SWA. It can be seen that, LL_moderate storms

are associated with the passage of a wave at mid-levels (800 - 500 hPa). For instance
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over the North Atlantic, strong northerlies are observed at these levels between 2 days
before the storm arrival and the day the storm arrives which shifts to southerlies after
the arrival of the storm. The mean location of the North Atlantic storms can be inferred
from the plot to be slightly ahead of the wave trough axis. Over the North Atlantic,
Sahel and SWA the storm arrives <6h, ~12h and ~24h before the wave trough axis.

The remaining storm categories do not show a distinct presence of the wave.

SWA and Sahel short-lived storms are associated almost consistent northerlies at mid-
levels (800 - 600 hPa) while North Atlantic short-lived storms are mostly dominated

by southerlies from mid to upper levels.

4.3.3 Controls of MCSs speed and lifetime

The controls of MCS speed and lifetime are investigated using average sizes, BTavg,
rain-rates and wind shear for West African land storms (Figure [£.15]). Short-lived slow
moving storms are smaller in size compared to long-lived fast moving storms (Figure
4.15ph). Similarly, short lived slow moving storms have mostly warmer BT's as compared
to their long-lived fast moving counterparts (Figure ) Short-lived storms have
generally warmer BTs and do not vary with speed. Long-lived storms on the other
hand vary with speed. This relationship seem to show a good association with vertical
wind shear and the associated rain-rate (Figure and Figure ) Long-lived
moderate speed storms are associated with the strongest vertical wind shear. These
storms are also mainly associated with the highest rain-rates (Figure ) It therefore
appears that, a strong shear results in long-lived colder storms, with high rain-rates
and large sizes. The effect of vertical wind shear on MCSs is investigated in detail in
Chapter [5

4.4 Summary and Conclusions

The (thermo-) dynamic environments of MCSs in the different sub-regions of West
Africa and the reasons for their characteristic lifetimes and speeds have been studied
using an MCS dataset by Huang et al. (2018), and put into different categories based on
the distribution of their lifetimes and speeds. The associated environments and rain-
rates of the MCSs were taken from ERA-Interim reanalysis data and TRMM 3B42

precipitation dataset respectively.
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Figure 4.14: Meridional winds associated with the various MCS classes from 2 days
before to 2 days after the arrival of an MCS. The SL_slow, LL_moderate, SL_moderate
and SL_fast storms are shown in rows 1 to 4 respectively
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Figure 4.15: MCS lifetime against speed for (a) mean MCS size, (b) mean brightness
temperatures (BTavg), (c¢) mean rain rate and (d) mean wind shear for the period
1998-2007.
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The fastest moving MCSs were found in the Sahel with an average speed of 13.91 ms~!.
SWA followed with an average speed of 13.54 ms~!. The Congo was next with a speed
of 12.01 ms~!. The Coast, the North Atlantic and the Gulf of Guinea then followed
with average speeds of 11.48, 11.04 and 10.55 m s~ ! respectively. In general, land storms
propagate faster than oceanic storms which we attribute to the stronger AEJ and high
vertical wind shear values associated with land storms compared to oceanic storms.
The main factors that determine MCS speed in the region are not fully understood but
we hypothesise that, storm speed is determined by the steering level winds (mainly the
AEJ) but also modified by wind shear (which could be inferred from the high speeds
associated with the highly sheared Sahelian storms).

Generally, the oceanic storms have high rain rates compared to land storms. The high-
est mean rain-rate of 5.4 mm h~! was associated with storms over the Gulf, followed by
storms in the North Atlantic and the Coast with a mean rain rate of 4.5 mm h~! each.
Storms in the Congo area and SWA followed with mean rain rates of 3.6 mm h™! and
3.2 mm h~! respectively. The Sahel had the least mean rain-rate of 2.4 mm h~!. The
rain-rate associated with a storm seem to depend on it’s moisture availability rather
than CAPE. Storms over the oceans are associated with lower CAPE and lower LNB
compared to storms over land although storms over the oceans have higher rain-rates.
Over land, the Congo and SWA regions have the highest CAPE values followed by
the Sahel and the Coast. The highest CIN is seen to be associated with storms over
the Sahel. Storms over the oceans and coast have the highest rain-rates but are slow
moving while storms over the land have low rain-rates but fast moving. The Sahel has

the lowest rain-rates but fastest storms.

Most MCSs occur around regions of strong surface convergence and high orography.
Sahelian storms mostly occur in JJA. These storms are associated with the strongest
sheared environments characterised by the presence of a strong AEJ core, high 925 hPa
winds, a mid-level relative vorticity maxima, and a surface convergence just south of
the ITD. The North Atlantic JJA storms were the next with the mean storm located
just south of a strong AEJ core with a strong surface convergence. The North Atlantic
storms were located at the centre of the mid-level relative vorticity maxima indicating
a strong association with the AEW. The SWA JJA storms were located in a similar
environment as the Sahel but south of the I'TD and south-east of the AEJ core than the
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storms in the Sahel. Congo area storms are associated with the weakest shear as they
lie further south of the AEJ core. The convergence associated with land MCSs occur
from the surface ~6 h before the arrival of the storms. The convergence elevates with
height and it is maximised around ~800 hPa. Strong vertical velocities accompany
these convergence regions which together with strong relative vorticities at mid-levels
enhances the storms 6 hours later. It is worth noting that 6 hours is the highest tem-
poral resolution available in the ERA-Interim dataset. The high rain rates and strong
surface convergence associated with oceanic storms than land storms suggests that, high
rain rates results from a strong surface convergence and corresponding strong vertical

velocities in a moist environment, leading to a strong influx of moisture into the storms.

The study of the lifetimes and speeds of the storms also showed that: Short-lived slow
moving storms are smaller, shallower (warmer BTavgs) and associated with weaker
vertical wind shear compared to their long-lived and fast moving counterparts. Long-
lived moderate speed storms are larger, deeper and associated with a stronger shear
compared to their short-lived counterparts. The long-lived storms were also found to
be associated with AEWSs. Short-lived moderate speed storms have smaller to medium
sizes, warm BTavgs, low rain-rates and vertical wind shear. Short-lived fast mov-
ing storms have large sizes relative to their slow moving counterparts, but still warm
BTavgs, low rain-rates and shear. Most Congo storms are fast moving but short-lived
as they are not associated with the AEW. This region is also a region with low vertical
wind shear. The longevity of an MCS seem to depend on shear and an association with
the AEW. Storms live longer when they are associated with higher wind shear and the
AEW. Larger MCSs (greater than 100000 km~2) mostly propagate faster. Most smaller
MCSs are short-lived and slow moving. The effect of shear on MCSs is investigated in

detail in the next chapter.
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Chapter 5

Observed effects of Vertical Wind
Shear on Intensities of Mesoscale
Convective Systems over West
and Central Africa

Most part of this chapter has been published in |Baidu et al.| (2022) in Atmospheric
Science Letters (DOI: 10.1002/as1.1094).

5.1 Introduction

The (thermo-) dynamic environments associated with matured MCSs have been stud-
ied in chapter [d It has been identified that, MCSs with colder BT's are long-lived, have
high rain rates, and are associated with a strong vertical wind shear. In this chapter,
we investigate in detail the effect of vertical wind shear on the intensities of an MCS
as suggested from Figure in the previous chapter.

Studies have shown that vertical wind shear plays a key role in the intensification of
MCSs (Richardson||{1999; |Weisman and Rotunno 2004; Taylor et al.||2017, 2018; Klein
et al.|2020). However, the exact mechanism through which vertical wind shear affects
an MCS has not been thoroughly understood. [Rotunno et al. (1988)) describe the role
played by vertical wind shear on the lifetime and self organisation of storms. According

to [Rotunno et al.| (1988)), an intense MCS results when the horizontal vorticity gen-
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erated by the cold pools from an MCS is balanced by the vorticity generated by the
environmental low-level vertical wind shear. Many studies (e.g. Bryan et al.|2006) now
use and test this theory. |Alfaro and Khairoutdinov| (2015) and Alfaro (2017) provide an
alternative explanation for the role of vertical wind shear. They developed the “Layer
Lifting Model of Convection” (LLMC) which places importance on the thermodynamic
role of vertical wind shear on moist convection and describes how low-level vertical
shear modulates the inflow of convectively unstable air and water vapour, determining
latent heating. Recently Mulholland et al. (2021) have shown how in idealised numeri-
cal model simulations vertical shear decreases entrainment dilution of updraft cores in

squall lines.

Over West Africa, the conditions necessary for intense MCSs may be created by a
strong meridional temperature gradient between the hot Sahara and the cooler more
humid Gulf of Guinea. Warming in the Sahara intensifies the SHL and increases the
meridional temperature gradient (Nicholson 2013)) which results in a stronger AEJ. The
intense SHL causes a stronger monsoon flow (Lavaysse et al.|2009)), creating a stronger
600-925 hPa wind shear which, along with a high CAPE and high CIN environment
favours intense MCSs (Taylor et al.|2017; Klein et al.|[2020).

Studies with observed brightness temperature data from satellites have revealed an as-
sociation between an increase in frequency of extreme MCSs and vertical wind shear
over the Sahel, SWA and the Congo (Taylor et al.[2017, 2018} Klein et al.|[2020). A fol-
low up study by Bickle et al.| (2021) using an idealised simulation of squall lines showed
that an increased shear led to intense storms, although the thermodynamic changes
dominated the effects of shear. An additional study indicated that, the LLMC might
be too simple to accurately capture the effects of thermodynamic changes (Bickle et al.
2022). In contrast, studies using a convection-permitting climate model with a 4.4 km
grid-spacing show no response of rain-rates to vertical wind shear (Fitzpatrick et al.
2020a; [Senior et al.2021). These findings raise the question of how best to use such
state-of-the-art models for projections of changes in extremes. A better understanding
of the processes that lead to intense storms from observations is therefore needed to
constrain climate models. Improving our understanding of the effect of vertical shear
on the dynamics of MCSs in the different sub-regions of West Africa is key to address-

ing the challenges associated with MCS prediction across time-scales.
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We focus on mature West African MCSs and investigate the effect of vertical shear
on cloud-top temperatures and rainfall rates of observed MCSs under different envi-
ronmental conditions in the different West African sub-regions. We address whether
vertical shear affects observed cloud top heights by investigating the effect of vertical
shear on the difference between the cloud top heights and level of neutral bouyancies
(LNBs) from reanalysis. The relationships between low-level vertical wind shear, MCS
speed and lifetimes are also investigated. Section provides a description of the study
regions and the different datasets used in this study. The effect of vertical wind shear
on MCSs is addressed in Section 5.3l The main results are summarised and conclusions

are given in Section [5.4]

5.2 Study area and data source

The study area is divided into six sub-regions: Sahel, SWA, Coast, the North Atlantic
(“N. Atlantic”), the Gulf of Guinea (“Gulf”) and the Congo area (Figure[5.1]). A 10-year
MCSs data set (1998-2007) of MCS tracks was generated from Cloud Archive User Ser-
vice (CLAUS) brightness temperatures using the algorithm introduced by Huang et al.
(2018)). The Huang et al.|(2018) tracking algorithm combines the traditional area over-
lap method with Kalman filter enabling small and fast moving MCSs to be tracked.
An area threshold of 5000 km? and a brightness temperature threshold of 233 K were

used.

The effect of vertical wind shear on West African MCSs is investigated by studying the
relationship between shear and the brightness temperature, associated CAPE, CIN and
temperature at the LNB of mature MCSs, defined here as the point in the lifetime of
an MCS where its brightness temperature is coldest. CAPE and CIN were calculated
from ERA-Interim profiles based on the definitions in [Wallace and Hobbs| (1977):

EL
CAPE = —Rd/ (Tparcel — Tenv)din(p); (5.1)
LFC
LFC
CIN = Rd/ (Tparcel — Tenw)din(p); (5.2)
SFC

where LEF'C is the pressure at the level of free convection, EL is the pressure at the

equilibrium level, SF'C' is the level of the surface, R is the gas constant, g is the grav-
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Figure 5.1: Mean brightness temperatures (BTavg, °C) associated with MCSs (1998-
2007) are shown in shading. The average 925-hPa horizontal wind (ms~!, arrows) and
the 600-hPa wind speed greater than 6.5 ms~! (burgundy contours) are overlaid. The
black boxes indicate the sub-regions used: Gulf, N. Atlantic, Congo area, Sahel, SWA
and Coast. The elevations greater than 400 m above sea level are displayed as dashed
contours.

itational acceleration, Tpurcer is the temperature of the parcel, 1., is the temperature

of the environment, and p is the atmospheric pressure.

The rain-rates and (thermo)-dynamic environments of each MCS were selected from
TRMM 3B42 and ERA-Interim respectively at the time of the occurrence of the ma-
tured storm. ERA-Interim reanalysis data is used for the investigation of the (thermo-)
dynamic environments of the MCSs studied. In this study we use ERA-Interim upper
air data and TRMM 3B42 version 7 for the period 1998-2007. Vertical wind shear
was calculated by computing the vector difference between the wind at 925 hPa and
600 hPa.
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5.3 Effect of vertical wind shear on M CSs

5.3.1 The relationship between vertical wind shear and storms with
coldest brightness temperatures

The relationship between the 925-hPa wind, wind speed at 600-hPa and the mean MCS
brightness temperature is investigated (Figure[5.1)). It is worth noting that the bright-
ness temperature used here is the average brightness temperature (BTavg) of the entire
storm anvil and not the minimum brightness temperature (overshooting top). Colder
BTavgs are found over land, with the coldest values over the Sahel and SWA, which
have strong shear between 925 and 600-hPa. Storms over the Coast and Congo have
relatively warmer brightness temperatures and have either lower 925-hPa winds, lower
600-hPa winds, or both.

To further investigate the relationship between vertical wind shear and MCS bright-
ness temperatures, Figure (a-d) separates out the thermodynamic factors: CAPE,
CIN and the temperature at the LNB. The regions with the strong vertical wind shear
(greater than 8ms~!) and coldest observed average brightness temperature (Figure
[5.2h) are not the regions with high CAPE values (Figure[5.2c) or low CIN values (Fig-
ure ) High CAPE does not explain the colder observed brightness temperatures
in West Africa. Similarly, the areas of lowest average brightness temperatures (Figure
5.2h) are not simply explained by the coldest (predicted) temperatures at the LNB
(Figure [5.2b). The results show colder brightness temperatures over the Sahel than
the Congo, despite a colder LNB and higher CAPE in the Congo, suggesting that the
high vertical shear found in the Sahel is important for the storms to achieve the low

brightness temperatures seen there.

In order to compare the observe MCS brightness temperatures with those expected if
the anvils were to detrain at the theoretical LNB, Figure was created which shows
the relationship between the brightness temperature difference (hereafter “BT_diff”),
i.e. the observed average brightness temperature (BTavg) minus the theoretical tem-
perature at the LNB. Generally, the BT_diff is positive over almost the entire land
domain studied (Figure [5.2¢) indicating that the observed cloud top heights are lower
(have warmer brightness temperatures) than their (theoretical) LNBs (consistent with
Takahashi and Luo (2012); [Takahashi et al. (2017); |Wang et al| (2020); Mullendore
et al.| (2013)). The few regions with negative BT _diff are found in areas with few

75



Chapter 5: Effects of Vertical Wind Shear on intensities of MCSs
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Figure 5.2: (a) Mean brightness temperature (BTavg, °C) (b) temperature at the LNB
(°C), (c) CAPE (J kg™1), (d) CIN (J kg=') (e), brightness temperature difference
(BTavg - temperature at the LNB, °C) and (f) vertical wind shear associated with
MCSs (1998-2007; ms~!). The associated 925-hPa winds (arrows, ms~!) and the wind
shear of 8 ms™! (burgundy contours) are overlaid. Bins with a standard error of the
mean greater than the 95th percentile are eliminated.
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storms and are consistent with the emissivities of clouds being less than 1 and do not
necessarily show anvils located higher than the LNB (Allen!1971; |Protopapadaki et al.
2017), or over the Sahara errors in analysed low-level water vapour may give under-
estimation of LNBs (Trzeciak et al.2017). Furthermore, BT _diffs are higher over the
Congo than over the Sahel, with the low BT _diffs in the Sahel collocated with regions
of high vertical wind shear (Figure ) The brightness temperatures used are of the
whole anvil, not just the overshooting top, and therefore the results are consistent with
high vertical shear allowing decreased entrainment (Peters et al.[2019; Mulholland et al.
2021) and therefore anvils that reach higher altitudes relative to their LNB. This effect

was further confirmed with an r value of -0.16 and p value less than 0.01.

The observed cloud top heights of storms over the oceans are closer to their LNBs
compared to their land counterparts on the same latitudes. We hypothesise that en-
trainment of drier air over land, and possibly higher entrainment rates over land (Becker
and Hohenegger|2021)), resulting in higher entrainment-driven dilution of updraft cores
prevents storms from reaching as high cloud top heights relative to their LNBs com-
pared with oceanic storms. Further studies are required to identify the exact role of

these mechanisms on the cloud-top height of MCS.

5.3.2 Vertical wind shear and MCS properties

Here we assess how vertical wind shear affects MCS speeds, brightness temperature,
rain-rate and lifetime. We hypothesise that long-lived fast-moving storms occur in
strongly sheared environments (Bunkers et al.|[2006; [Yang et al|[2017). Figure
shows the mean MCS size, brightness temperatures, rain-rate, lifetime, BT _diffs and
the relative humidity at 600 hPa for West African land storms (Sahel, SWA and the
Coast) as a function of the vertical wind shear and MCS speed. Slow moving storms
tend to be short-lived and small in size compared with other MCSs (Figures and
d). Fast moving storms tend to be larger (Figures ), but the longest-lived storms
are found for moderate speeds 10 to 25 ms™!) and high vertical shear (Figure )
Moderate-speed (10 - 30 ms~!) long-lived systems give the coldest brightness temper-
atures (Figures ) with vertical shear giving colder brightness temperatures for this

range of storm speeds.
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Figure confirms the results of the preceding sub-section, showing that for any MCS
speed, higher vertical shear tends to give colder cloud-tops relative to the LNB, except
perhaps for the fastest storms, where the sample size is reduced and there are no cases
of high vertical shear. The lowest brightness temperature differences, i.e. the storms
that reach higher altitudes relative to their LNBs, are seen for the largest vertical shear

values, which are found for MCS speeds of 5 to 30 ms™!.

The overall effects of mid-level moisture are unclear. Figure and f shows that
for moderate shear there is some increase in BT_diff with specific humidity, i.e. lower
cloud tops with moist mid-levels, and that dry mid-levels are associated both with low
vertical shear high BT _diff storms, and high shear low BT _diff storms. Vertical shear
also gives higher rain rates for all but the fastest and slowest storms (Figure ), with
the heaviest rain rates coming from long lived storms, which tend to have moderate
speeds (5 to 25 ms~1). It is important to note that the TRMM 3B42 product makes use
of infrared imagery, so impacts of shear on cloud-top height may be falsely converted

to rain rates.

The most intense MCSs in West Africa have lifetimes greater than 15 hours, speed be-
tween 15 - 30 ms h™', BT’s colder than -58.15°C, size between 100,000 - 250,000 km?,
rain-rates between 5 - 12 mm h~! and shear greater than 8 ms~!. Highly sheared
storms with speeds and lifetimes greater than 13 ms~' and 20 hours respectively re-
sults in colder, more organised storms. Highly sheared storms with speeds less than
13 ms~! and lifetimes greater than 20 hours might be less organised with relatively

warmer BTs but might have higher rain-rates.

We conclude that, the longest lived storms have a moderate speed (~15 ms™!) and
are associated with the highest vertical shear values (Figure ) For any speed, the
longest-lived storms are associated with the coldest brightness temperatures (Figure
5.3p), colder brightness temperatures relative to their LNB (Figure [5.3g) and high

vertical wind shear.
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Figure 5.3: Vertical wind shear against speed for (a) MCS size, (b) mean brightness
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5.3.2.1 Relationship between vertical wind shear, specific humidity,
brightness temperature difference and rainfall rate in each

sub-region

The effect of vertical wind shear on brightness temperature difference as seen in Figure
[b.3k is investigated in detail in Figure [5.4] Here, we examine if the effect of vertical
wind shear on BT _diff is the same in all the sub-regions over land. High vertical wind
shear corresponds to minimised BT _diff over all the land regions. For lower vertical
wind shear values, fast moving MCSs are associated with higher BT_diff mainly over
the Coast, SWA and the Congo area. Over the Coast, increasing shear with increasing
speed seem to generally result in higher BT _diff (Figure [5.4h). In SWA and Sahel,
increasing vertical wind shear results in minimised BT _diff for all storm speeds (Figure
and c¢). In the Congo area, higher vertical wind shear values generally result in
minimised BT_diff. The difference between the brightness temperatures and the LNBs
is further minimised for fast moving storms (Figure [5.44).

In Figures [5.5] and we assess the effect of vertical wind shear and 600-hPa relative
humidity (mid-level specific humidity) on brightness temperature difference and rain-
fall rate of MCSs. In addition to the findings from the previous section, we find that
higher vertical wind shear values generally result in minimised BT _diff in all the sub-
regions (including the oceans) but its effect on rainfall rates is mainly seen over West
Africa land regions (Sahel, SWA, and the Coast, Figure [5.6)). The BT _diff is further
minimised for higher mid-level relative humidity storms over the Sahel, SWA and the
Coast (Figures ,b and c respectively) and results in higher rainfall rates over these
regions (Figures ,b and c) due to the generally higher vertical wind shear values
in these regions. The effect of vertical wind shear on the BT _diff and rainfall rates of
storms over the Congo area and the oceans (Figure d, e and f) is not as significant
as compared to the West Africa land regions possibly due to the generally low vertical

wind shear values in the Congo area and the oceans.

Examining the effects of mid-level humidity by region shows that this complex picture
may be a result of impacts that vary by region. For the Coast, the Congo area, Gulf of
Guinea and N. Atlantic there is some evidence that moist mid-levels, for any value of
vertical shear, favour colder cloud-tops, possibly from reduced drying through entrain-
ment. Conversely for the Sahel and SWA there is perhaps some hint of the reverse, i.e.

dry mid-levels favouring cold cloud tops and low BT _diff, possibly through favouring
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Figure 5.4: Vertical shear against speed for brightness temperature difference (BT_diff)
for (a) the Coast, (b) SWA, (c) the Sahel and (d) the Congo area (1998-2007). Bins
within latitudes greater than 15°N and bins with less than 2 storms have been elimi-
nated.

strong cold pools and so convective organization (James and Markowski 2010; [Fitz-|

patrick et al.[2020a)). The strong cold pools may also influence the speed of MCSs as

the cold pool speeds get balanced by vertical wind shear. New cells may initiate ahead
of the dissipating mother cell as a result of this balance making the storm self-sustaining
(Rotunno et al.[1988). We conclude that it is plausible that effects of mid-level moisture

vary by region, due to effects on both entrainment drying and cold pool production,

and that this requires further research.

5.4 Conclusions

The observed impact of vertical wind shear on MCSs has been investigated over West
and Central Africa, using the 10-year dataset of MCS tracks from Huang et al. (2018]).
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Figure 5.5: Vertical shear against relative humidity at 600-hPa for brightness temper-
ature difference (BT _diff) for (a) Sahel, (b) SWA, (c) Coast, (d) Congo area, (e) Gulf
and (f) N. Atlantic (1998-2007). Bins within latitudes greater than 15°N and bins with
less than 2 storms have been eliminated.

The associated environments and rain-rates of the MCSs were taken from ERA-Interim
and TRMM 3B42 datasets, at the time of storm maturity, defined as the time of coldest
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Figure 5.6: Vertical shear against relative humidity at 600-hPa for rainfall rate for (a)
Sahel, (b) SWA, (c) Coast, (d) Congo area, (e) Gulf and (f) N. Atlantic (1998-2007).
Bins within latitudes greater than 15°N and bins with less than 2 storms have been
eliminated.

mean brightness temperature in the life-cycle of a storm.
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The results show that, a strong vertical wind shear is associated with long-lived, mod-
erate speed and size storms with colder brightness temperatures. Over West Africa

land regions, these storms were also associated with high rain-rates.

To isolate the effects of vertical wind shear on cloud-top height from the effect of the
thermodynamic profile temperatures we compare the storm brightness temperatures
with the temperatures at the LNB. It was found that storms over the oceans could
reach higher relative to their LNBs compared to storms over land, which we hypothe-
sise may be due to greater entrainment of drier air over land (Becker and Hohenegger
2021). Greater vertical shear gives clouds that are higher relative to the LNB. Storms
are observed to reach higher heights relative to their LNB in the presence of larger shear.
Notably storms reach higher relative to their LNB in the Sahel, where vertical shear is
strong, compared to storms over the Congo, where vertical shear is weaker but CAPE
and LNBs are both higher. This impact of vertical shear on cloud-top heights relative
to the LNB is consistent with recent idealized numerical model simulations showing
that vertical shear can reduce entrainment dilution in both supercells and squall-lines
(Mulholland et al.||2021; Peters et al. 2019). However, assuming storms move with
mid-level winds increased vertical shear will tend to give greater system-relative inflow
of low-level air compared with mid-level air, which may also increase the mean positive
buoyancy of the inflow in the Alfaro| (2017) layer lifting model of convection. The exact
balance of mechanisms by which vertical wind shear controls cloud-top heights and

rainfall rates is left to future work.

We conclude that, not only is it important to capture the role of vertical shear in
modelling the organisation of convection and high impact weather, but that vertical
shear is also important for the climatology of anvil heights, therefore affecting the profile
of diabatic heating from storms and the earth’s radiation budget. We hypothesise that a
poor representation of vertical shear impacts on entrainment might be one reason why
4.4 km grid spacing convection-permitting models struggle to capture the observed
effects of vertical shear on rain rates over Africa (Fitzpatrick et al.|2020a; Senior et al.
2021)). Since grid spacings less than or around 100 m are needed to model entrainment
(Bretherton et al.||1999), the poor representation of the effect of vertical wind shear on
entrainment in the models raises challenges for modelling and predicting future high
impact weather from squall-lines, which we expect to be impacted by future changes

in vertical shear, as well as thermodynamics (Taylor et al.[2017).
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Chapter 6

Evaluation of the Met Office
Tropical Africa Model

6.1 Introduction

The (thermo-)dynamic environments of MCSs in the sub-regions of West Africa and
their relationship with vertical wind shear have been investigated in chapters [4] and
This chapter focuses on the evaluation of the performance of the Met Office Tropi-
cal Africa Model (TAM) in simulating rain-rates over each sub-region. Forecasting of
MCSs in the tropics has been a major challenge because global models parameterise
convection. As the resolution of global models is usually coarser than that required for
simulating storm initiations, the models struggle to simulate the exact location of initi-
ated storms. Moreover, the sensitivity of the earth’s atmosphere to small perturbations
in initial conditions (the butterfly effect) means that, models with coarser resolution or
parametrized models might easily miss storm initiations, their evolution and propaga-
tion as initial errors grow. However, CP models provide a step-change in forecasting

convective storms (Clark et al.[2016).

The UK Met Office runs a CP model at a 4.4 km horizontal resolution over tropical
Africa known as the TAM. The output from the model is currently made available to
African operational forecasters as part of the Met Office’s contribution to the WMO
Voluntary Cooperation Programme (VCP) (Hanley et al.|2021)). Little work has been
done on the evaluation of these products and as a result there is limited guidance on
how forecasters should interpret the outputs of the models for particular weather situ-

ations. With the access to the TAM output provided to forecasters comes the need to
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increase understanding of the model performance in different times of the day, seasons
and locations as well as different lead times. This is necessary for the model to truly

serve its purpose.

A detailed evaluation of an earlier version of the TAM model has been performed over
Lake Victoria and its surrounding regions in East Africa (Woodhams et al.[2018]). How-
ever, no published detailed evaluation has been performed over West Africa. Given that
MCSs and their associated winds affects lives and the economy of most West African
countries (since they contribute to much of the annual rainfall in the region), evaluating

the model performance is essential to address this forecasting challenge.

Figure [6.1] shows plots from the Met Office website that compares the operational
Global model, TAM and GPM rainfall for the 29th October, 2021. This case reveals
the typical disparity between the two models. Figure shows this disparity further
by revealing the representation of the diurnal cycle of convection in the models. The 3
hourly rainfall from the models versus GPM demonstrates that the Global Model has
poor representation of the diurnal cycle compared to the TAM. Both models however
struggle to represent rainfall. The Global model seems to represent large-scale features
well but has few thunderstorm-like features and a lot of widespread rain of low inten-
sities. It rains too early in the day and too little in the evening. The TAM on the
other hand simulates more realistic thunderstorms that occur at the right time of the
day. The storms are, however, too fragmented and have too high rain-rates resulting
in misses in some areas. Point to point verification of the TAM will therefore likely
lead to the double penalty problem mentioned in section The TAM might get
events roughly in the right area, but the timing or exact locations could be incorrect.
Experienced operational meteorologists will look at the overall predictions coming from
the models rather than point locations. A verification measure that lines up with their
practices and does not unduly penalise models based on point accuracy is necessary.
FSS is therefore used for the evaluation for the models as this skill score rewards be-

haviour that is more important for operational meteorology.

Section compares the performance of the two models (the TAM and the Global
model) for both daily and sub-daily (6 hourly) rainfall accumulation. It also assesses
the impact of the spin-up problem in the TAM on the model skill by comparing the

performance of the two models for both Day 1 and Day 2 forecasts using sub-daily
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rainfall accumulation. Section [6.3] presents a detailed evaluation of Day 2 forecast
using sub-daily rainfall accumulations. The detailed evaluation of the Day 2 forecasts
was done by comparing the Localised Fractional Skill Score (LFSS), the FSS versus
neighbourhood sizes, FSS for different rainfall intensities and the FSS for different lead
times and times of the day. The model’s ability to represent the effect vertical wind
shear on storms as found in chapter 5| is evaluated in section and finally the

discussion and conclusions from the chapter are presented in section [6.4]
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Figure 6.1: Met Office operational Global (left), TAM (middle) and GPM rainfall (right)
on 29.10.2021 (06Z-07Z), T+12 - T+13.

6.2 Comparison of model skill of daily and sub-daily

rainfall accumulation for Day 1 and Day 2

Figure [6.3| compares the skill of the TAM to that of the Global model for daily rainfall
accumulation by comparing the FSS for different neighbourhood sizes of the daily rain-
fall amounts accumulated over the period of study (December 2019 - November 2020).
A detailed description of the comparison of FSS with the neighbourhood sizes and its
significance will be discussed in section Here we focus on the general difference
in skill between the TAM and the Global model with emphasis on the benefit of using
sub-daily against daily accumulations. The Global model outperforms the TAM over
almost all regions and for all neighbourhood sizes when daily rainfall accumulations
were used. This result means that there is no significant advantage of using the TAM
for daily rainfall accumulation. However, when sub-daily (6 hourly) rainfall accumula-

tions were used, a significant improvement in the skill was seen in the TAM (Figure |6.4)
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indicating that, the TAM is more skilful in capturing the diurnal cycle of convection

and rainfall as it simulates more realistic storms (Marsham et al./[2013).
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Figure 6.2: The representation of the diurnal cycle in the Met Office operational Global
(left), TAM (middle) and GPM rainfall (right).
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Despite the improvement in the skill of the TAM, the Global model continues to out-
perform the TAM in most sub-regions for day 1 forecasts. Interestingly, the skill of the
TAM improves significantly when day 2 forecasts are used for the comparison although
the skill of all the models decrease generally for Day 2 (as is expected with the growth
of errors from initial conditions). Particularly, the TAM outperforms the Global model
for the whole domain of study (West Africa), the Coast, the Congo area, and SWA for
neighbourhood sizes less than 400 km. This intriguing result may be attributed to the
long spin-up period of the TAM and high-resolution NWP models in general (Warner
et al. (2022, in preparation), (Short and Petch 2022)). Warner et al. (in preparation)
showed that, about a 12-hour spin-up period was associated with forecasts from the
TAM. A 12-hour spin-up period significantly affects the skill of the TAM for the day 1
forecast. We therefore focus on evaluating day 2 forecast in the remaining parts of the

work.

FSS vs neibourhood sizes (20191207 - 20201130)
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Figure 6.3: F'SS versus neighbourhood size for daily rainfall accumulation (Dec 2019-
Nov 2020). The Global Model data is shown in dashed line and the TAM data as
solid lines. Note: each grid point is 0.1°(11.1 km) as the models were regridded to the
resolution of the GPM.
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Figure 6.4: FSS versus neighbourhood size for sub-daily rainfall accumulation (Dec
2019- Nov 2020) for day 1 (left) and day 2 (right). The Global Model data is shown in
dashed line and the TAM data as solid lines.

6.3 Evaluation of model performance for Day 2 forecast

6.3.1 LFSS results over West Africa

A spatial verification of the TAM is first performed using the LFSS as defined and used
in Woodhams et al.| (2018]). Figure compares the LFSS for both the Global model
and the TAM for the entire study period (December 2019 - November 2020) using sub-
daily (6 hourly) rainfall accumulation for the Day 2 forecast. The LFSS was computed
using the neighbourhood size of 33 grid points (366.3 km) which is the smallest neigh-
bourhood size for which the TAM has skill over the entire West Africa domain (also
consistent with [Hanley et al.| (2021))). It is worth noting that, the models were regrid-
ded to the resolution of the GPM data (0.1°). The TAM shows higher skill over the
mountainous regions in the Congo area as well as northern Nigeria. There is also higher
skill along the coastal areas where the near surface winds are generally perpendicular
to the land. This result shows the model’s ability to represent orographic effects as well

as sea-land breeze circulations. These features remain persistent throughout all seasons.

In DJF, the two models simulate rainfall over larger parts of the Gulf of Guinea and
with dominantly high intensities compared to the observed (Figure . The Global
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model particularly has rain spread out over most parts of the Gulf, creating false alarms
over most areas. SWA and the Sahel are generally dominated by low intensity rainfall
events as this is the main dry season of these regions. The TAM outperforms the Global
model in most parts of the region. There is pronounced high skill over the western side
of the Gulf of Guinea close to the coast of Liberia. High skill is also seen around the
mountainous regions of the Congo area as seen from the results of the entire year’s

evaluation.

In MAM, the latitudinal band of rainfall shifts slightly northward as shown by the GPM
(Figure . Both the Global and the TAM simulates this quite well. The Global how-
ever gets much of the rainy areas over the oceans well but with a band of rain over land
which leads the actual rain latitude in the observed. The TAM likewise simulates the
northward shift of the rain band but with higher intensities and smaller extend com-
pared to the observed. There is a pronounced decreased skill along the coast from Cote
D’Ivoire to Nigeria in both the Global and the TAM. The TAM seems to struggle in
simulating rainfall in these coastal areas in this season. The exact reason for this is not
well understood yet, however, climatologies of the number of MCSs over West Africa
(Figure and generally indicates lower number of MCSs in these regions. As the
advantage of the TAM over the Global is its ability to simulate convective storms more
accurately, the fewer number of MCSs in the above mentioned coastal regions could
be the reason for the decrease in performance of the TAM in these places. Further
research is encouraged in this region to understand the reason for the relatively fewer
number of MCSs as well as the reason for the decreased skill of the TAM over these
regions. The skill of the TAM is however generally higher in most parts of the land

areas compared to the Global model in this season.

In JJA, both the Global model and the TAM simulates very high intense rainfall com-
pared to the observed although it should be kept in mind that the GPM rainfall obser-
vations have biases of their own (Figure [6.8)). The rain-rates of the TAM are however
generally more intense. The TAM remains more skilful in the same areas described
above (mountainous and coastal regions perpendicular to the near surface winds) with
some extra hot spots in parts of the ocean. Very low intensity rainfall events are seen

over the ocean in this season as the peak of convective activities is centred over the
Sahel.
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The rainfall events for the two models remain generally more intense even in SON
when compared to the GPM (Figure . The most intense events are seen around the
mountainous regions of the Congo area and the coastal areas. The FSS also remains
generally higher in the TAM than the Global model. The skill over the Sahel is generally
low in SON for the two models although the skill is a little better for the TAM.
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Figure 6.5: Localised FSS computed over West Africa using the neighbourhood size of
33 and the 97th percentile threshold. TAM (left), Global Model (right).

6.3.2 F'SS versus neighbourhood sizes over West Africa

The greatest challenge of NWP models is predicting the location and timing of convec-
tive systems which are strongly controlled by local processes that are generally poorly
represented and assimilated into model initial conditions. Moving to a higher resolu-

tion is the first step in the attempt to improve the prediction of convection. To assess
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Figure 6.6: Same as Figure but for the DJF season.

the TAM’s ability to predict the location of storms, the FSS is computed for different
neighbourhood sizes. The results for each of the sub-regions over the entire study pe-

riod is compared in Figure [6.10

The FSS generally increases with increasing neighbourhood size. For forecasters, the
reliability of a model in any specific location will depend on the model’s ability to
simulate storms within the smallest radius (neighbourhood) possible. It is therefore
very useful to determine the smallest neighbourhood size for which the model has skill.
As suggested by [Roberts and Lean| (2008), an F'SS > 0.5 is considered skilful enough
for this purpose as it is halfway between random forecast (FSS = 0.0) and a perfect
forecast (FSS = 1.0) (Burton et al.[2022).
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Figure 6.7: Same as Figure but for the MAM season.

6.3.2.1 What is the smallest neighbourhood size for which the model has

skill in each sub-region?

Over the entire West Africa, the smallest neighbourhood size for which the TAM has
skill is about ~350 km. The Coast, the Gulf and the Congo area follow with ~390, 420
and 430 km respectively. SWA and the Sahel show insignificant skill in both models
for F'SS threshold of 0.5. For the Global model, the Gulf showed the highest skill with
the minimum neighbourhood size of 320 km. The Coast, West Africa and the Congo
area follow with the least neighbourhood sizes of 500, 520 and 580 km respectively. The
range of length scales seen over the various land regions of the Global model is therefore
too wide to be useful for forecasters. A distance of ~500 km means that, a forecaster
who observes rain in Accra has to expect the rain to occur anywhere in-between Togo

to Cote d’Ivoire.
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Figure 6.8: Same as Figure but for the JJA season.

The TAM generally outperforms the Global model for all the sub-regions except for
the Gulf and the Sahel where the Global model outperforms the TAM. The higher skill
of the global model over the Gulf of Guinea is possibly because the advantage of a
higher resolution model is to represent more accurately sub-grid scale processes such as
orography, vegetation, rivers, lakes, land surface temperatures etc. These are mostly
features peculiar to land surfaces rather than oceanic surfaces. The added value of high

resolution models is therefore more on lands than over the oceans although a higher

resolution also helps to improve model skill over oceans (Senior et al. 2021} [Willetts
2017)). The skill over the Gulf is very high in both models. This high skill over
the Gulf might be due to the models’ ability to represent light rain (mainly from less

organised convective systems) which occur mostly over the oceans and are associated
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LFSS with ns=33 (20200901 - 20201130)
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Figure 6.9: Same as Figure but for the SON season.

with the well represented synoptic scale circulations.

For the different land regions, the coast showed the highest skill for the TAM possibly

because of the TAM’s ability to represent land-sea breeze circulations more accurately.

This is consistent with Woodhams et al. (2019) who identified a better representation

of lake-land breeze circulation in the CP model over the lake Victoria when simulated
at 1.5 km. The Congo area, SWA and the Sahel follow respectively. The skill of the
Global model over the Sahel outperforms the TAM for the entire period since the en-

tire period is dominated by light rains which are well represented by the Global model.
As shown in the next session, the skill of the TAM over the Sahel gets better for the

JJA season where the region is dominated by well organised convective storms. This is

indicative of the TAM’s ability to simulate MCSs more accurately.
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The skill over the Sahel is the lowest in both models as it has MCSs as the most
dominant source of rain in the region (Maranan et al.|2018]). The skill stays low as the
simulation of organised convective systems is the greatest challenge of NWP models
(Marsham et al.|2013; Woodhams et al.[|2018). The skill of both models is significantly

higher than the persistence forecast for the entire study domain (West Africa).

FSS vs neibourhood sizes (20191207 - 20201130)
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Figure 6.10: F'SS versus neighbourhood sizes for the entire period (Dec 2019- Nov 2020).
The Global Model data is shown in dashed line, the TAM data as solid lines and the
persistence forecast as line with star.

6.3.2.2 FSS versus neighbourhood sizes over West Africa -seasons

Figure [6.11] shows the variation of FSS skill with neighbourhood sizes for the different
seasons. The TAM outperforms the Global model for almost all the sub-regions in all

seasons. The skill of the TAM seems to be highest for the region of intense convective
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activity in each season. In DJF, where convective activities are dominant over the
Gulf, the skill of the TAM is highest in this region. In MAM and SON where convec-
tive activities are concentrated along the coast, the skill of the TAM is highest along
the coast. In JJA where convective activities are mostly over the Sahel and parts of
SWA, the skill of the TAM for the Sahel is highest. The difference in skill between the
TAM and the Global model over the Congo area seems not to change much across the
seasons as this region is known for consistent convective activities. However the skill
of the TAM over the Congo area is highest in DJF and JJA.

The Global model outperforms the TAM over the Gulf (in JJA and SON) and the
Sahel (in MAM and SON). As mentioned above, minimal convective activities in these
regions during these seasons may be the reason for the poor performance of the TAM
as the advantage of the TAM over the Global is its ability to predict convective storms
more accurately. The Global model generally performs well in simulating the synop-
tic scale circulations which is mostly associated with weakly organised smaller sized
systems associated with the presence of a cyclonic vortex (Maranan et al.|[2018). The
Global model however fails to simulate organised convective systems accurately as they
parameterise these storms. The TAM therefore shows higher skill for these same regions
during the season of their peak convective activity; DJF and MAM for the Gulf and
JJA for the Sahel. These peak seasons are characterised by the presence of a strong
meridional temperature gradient; leading to a strong AEJ, a strong low level winds;
resulting in a strong vertical wind shear which favour more intense MCSs (as described
in chapter [5)).

The two models outperform the persistence forecast in all seasons over the entire domain
of study (labelled as West Africa on the plots). Note, the Sahel and SWA had to be
removed from the DJF plots as the rainfall recorded in these region were very low in

this (dry) season.

6.3.3 FSS for different percentiles

The performance of the two models in simulating rainfall of different intensities is
investigated. This was done by computing the FSS for varying rainfall thresholds (per-
centiles) for a fixed neighbourhood size (33 grid points). Figure shows the results

over the entire year of study. The two models generally show higher skill for light rains
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Figure 6.11: FSS versus neighbourhood sizes for different seasons: DJF (top left),
MAM (top right), JJA (bottom left) and SON (bottom right). The Global Model data
is shown in dashed line, the TAM data as solid lines and the persistence forecast as line
with star.

(lower rainfall intensities) compared to heavy rains (higher rainfall intensities). The
difference plot at the bottom reveals the difference in skill between the TAM and the
Global model for the varying rainfall intensities. Generally, the TAM outperforms the
Global model in most regions apart from the Sahel and the Gulf. The skill of the TAM
increases with increasing rainfall intensities for almost all regions. The result for the
entire study domain (W. Africa) summarises the relationship between the TAM and the
Global clearly. The Global model outperforms the TAM for lower rainfall intensities
while the TAM outperforms the global for higher rainfall intensities. This confirms the

TAM ability to simulate very organised convective storms more accurately; which are
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mostly high rain-rate storms.

The Global model outperforms the TAM over the Gulf but this difference decreases
with increasing rainfall intensity. This might be due the the dominance of low intensity
rain events over the Gulf which is generally well simulated by the Global model as they
are mostly associated with large (synoptic) scale tropical convergence. Over the Sahel,
the Global outperforms the TAM since this is a study over the entire year and not JJA
only where highly organised convective systems dominates the Sahel. The breakdown

of this plot into different seasons as seen in the next section sheds more light on this.
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Figure 6.12: FSS for different percentiles using neighbourhood size of 33 for the entire
period. Top - TAM, Middle - Global, Bottom - Difference (TAM-Global).

F'SS for different percentiles -seasons
A detailed investigation of Figure is done in this section by breaking it down into
the different seasons (Figure|6.13]). The ability of the models to simulate lower rainfall

intensities as seen in the previous section is persistent in all seasons. This confirms the
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skill of the models in simulating light rains which are associated with larger and synop-
tic scale systems. The Global models have shown good performance over the years for
large scale circulations as the geostrophic approximation holds for these systems. The
difference the convection permitting model makes here is its ability to simulate sub-grid
scale systems more accurately. The TAM proves this ability to some extent by showing

an improved skill for increasing rainfall intensities for almost all regions and all seasons.

In DJF the skill for lower intensity rainfall is generally very high especially for SWA
and the Sahel (which are usually in their dry season in this period) in both models.
But this decreases for higher intense events as these events are mostly contributed by
very organised convective storms. The TAM shows an improved skill for these events
in this season as expected in all the sub-regions except for the Sahel where the Global
outperforms the TAM. The lower skill of the TAM compared to the Global model in
the Sahel during this season might be due to the absence of highly organised convective
systems in in the Sahel in this season as the Sahel is the driest region in the season. The
TAM shows consistently higher skill over the Coast and even the Gulf for almost all
rainfall intensities. This is likely due the concentration of organised convective systems
in this regions during this time of the year as the I'TD is at it’s southernmost position
in this period. The TAM continue to outperform the Global model in the Congo region
for high rainfall intensities. This is likely because intense convective activities continue
to occur in the Congo region in this season. The average skill over the entire West
Africa generally shows higher skill of the TAM for both low intensity rainfall events
and high intensity events. The global however outperforms the TAM for rainfall inten-
sities between the 84th - 90th percentiles mainly due the the contribution from the Gulf.

In MAM convective storms begin to dominate the Coast and SWA. The skill of the
TAM begin to improve for higher rainfall intensities in these regions. As organised
convective storms leave the Gulf, the skill of the TAM begins to weaken during the
transition from DJF to MAM. However, the TAM continues to outperform the Global
for intense rainfall as expected over the Gulf, Congo and the entire West Africa. Over
the Sahel, the Global model outperforms the TAM in this season for all rainfall inten-
sities as rainfall in this season over the Sahel is normally contributed by less organised

systems.

In JJA, convective activities dominates the Sahel as this region is characterised by the
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presence of a strong AEJ, a strong vertical wind shear and drier mid levels. The TAM
therefore shows high skill for intense rain events over the Sahel (particularly events
greater than the 96th percentile). SWA, the Coast and the Congo exhibit similar char-
acteristic. Over SWA, the TAM outperforms the Global model for rainfall intensities
greater than the 78th percentile. Over the Coast the TAM outperforms the Global
model for all rainfall intensities. The Global model outperforms the TAM for lower
rainfall intensities over the Congo area however this switches in favour of the TAM
after the 87th percentile. A similar situation is seen when averaged over the entire
West Africa, the TAM outperforms the global for rainfall intensities greater than the
87th percentile. Over the Gulf however, the reverse appears to be the case. The TAM
outperforms the the Global model for lower rainfall intensities but the skill switches
in favour of the Global model for high rainfall intensities. This is probably because
intense convective activities dominates the Sahel in this season as the ITD is further
north in this season. Rainfall over the Gulf in this season is likely a contribution from

mainly less organised systems which are simulated better by the Global model.

This skill of the TAM is however weakened over the Sahel and SWA in SON as the
band of intense convective activities (located at about 10°S of the ITD as shown in
chapter [4)) begins to retreat. This results in the dominance of convective activities
mainly over the Coast resulting in a higher skill seen in the TAM over the Coast in
this season especially as rainfall intensities get higher. The Gulf however continues to
show lower skill in the TAM for higher rainfall intensities as storms over the ocean
remains less organised. Over the Congo and the entire West Africa, the the skill of the
TAM remains high for higher rainfall intensities consistent with the association of high

rainfall intensities with well organised convective systems.

6.3.4 F'SS for different times of day

The skill of the models for different times of the day is investigated (Figure . The
TAM outperforms the Global model for most of the regions at almost all times except
for the Gulf, the Sahel and SWA. Over the Gulf of Guinea, the TAM outperforms
the Global model only in the early hours of the morning (00-06 UTC) where MCS
activities peak over the ocean (as mentioned in chapter [4f). Rainfall over the ocean
during the remaining hours of the day are mainly light rain associated with the less
organised convective systems described in Maranan et al.[ (2018]) and are well simulated
by Global models. Over SWA, the TAM outperforms the Global model during the
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Figure 6.13: FSS for different percentiles using neighbourhood size of 33 for different
seasons. Top - TAM, Middle - Global, Bottom - Difference (TAM-Global).

00-06 UTC and 12-18 UTC. The Global however outperforms the TAM over the SWA
domain during 06-12 UTC and 18-24 UTC. Similarly, over the Sahel domain, the Global
model seem to outperform the TAM during all the periods of the day. These appear so
mainly because annual averages are considered here. Breaking the results into seasons
(Figures — Figures reveal that the skill of the TAM over the Sahel or SWA is
mostly high during the JJA season. In JJA season, the TAM outperformed the Global
model over the Sahel and SWA in the early hours of the morning (00-06 UTC) and
especially in the evenings (12-18 and 18-24 UTC) where organised convective activities
dominates over the region (Figure . The 06-12 UTC is the period of the poorest

performance of the TAM over these regions (Sahel and SWA) since convective activities
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are minimal over these regions during these times.
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Figure 6.14: FSS versus neighbourhood sizes for different times of the day. The Global
Model data is shown in dashed line, the TAM data as solid lines and the persistence
forecast as line with star.

6.3.5 Evaluating the representation of the effects of vertical wind

shear on storms

The model’s ability to represent the effects of vertical wind shear on storms as found in
chapter [5| is evaluated and discussed in this section. Figure[6.19| compares the relation-
ship between Outgoing Long-wave Radiation (OLR) and vertical wind shear in both
the TAM and the Global model using data for JJA 2021. OLR values are lower in TAM
compared to the Global model (top plots) suggesting the presence of more convective
storms in the TAM than the Global model. The area covered by strong 600-hPa wind
speeds (using 8ms~! as a threshold) is slightly larger in the Global model compared to
the TAM. The mean OLR in the TAM exhibit a wavy pattern suggesting the model’s
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Figure 6.15: Same as Figure but for DJF.

ability to represent the response of the OLR (convective storms) to the AEW. The
mean 925-hPa winds does not differ in the two models. The regions with strong verti-
cal wind shear values in the two models also do not differ (Figure bottom plots).

The OLR in TAM exhibits a strong response to vertical wind shear as compared to
that of the Global model (Figure middle). This effect is mainly seen in the north
western parts of the Sahel as well as parts of the north east. Relatively warmer storms
(characterised by high OLR values) dominates the Gulf, southern parts of the Congo
area and the North of the Sahel region which are also the regions with the lowest ver-
tical wind shear values. The Global model struggles to represent the effect of vertical
wind shear on storms in the region. There is a good relationship between low OLR
values and vertical wind shear in the north-western side of the Sahel and parts of the
the extreme east of the Sahel. However, most of the remaining regions with high shear

do not show an association with lower OLR values.
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Figure 6.16: Same as Figure but for MAM.

This results demonstrates a better representation of the effects of vertical wind shear
on storms in the TAM compared to the Global model. It should be noted that, this
analyses is only based on the model climatologies and not tracked storms during the
period. A detailed investigation based on environments associated with tracked storms

within the model will be a very useful future work.

6.4 Discussion and conclusions

The performance of the Met Office TAM has been evaluated over the entire West
African domain using the F'SS. The model’s ability to represent the effect of vertical

wind shear on storms as found in chapter [5| has also been evaluated using the model’s
OLR and associated 600 - 925-hPa winds. The skill of the TAM was compared with
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Figure 6.17: Same as Figure but for JJA.

the skill of the Met Office Global model. GPM rainfall was used as the observations in
this evaluation. The effect of the TAM’s ability to simulate more realistic storms and
to represent the diurnal cycle of convection and it’s associated rainfall more accurately
on the forecast skill was assessed by comparing the skill for daily rainfall accumulations
to that of sub-daily (6 hourly) rainfall accumulations. The effect of the long spin-up
period associated with the TAM on the forecast skill was also accessed by comparing
the model skill of day 1 forecast to Day 2. A detailed evaluation of Day 2 forecast has
also been performed. The LFSS has been used to investigate the spatial variation of
the model skill. The ability of the model to simulate the closest location of observed
convective activities has also been investigated by comparing the FSS of the models
with different neighbourhood sizes. The ability of the model to simulate organised con-
vective storms (high rain-rate storms) has also been assessed by comparing the skill of
the model for different rainfall intensities. And finally, the performance of the model

for different times of the day has also been investigated.
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Figure 6.18: Same as Figure but for SON.

The TAM simulates smaller storms with high rainfall intensities which is consistent
with Woodhams et al. (2018); [Hanley et al.| (2021) who found excessive rain-rates in
the earlier version of the model over east Africa (CP for East Africa). [Woodhams et al.|
(2018)) attributed this to the semi-Lagrangian advection used in the MetUM which does

not conserve mass. The current version of the model however uses the Regional Atmo-

sphere and Land version 1 science configuration (RAL1) which was expected to improve

this bias. Not much improvements to the rainfall intensities have been made although

this configuration compares better with GPM observations (Hanley et al.2021)). The

updated configuration RAL2 is expected to be better at representing rainfall in the
tropics. A useful future analysis would be to compare the RAL1 and RAL2 config-
urations. Percentile thresholds were used in the computation of the FSS and LFSS
instead of absolute rain-rates. Using percentile threshold was useful in accounting for
uncertainties associated with the GPM rainfall which was used as the observed data in

this evaluation.
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Figure 6.19: Mean OLR (shaded, top and middle) and vertical wind shear values (bot-
tom) for both the TAM (left) and the Global model (right) during JJA 2021. The
925-hPa winds are overlaid in arrows. The 600-hPa wind speed contour at 8ms~! and
the vertical wind shear contour at 16 ms~! are overlaid on the top and middle plots
respectively. OLR greater than 170 Wm™2 are masked out of the middle plots.

Both models performed better than the persistence forecast which confirms the findings
of [Woodhams et al.| (2018) that the models are valuable forecasting tools. The skill

of the TAM is better for sub-daily rainfall compared to daily rainfall accumulations

confirming the improved diurnal cycle and simulation of more realistic storms found in
earlier studies of CP models (Marsham et al. 2013} Birch et al.|2015; [Woodhams et al.|
2018; Hanley et al.|[2021). The high skill of the TAM when the FSS was compared

for different times of the day also confirms this. The performance of the TAM is also

better for Day 2 forecast compared to Day 1. This is due to the long spin-up associated
with the TAM (12-18 hours) (Hanley et al.2021). Exploring the use of warm-starts

may therefore be useful in minimising this effect (Warner et al. (in preparation)).

The LFSS showed higher skill of the TAM over mountainous areas and coastal areas
where near surface convergence is strongest confirming an improved ability of the TAM
to capture convergence associated with orography as well as sea-land breeze circulation
more effectively (Birch et al| 2014} 2015; Woodhams et al.|[2019). Birch et al. (2015)
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showed that the Met Office Global model with parameterised convection couldn’t cap-
ture convection associated with convergence from sea-land breeze circulations although
it is able to reproduce the main rain-forming sea-breeze circulation. This is because
convective parameterisation causes rain events to occur too early in the models, cool-
ing the boundary layer and reducing the the land-sea temperature contrast required for
sea-land breeze circulation. The global model however performed better generally over
the oceans (consistent with Woodhams et al.| (2018])) mainly because rainfall over the
oceans is generally dominated by less organised convective systems which are associated
with the synoptic scale circulations. Evaluations from forecasters in the region suggest
that most global models capture large scale systems well. Although there is improve-
ment in skill over the oceans during the main seasons of convective activities (mainly
DJF and MAM), the improvement in skill seen in the TAM is stronger over land than
over the oceans. The TAM performs better over land than the oceans because, the
advantage of a high resolution simulation is to better represent the sub-grid scale fea-
tures like orography, vegetation, lakes and rivers which are generally land features than
oceanic. Moreover, the response of convection to low-level convergence (which is a key
feature associated with the initiation and sustenance of convection as seen in section [
and well represented in CP models (Birch et al.|2014])) is seen more over lands due to

the presence of orography and other local features.

The assessment of the closest radius (neighbourhood size) within which the TAM is
able to simulate rainfall revealed that, the smallest neighbourhood size for which the
TAM has skill for West Africa is ~350 km as against ~510 km of the Global model. A
distance of ~510 km as seen in the Global model means that, a forecaster who observes
a rain in Accra has to expect the rain to occur anywhere in-between Togo to Cote
d’Ivoire. The closest neighbourhood size suggested by the Global model is therefore
not useful for forecasters in the region. The skill of the TAM for the various sub-region
showed that, the coast had the smallest neighbourhood size of ~390 km. The Gulf and
the Congo area followed with ~420 and 430 km respectively. The skill of SWA and the
Sahel were however insignificant as F'SS threshold of 0.5 was used. Lowering the FSS
threshold could show significant skills over the SWA and the Sahel, however 0.5 was
used according to the suggestion of Roberts and Lean (2008]). The results therefore
indicates that, a 0.5 FSS threshold is not useful for all regions. It is therefore useful to

investigate the most appropriate threshold for each region.

The TAM generally outperforms the global model for high rainfall intensities. The

Global model performs better for low rainfall intensities. Light rain is well simulated
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generally by all models (in all seasons) as light rain is normally associated with syn-
optic scale cyclonic vortices which is believed by forecasters to be well represented in
most models. The skill for high intensity rainfall events (mainly associated with very
organised convective systems) is generally low in both models (due to the scales on
which they occur - a sub grid scale systems). The TAM however showed a higher
skill for high rainfall intensities which suggests the TAM’s ability to simulate organised
convective systems more accurately. This is consistent with earlier works that have
demonstrated the TAM’s ability to represent both the diurnal cycle of convection as
well as it’s response to orography, sea-land breeze circulation and the associated low-
level convergence as described above (Marsham et al. [2013; Birch et al. 2014, [2015;
Woodhams et al.||2019)). Particularly the skill of the TAM was highest during the sea-

son where organised convective systems dominates each region.

The assessment of the model skill for different times of the day revealed that, the per-
formance of the TAM over the ocean was highest in the early hours of the morning but
late evenings over land when convective storms dominates in each of these regions. The
TAM outperforms the Global for most times of the day in almost all regions except
for the Gulf. Over the Gulf, the TAM only outperforms the Global during the early
hours of the morning (00-06 UTC) as convective activities peak at this period over the
ocean. Over the Sahel and SWA, the TAM outperforms the Global model during the
peak monsoon season (JJA) for all times of the day except the 06-12 UTC period where
convective activity is minimal over these regions. The skill of the TAM over the Global
model for the Sahel in JJA is highest in the evenings (12-18 UTC and 18-24 UTC) since
convective activities peak over this region during this period. This result is consistent
with Woodhams et al. (2018) who found that the F'SS in the earlier version of the TAM
over the lake Victoria peaked at 1500, 1800 and 2100 LT. These correspond to the peak

times of initiation and sustenance of matured storms over land.

The TAM exhibited a better representation of the effects of vertical wind shear on the
convective storms (regions with lower OLR values) as compared to the Global model.
Regions with lower OLR values were associated with high vertical wind shear values.
The Global model however struggled to represent this effect. The mean OLR in the
TAM also exhibited a wavy nature suggesting a response of the model’s storms to the
large scale AEW.
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Generally, an improved skill has been seen in the TAM compared to the Global sug-
gesting an improved representation of MCSs and it’s response to vertical wind shear
and the AEW in the TAM compared to the Global model. It should however be noted
that, GPM overestimates the size of storms. It also underestimates heavy rain and
overestimates light rain, therefore biases in the TAM may be exaggerated (Tian et al.
2018). The evaluation of the effect of vertical wind shear in the model’s was also done
using the models’ climatologies within for the period of JJA 2021 and not environments
associated with tracked storms in the models. Further investigation comparing tracked

storms within the models would be a useful extension of this work in the future.
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Chapter 7

Conclusions and

recommendations

7.1 Conclusions

The aim of this thesis was to address the problem of tropical weather forecasting by
improving our understanding of the (thermo-)dynamic environments of MCSs in West
Africa and evaluating their representation in high-resolution NWP models, and so in-
form the use of NWP models in forecasting rainfall in West Africa. This study is
important because HIW systems pose threats to farmers, fishermen, industries, and
many lives and properties in West Africa. MCSs were the main storm type studied
here because they are one of the most devastating type of HIWs in West Africa. MCSs
remain poorly represented and therefore poorly predicted in parameterised and even
convection-permitting NWP models due to the sparse nature of observations in the
region and our limited understanding of the (thermo-)dynamics of MCSs. Therefore,
it is necessary to improve our understanding of the (thermo-)dynamic environments of
MCSs and investigate the accuracy of the forecasts of their associated precipitation in
NWP models.

Given that the climate of West Africa exhibits a high spatial variability from the Gulf
of Guinea in the south to the Sahel in the North, the (thermo-)dynamic environments
of MCSs in the region were investigated by demarcating the study region into 6 sub-
regions (the Gulf, Coast, SWA, Sahel North Atlantic and the Congo area). The unique
environments of matured MCSs were investigated in chapter [4, The reason why some

storms live longer and propagate faster than others was also investigated by grouping
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the storms according to their various lifetimes and speeds. The environmental condi-
tions associated with long-lived fast moving MCSs as against those of short-lived slow
moving MCSs were then analysed. Long-lived storms were found to be associated with
highly sheared environments. The effects of vertical wind shear on MCS intensity was
investigated in detail in chapter (5| Finally, the ability of a convection permitting model
to forecast rainfall rates in West Africa was evaluated over the various sub-regions of
West Africa in chapter [6] by using the FSS. The 4.4 km Met Office TAM was the
main model used as products from this model are made available to African forecasters
as part of the Met Office’s contribution to the WMQO’s Voluntary Cooperation Pro-
gramme. The TAM was evaluated against the Met Office Global model to ascertain
the advantages or disadvantages of the convection-permitting model against the Global
model with the aim of providing a hint of the TAM’s ability to simulate convection

more accurately.

The observed MCSs studied in this thesis were obtained from the MCSs tracked from
CLAUS brightness temperatures using the Huang et al.| (2018) algorithm which com-
bines a Kalman filter with the traditional area overlap method; therefore small and fast
moving MCSs are tracked more accurately. The associated environments and rain-rates
of the MCSs were selected from ERA-Interim and TRMM 3B42 respectively. Mature
MCSs were used here which was defined as the stage in the lifetime of an MCS where
the associated brightness temperature was coldest. GPM rain-rate data were also used
as the observed data for the evaluation of the Met Office TAM.

The typical environments of matured MCSs included regions of strong surface conver-
gence and high orography (chapter . Matured MCSs were also associated with highly
sheared environments characterised by the presence of a strong mid-level AEJ core,
925-hPa winds, a near surface convergence south of the I'TD region, and a mid-level
relative vorticity maxima. The analysed strong near surface convergence precedes the
arrival of an observed matured storm. The convergence leads to strong vertical veloc-
ities that supports the development of an intense MCS and an upper level divergence
that compensates the near surface convergence. A strong outflow from the storm re-
sults in surface divergence over the Sahel and SWA right after the passage of the storm.
Maranan et al. (2018) found this post-storm surface divergence to be associated with
most of the rainfall types in SWA (especially storms with broad stratiform regions,

deep convective cores and wide convective cores).
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Long-lived storms had moderate speeds (10 - 25 ms™!), associated with a strong verti-
cal wind shear (> 8 ms™!) which led to moderate size storms (~125000 - 190000 km?)
with high rain-rates (> 4 mmh~!) and colder BTs (<210K). The long-lived storms
were also associated with the presence of AEWs. The sizes of the storms generally
increased with lifetime and speed. This result is consistent with Maranan et al.| (2018])
who showed that long-lived storms had colder BTs and [Tomasini et al. (2006]) who also
showed that long-lived fast moving storms had the largest sizes. Short-lived slow mov-
ing storms were associated with weaker vertical wind shear (< 8 ms~!), smaller in sizes
(< 125000 km?), low rain rates (< 5 mmh~!) and warmer BTs (< 213K). Consistent
with [Lafore et al.| (2017)), the short-lived storms were the most numerous but had low

rain rates and were often located near mountainous areas.

Generally oceanic storms were associated with the highest mean rain-rates (4.5 - 5.4
mmh~!) compared to land storms (2.4 - 4.5 mmh~!). The highest mean rain-rate
associated with land MCSs was found along the Coast (4.5 mmh~'). The Congo,
SWA, and Sahel followed with decreasing mean rain-rates of 3.6, 3.2 and 2.4 mmh~—!
respectively. Sahelian storms were the fastest with the average speed of 13.9 ms™! as
they were associated with the strongest vertical wind shear and steering level winds
(AEJ). SWA, the Congo area, Coast and the oceans followed in decreasing order of mean
storm speeds of 13.5, 12.0 and 11.5 ms~! respectively. The main factors that determine
MCS speed in the region are not fully understood but we hypothesize that, MCS speeds
are determined by the steering level winds and also modified by the vertical wind shear.
The higher rain rates and stronger surface convergence associated with oceanic storms
compared with land storms suggests that, high rain rates results from a strong surface
convergence and corresponding strong vertical velocities in a moist environment, leading
to a strong influx of moisture into the storms. While a near surface wind convergence
is associated with the oceanic and coastal storms, the convergence associated with
land MCSs generally initiates from the surface but it elevates and maximises around
800 - 700 hPa level.

A detailed investigation of the effect of vertical wind shear on MCSs showed that, a
strong vertical wind shear results in colder BTs relative to their temperatures at their
LNB (chapter |5). Since this BT, is the BT of the anvil and not just the over-shooting
top, it was hypothesized that this happens by increasing the updraft and minimising
entrainment. This is consistent with a recent idealised model simulations showing that
vertical wind shear can reduce entrainment dilution of squall-lines (Mulholland et al.

2021). Storms over oceans get closer to their LNBs compared to storms over the land
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suggesting that higher entrainment rates of drier air over land compared to the ocean
prevents storms from reaching their LNBs (Becker and Hohenegger 2021)). This spec-
ulation was investigated further by comparing the vertical shear and mid level specific
humidity to their associated BT _diffs and rain-rates. In almost all the sub-regions
apart from some samples over the Sahel and the Gulf, higher mid-level specific humid-
ity with high vertical wind shear resulted in minimised BT _diffs. Over the West Africa
land regions (Sahel, SWA and the Coast), higher mid-level specific humidity with high
vertical wind shear did not only result in minimised BT _diff but also high rain rates.
The effect of vertical wind shear shown in this study provides some observational ev-
idence supporting an earlier work by Peters et al.| (2019) that entrainment dilution of
storm updraft cores prevents storms from reaching their LNBs. Some high sheared
storms over the Sahel and the Gulf showed dry mid-levels giving cold cloud tops which
could be attributed to the balance between the strong shear and the downdrafts from a

storm resulting in strong (more vertical) updrafts as proposed by Rotunno et al.| (1988).

Finally, the performance of the Met Office TAM for rainfall was evaluated over the
entire West African domain using the FSS (chapter @ The model’s ability to represent
the effect of vertical wind shear on storms as found in chapter [5] was also evaluated.
The LFSS defined and used in [Woodhams et al| (2018) was used to investigate the
spatial variation of the model skill. The ability of the model to simulate the right
location of a rain event was also investigated by comparing the FSS of the models
with different neighbourhood sizes. The ability of the model to simulate high rain-
rate events (organised convective storms) was also assessed by comparing the skill of
the model for different rainfall intensities. Here, high rain-rate events were considered
as a proxy for organised convective storms as most cold BT storms have large sizes
and are associated with high rain-rates (Figure [4.15). The TAM simulates smaller
storms with high rainfall intensities. The skill of the TAM is highest over coastal
areas and mountainous regions likely indicating the model’s ability to simulate sea-
land breeze and orographic effects more accurately. The skill of the TAM is better
than the Global for sub-daily rainfall compared to daily rainfall accumulations as the
diurnal cycle of convection is better represented in convection permitting models (Zhang
et al.|2016; |Crook et al.||2019; [Li et al. 2020; |Scaff et al.2020)). The performance of
the TAM is again better than the Global for Day 2 forecast compared to Day 1 due
to the long spin up period associated with the TAM. Over the entire West Africa, the
smallest neighbourhood size for which the TAM has skill using an FSS threshold of
0.5 was ~350 km. The TAM generally outperforms the global model for high rainfall

intensities while the Global model performs better for low rainfall intensities. The
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higher skill of the TAM for high rainfall intensities demonstrates its ability to simulate
organised convective systems more accurately which is very useful for forecasters and
model developers. The TAM also exhibited a strong response of the model storms to
vertical wind shear and the AEW. This is a useful added value of the CP model since
the Global model struggles to represent these effects.

7.2 Discussion and implication of results

The environmental conditions associated with matured MCSs in West Africa and the
reasons why some storms live longer and propagate faster than others have been in-
vestigated. The effect of vertical wind shear on the intensities of MCSs has also been
investigated. And finally the representation of rainfall in the Met Office convection-

permitting TAM has been evaluated.

Matured MCSs in West Africa are generally associated with environments of strong
near surface convergence which mostly occur around regions of high orography; es-
pecially elevated regions along the coast. The strong near surface convergence lead
to strong vertical velocities and resulted in cold cloud top MCSs in the presence of
a strong vertical wind shear. Unlike the oceans and the coast where the convergence
is confined to the surface, the convergence associated with inland MCS elevates and
maximises between 800 - 700 hPa where strong vertical velocities follow. The conver-
gence of moisture at these levels enhances the coupling of moist diabatic processes and
circulation in the propagation of the AEW through latent heating (Tomassini et al.
2017). Birch et al.| (2013) showed that the synoptic scale convergence and circulation

were important for a successful simulation of an MCS.

Over SWA and the Sahel, a strong outflow from the storm is seen after the passage of
the storm which might be associated with the strong downdrafts and cold pools from an
MCS. This outflow is significant over SWA and Sahel compared to the oceans and the
remaining land regions probably because storms over SWA and the Sahel are generally
more organised and have colder BTs compared to storms in the remaining regions. The
strongly organised and colder BT MCSs over the Sahel and SWA is due to the presence
of a strong vertical wind shear resulting from the dominance of a strong mid-level AEJ

and near surface winds over these regions as compared to the other regions.
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A detailed investigation of the effect of vertical wind shear on MCSs in West Africa
has revealed that, a strong vertical wind shear results in MCSs with colder cloud tops
relative to the temperature at their LNBs and high rain rates. This likely happens
by increasing updrafts and minimising entrainment (Mulholland et al.[2021). Land
MCSs struggle to reach their LNBs compared to oceanic MCSs probably due to a
higher entrainment rate of drier air over land compared to moister air over the oceans
(Becker and Hohenegger|2021)). The entrainment dilution of updraft cores as suggested
by [Peters et al.| (2019) in their study of supercells is likely what prevents storms from
reaching their LNBs.

High rain rates associated with West African MCSs likely result from an influx of
moisture through a strong surface convergence and associated high vertical velocities
as inferred from the high rain rates and strong surface convergence associated with
oceanic storms as compared to land storms. High rain rates of West African land
MCSs is also associated with the presence of a strong vertical wind shear which con-

tributes to the inflow of moisture into the storms (Alfaro [2017).

West African MCSs live longer when they are located in an environment of strong ver-
tical wind shear or when they get coupled with the AEWs as most long-lived storms
are located ahead of the wave trough (Mathon et al.|[2002a; Tomassini et al. 2017;
Tomassini 2018). These storms, however propagate faster than the AEWs (Dieng et al.
(in preparation)) and the AEJ (not shown). The fast moving long-lived storms have
the largest sizes suggesting that, the most organised long-lived storms (larger sizes)
propagated faster than the AEW and the AEJ probably due to strong cold pool out-
flows from the storms which lead to secondary initiation of new cells as the storms
propagated. Two main hypothesis can be deduced from this result: (i) storms live
longer when they get coupled with he AEWSs or associated with strong vertical wind
shear; (ii) the most organised long-lived storms have larger sizes and propagates faster
than the AEW and the AEJ due to high vertical wind shear and cold pool outflow from

the storms enhancing the development of new cells as the storms propagates.

Using high resolution NWP models with permitted moist convection does not only
improve the diurnal cycle of convection but also improves the representation of MCSs
as inferred from the higher skill of the TAM for high intensity rain events compared to

the Global model. The representation of orographic effects as well as sea-land breeze
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circulation is probably also improved as inferred from the high skill over areas of high
orography and coastal areas. The model’s ability to represent the right location of
convection is significantly improved as the nearest neighbourhood size for which the
TAM has skill over the entire West Africa is ~350 km compared to ~510 km of the
Global model based on an FSS threshold of 0.5. However, forecasters in the region
are advised to take forecasts of the first 12 - 18 hours with a pinch of salt as the long
spin up period of the TAM affects the model skill. Day 2 forecasts are generally better
than Day 1 forecasts as a result, although the model skill generally decreases with
increasing lead time. There is an improvement in the representation of the effects of
vertical wind shear on the cloud top temperatures of MCSs in the TAM. Convection-
permitting models better represents the relationship between vertical wind shear and
the cloud top temperatures of storms but might not represent well the relationship
between vertical wind shear and rainfall (Fitzpatrick et al.[|2020a.b; Senior et al.|[2021)).
The poor representation of the effect of vertical wind shear on entrainment might be the
reason why convection-permitting climate models struggle to capture the relationship

between vertical wind shear and rainfall.

7.3 Limitations of the work

7.3.1 The environment, characteristic lifetime and speed of Mesoscale

Convective Systems in West Africa

Inadequate observations in the region (especially upper air observations) may have an
impact on the accuracy of the reanalysis data used in the region. Reanalysis data were
used as they were the only available data that could be considered as close enough to
the observed. However, given that reanalysis data are largely model data with assimi-
lated observations, the limited observed data in the region raises a great concern about
the accuracy of reanalysis data in the region. Moreover, the analysed fields heavily
depend on the convective parameterisation as few observations are assimilated, this
introduces biases in processes such as the diurnal cycle. Lavers et al. (2022) showed
that, ERA5 struggles to simulate observed precipitation totals although it generally
captures their location and patterns. ERA5 was also found to be more skilful in the
extratropics than the tropics. The performance of ERA-interim and other reanalysis
products in representing rainfall in West Africa has been poor compared to satellites
and other gauge based products (Manzanas et al.|[2014). ERA Interim struggles to

represent storms in some cases. However, using composites of MCSs seems to minimize
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this deficiency. The storm environments are reasonably well represented as can be seen
in this study. For instance Figure[4.5]shows ERA-interim’s ability to correctly represent

pre-post convective environments and its association with rainfall from TRMM 3B42.

The Huang et al. (2018) MCS data being 3-hourly means that, short lived storms
(including storms with 4-5 h duration) can easily be missed. In the case of several
simultaneous cells, individual tacks may have unrealistic jumps as a result of this tem-
poral resolution. Such storms are more frequent over the Congo area and southern West

Africa but might not be frequent over the Sahel where storms are mostly long-lived.

7.3.2 Observed effects of vertical wind shear on the intensities of
Mesoscale Convective Systems over West and Central Africa

e Previous theories explaining the mechanism through which vertical wind shear
affects storm intensities could not be verified in this study. Theories such as
the [Rotunno et al.| (1988)) theory and the |Alfaro (2017) layer lifting model of
convection were proposed based on idealised model experiments. These theories
have been tested to some extent by Bickle (2021 over the Sahel but through
an idealised experiment with large eddy simulation. Investigating these theories
with observations will be a useful way to validate these theories. However, the
inability of ERA interim data to resolve sub-km features associated with MCSs
as explained earlier and inadequate observations in the region limited the ability

to test these theories.

e To test the Rotunno et al. (1988) theory, it will be useful for the depth of vertical
wind shear to be selected to be equal to the depth of the cold pool. Not much
studies have specifically measured and compared the depth of West African cold
pools over the ocean versus that over land. However, Bryan and Parker| (2010)
investigated the characteristics of a squall line from a rawinsonde data collected
during the passage of a storm in Oklahoma using 9 soundings. The sounding
showed cold pool depth to be ~4 km deep. In this study, vertical wind shear
was calculated from 600 hPa which is equivalent to ~4.2 km. This might not be
exactly equivalent to the cold pool depth of a typical West African squall line
but 600-hPa seems a reasonable level as 4.2 km is a good estimate of cold pool
depth based on [Bryan and Parker| (2010). 600-hPa also seem a reasonable level

for all the sub-regions as the steering level winds (the AEJ) occur at this level.
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As storms over the ocean are normally less organised compared to land storms,
it is recommended that, in future works, an accurate test of the [Rotunno et al.
(1988) theory can be done by measuring the cold pool depth of storms over West

African land and oceanic regions.

e The relationship between vertical wind shear and mid-level humidity needs to be
investigated in detail. While the results over the Sahel seem to support earlier
studies of drier mid-levels favouring most intense storms, most other sub-regions
of West Africa showed a relationship between high vertical wind shear, and high
mid-level humidity resulting in colder storms (Figure[5.5). The minimised BT _diff
resulting from high vertical wind shear and moist mid-levels however confirms
findings from an earlier work which showed that, drier air increases entrainment
dilution of updraft cores (Peters et al.2019). The Sahelian storms which rather
showed minimised BT _diff for drier mid-levels in the presence of a strong vertical
wind shear could be a confirmation of the Rotunno et al. (1988) theory which
states that, strong (more vertical) updrafts could result from the balance between
the horizontal vorticity generated by the cold pool outflow from a storm and
that generated by vertical wind shear. As the intrusion of mid-level dry air
results in stronger cold pools, drier mid-levels in the Sahel is likely to result
in stronger cold pools required to balance the strong vertical wind shear in the
region for strong updrafts to occur leading to colder BTs. This effect might be
more pronounced in the Sahel than other regions because of the dominance of
very organised convective storms in the Sahel (a region of high CAPE and CIN)

compared to other regions in West Africa.

e The effect of shear on the intensities of MCSs in West Africa has been studied
in this work. However, it will be useful to confirm if this effect remains the case
over other tropical regions around the globe. This will be useful in providing a

more robust explanation of the effect of shear on MCSs.

7.3.3 Evaluation of the Met Office Tropical Africa Model

e Only one year of data was studied which which was not long enough for a robust
FSS computation for high rain-rates as a function of location. A longer dataset
could not be used as the model was upgraded from RAL1 to RAL2 in December
2020.

e Since the work has been MCS focused, it would have been beneficial if a de-
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tailed evaluation of the representation of MCSs in the TAM had been performed,
however, there was not enough time to perform these in detail. Although high
intensity rain events were considered as events associated with MCSs, a direct
tracking of MCSs in the TAM and the subsequent selection of it’s associated

rainfall would be a valuable next step.

e A detailed investigation of the TAM’s ability to represent the (thermo-)dynamic
environments associated with MCSs as well as the representation of the effects
of vertical wind shear on the storms as seen in chapters [d] and [f] is needed for a
thorough evaluation of the model skill. However, this could not be performed in

detail due to the limited time and funding available.

e Finally, the impact of ensemble forecasting over the region as suggested by Wood-
hams et al.| (2018); |Cafaro et al.| (2021) could not be explored within the time

available.

7.4 Recommendations

7.4.1 Recommendations for a short time scale (~6 months - a year)

A useful continuation of the work within a short time scale will be to investigate the
representation of the processes in the TAM and the Global model to ascertain the

reason for the low and high skill in different regions.

e Track MCSs simulated within the TAM and the Global and investigate the skill
to test the hypotheses raised in chapter [6}

— Does the TAM’s ability to simulate high intensity rainfall indicate its ability

to represent MCSs more accurately?

e Select the (thermo-)dynamic environments of the tracked storms and investigate
the model’s representation of the mean storm environments as done with obser-

vation in chapter [

— How well do the models represent the (thermo-)dynamic environment of ma-
tured MCSs?

— Are long-lived fast moving storms in the models’ associated with a strong
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vertical wind shear and the AEWs?

— How well do the models represent the (thermo-)dynamic environment before,

during and after the passage of a matured MCS?

e Select the associated outgoing longwave radiation, the rain-rates, the low level
humidity, the mid level humidity, mid and low level winds and investigate the
model’s representation of the observed effect of vertical wind shear on storm

intensities (as found in chapter |5)):

— How well do the models represent the effect of vertical wind shear on BTs,

BT_diffs and associated rain-rates?

— How accurate is the models’ representation of the response of BTs, BT_diffs

and rain-rates to high vertical wind shear and mid-level humidity?

— How well do the models represent the effect of vertical wind shear on BT_diff

over the oceans and lands?
— Does a better representation shear mean a higher skill?

Other investigations that could be done in the short term include: A comparison be-
tween the runes initialised at 06 UTC and 18 UTC. This comparison will help to
potentially investigate the spin-up problem in detail. As storms initialised at 06 UTC
are more likely to spin up faster than storms initialised at 18 UTC as there is no solar
radiation at 18 UTC to initiate convection.

A comparison between the RAL1 and RAL2 would also be useful in understanding the
added value of RAL2. The RAL1 comes with two sub configurations, RAL-M for the
mid-latitudes and RAL-T for the tropics (Bush et al.2020). These sub configurations
are useful for ensuring that the unique model configuration suitable for the tropics or
mid-latitudes is used unlike its predecessors that used the same configuration tuned for
the mid-latitudes for the tropics. The RAL2-T is expected to improve upon biases as-
sociated the RAL1 configuration as it comes with an improved model physics. |Steptoe
et al. (2021)) found that simulations with the RAL2-T showed a better representation
of tropical cyclone wind speed, gust speed and mean sea level pressure than that of
ERA5 when compared with data from the International Best Track Archive for Cli-
mate Stewardship. The improved simulations with RAL2-T found in other works like
Boutle et al. (2021) supports the need to properly evaluate the added value of RAL2-T

configuration over Tropical Africa.
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7.4.2 Recommendation for a longer time scale (~ 3 years)

Exploring the use of ensembles over the region could help to improve the skill and
quantify uncertainties within the model as a study over East Africa suggests (Ca-
faro et al.[[2021). |Cafaro et al. (2021)) evaluated the skill of probabilistic rainfall fore-
casts from convection-permitting ensembles, convection-permitting deterministic, the
global model ensembles and global model deterministic using the FSS. The convection-
permitting ensembles provided more skilful forecasts than the convection-permitting
deterministic, the global model ensemble and global model deterministic forecasts. As
the |Cafaro et al.| (2021) study was conducted with the older RAL1-T and over East
Africa which has entirely different climatic conditions and topographical features, re-
peating this work over West Africa using the TAM with the improved RAL2-T will be
a very useful work. Moreover, given that the smallest neighbourhood size for which the
TAM has skill over West, Africa was ~350 km using the FSS threshold of 0.5 which is
still too coarse for forecasters to make useful decisions, testing the FSS of ensembles
generated from the TAM will likely result in a smaller neighbourhood size that will be

useful for decision making.

Testing the mechanism through which vertical wind shear affect the BT _diff of MCSs
as hypothesised in chapter [5| will address a key source of uncertainty in our understand-
ing of the (thermo-)dynamics of MCSs and their representation in NWP models. In
chapter b it was hypothesised that vertical wind shear causes storm anvils to reach
higher heights relative to their LNBs by increasing updrafts and minimising entrain-
ment consistent with Mulholland et al. (2021). By using measurements from a field
campaign or some of the previous campaigns over the region, this hypothesis can be
tested by comparing differences in updraft strengths for cases of weakly sheared storms
and highly sheared storms. Measurements of updrafts is difficult, ERA 5 reanalysis
data will be unable to quantify updrafts as the they parameterise storms. However,
using the the Huang et al.| (2018]) algorithm to track MCSs, a proxy for updrafts could
be created by estimating the heights of overshooting tops in each storm using the dif-
ference between the temperature of the overshooting top and the average temperature

of the storm anvil (BTmin-BTavg).

It will also be interesting to go ahead to investigate the effect of entrainment of drier
air versus that of moist air into storms as suggested in chapter [5] Consistent with [Pe-

ters et al.| (2019) who found that entrainment dilution of squall line updrafts prevents
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storms from reaching higher heights, it was found that, storms over the ocean could
reach their LNBs compared to storms over the land. It was speculated that the higher
entrainment rate of drier air into land storms is what prevents them from reaching their
LNBs as compared to oceanic storms. However, a minimised BT _diff was also found
for some Sahelian storms which we speculate could be a result of a process similar
to the |Rotunno et al.| (1988) theory described earlier. By estimating the cold pools,
vertical wind shear, mid-level humidity and updrafts associated with tracked MCSs,
this hypothesis could be tested by comparing the effects of the entrainment of dry and
moist air in an environment for cases of strong cold pools versus weak cold pools and

the effects on the corresponding updraft strength.

Experiments to test the |Alfaro (2017) theory of the effect of vertical wind shear on
MCSs as well as |Alfaro (2017))’s theory for rain-rates using observed data would help to
confirm these theories. An attempt to test these theories over West Africa was done by
Bickle (2021) but using an idealised large eddy simulation over the Sahel. The results
showed that the Alfaro| (2017)’s theory works well for squall line average ascent and
rain-rates but doesn’t show a good correlation with the maximum values. The poor
correlations were attributed to variations in storm organisation due to differences in
cold pool structure. Experimenting with passive tracers revealed that the LLMC might
be an inaccurate representation of how the system relative inflow may account for storm
rainfall. This raises the need for further testing and experimenting with observations
will likely help to answer the outstanding questions raised in the |Bickle| (2021)) idealised
test. Bickle (2021) however gave a hint of a reconciliation between the |Alfaro (2017)
and the Rotunno et al.| (1988]) theories as storms with strong cold pools and vertical

wind shear were more intense and had high rain-rates.

The |Alfaro| (2017) LLMC can be tested by comparing composites of tracked observed
storms with strong vertical wind shear to weakly sheared ones in environments of
strong low level moisture flux versus weak low level moisture flux. The relative effect
of these two composites on the corresponding BTs, BT _diff, BT _min and rain-rates of
the storms will then be analysed. The BT_diff, BT _min and rain-rates will be used as
parameters to help quantify the impact of the increased latent heating resulting from
the increased inflow of convectively unstable air on storm intensities as proposed by
Alfaro (2017). The Alfaro| (2017)) theory for rain-rates will also be tested by comparing
theoretically estimated rain-rates (using the CAPEs and vertical velocities associated
with the storms) with the observed rain-rates from TRMM.
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Simulations of specified cases with the TAM will be very useful for a detailed inves-
tigation of the model’s ability to represent MCSs more accurately. A couple of cases
of extreme weather events could be selected and the model’s ability to simulate these
storms investigated by evaluating the representation of the right environments and
processes that lead to the initiation, growth, propagation and dissipation of MCSs.
In addition, the effect of vertical wind shear on storm sizes, speed, and BTs as well
as it’s effect on the forecast skill can also be investigated. Such detailed evaluation
of the effect of vertical wind shear on storm characteristics in the TAM will provide
useful additions to earlier works done by Birch et al.| (2013, 2014)); |Crook et al. (2019)
who although made useful contribution to our understanding of the representation of
MCSs in convection-permitting MetUM simulations over West Africa, did not provide
a detailed evaluation of the representation of the effects of vertical wind shear on West
African MCSs.

The performance of the TAM could be compared to other high resolution models such
as the WRF model. This can involve the comparison of the simulation of some extreme
cases with observed tracked storms. The representation of the storm environments and
their effect on the storm intensity as well as the forecast skill can be compared. The
representation of rainfall using F'SS can also be investigated. Finally, the impact of the

models’ ability to simulate vertical wind shear on the forecast skill can also be compared.

Current projections from convection-permitting models over Africa are likely under-
estimating future extremes as they struggle to capture the effects of vertical wind shear
on rainfall (Fitzpatrick et al.[|2020ayb; Senior et al.|2021). The above listed future works
which further investigates the mechanism through which vertical wind shear impact on
the updraft strength, entrainment and resulting rainfall of MCSs as well as their rep-
resentation in high resolution NWP models is crucial for more accurate future climate

projections over Africa.

This thesis has improved our understanding of the (thermo-)dynamic environments of
MCSs, the effects of vertical wind shear on MCSs and the added value of convection-
permitting models in forecasting rainfall and representing the environments of MCSs
over West Africa as well as the limitations of the model. The thesis has also highlighted

key areas for further research needed to address the limitations that have been iden-
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tified. The availability of convection-permitting NWP and climate models, large eddy
simulations, and observations provides opportunities for the further research needed to

improve MCS simulation over West Africa.
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