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ABSTRACT

High Resolution Climate Simulations over Africa: Past, Present, and
Future
Jerry Raj
The horizontal resolution is a prominent constraint on the accuracy of simulating
synoptic and sub-synoptic scale rainfall. High resolution General Circulation Models are significantly better than Regional Climate Models and conventional coarse
resolution General Circulation Models in their representation of atmospheric circulation and precipitation. In this study two monsoon systems over Africa, the features associated with them, and their future are examined using a high resolution
Atmospheric General Circulation Model, HiRAM. HiRAM, which is developed at
Geophysical Fluid Dynamics Laboratory, employs a cubed-sphere finite volume dynamical core and uses shallow convective scheme for moist convection and stratiform
cloudiness instead of a deep convective parameterization. Future projections are conducted using the representative concentration pathway, RCP 8.5 from 2076 to 2099
at C360 ( 25 km)resolution. The study explores three important climate features of
the region: West African Monsoon, Southern African Monsoon, and African Easterly
Waves. These climate systems particularly benefit from high resolution simulations
since they involve several multiscale processes and are influenced by coastlines and
complex topography. The study shows that, in the RCP 8.5 scenario, elevated areas
of Sahel and western Sahara experience robust warming of >4K by the end of the
21st century. Precipitation increases over the equatorial Atlantic and the Guinean
coast, while the southern Sahel appears drier. The wave activity of the region also
shows a significant increase. The examination of the future projections of southern
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Africa reveals increased precipitation over central Africa and contrasting anomalies
over northern Madagascar while Kalahari desert experience significant warming. The
rainfall change in a global warming scenario is not unidirectional, unlike the temperature which increases almost everywhere and this emphasizes the need for more
projection studies.
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Chapter 1
Introduction

1.1

Introduction

Africa is the continent which covers one-fifth of the earth’s land area and is the largest
of the landmasses spanning the southern hemisphere. It spreads across the equator
and is home of two major deserts, viz. Sahara and Kalahari. Africa has a complex topography with a variety of climates across the continent, e.g., from the humid
tropics to the hyper-arid Sahara, and the climate of the continent is controlled by
complex maritime and terrestrial interactions [Solomon, 2007]. Africa is the home of
one billion people, who largely depend on agriculture for the living. Agriculture is the
largest single economic activity in Africa, which accounts for 60% of the employment
and 50% of the GDP in some countries [Collier et al., 2008]. Due to lack of sufficient irrigation infrastructure farming is mostly rainfed, making climate an important
economic and social control which affects at regional, local and household levels.
Agriculture in Africa mainly depends on two monsoons, West African Monsoon
and Southern African monsoon, which are the main watering systems of the continent.
The variability and change of these monsoons have a devastating effect on the local
population. Africa has the dark history of both drought and flood causing death
and displacement of millions of people. The infamous widespread drought of West
Africa during the 1970s and 1980s was the most significant drought at the regional
scale during the twentieth century [Nicholson, 2008]. More recently, the region has
experienced third-largest food crisis in the last seven years, which affected 18 million
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people, following the flood in 2012 [Fao]. Such climate extremes had an extensive
socioeconomic impact that includes lack of water, energy, pasture and food, famine,
loss of life and property, mass migration and environmental refugees [Cornforth, 2012].
Understanding climatic processes and their controls are the most important first
step to mitigate the ill-effects of such climate extremes. Many of the processes are
remain underexplored even though the last few decades saw a significant leap in the
understanding of African climate. One of the challenges faced in this regard is the lack
of observations and the lack of quality among the available ones in this region. Effective use of climate information in planning and routinely incorporated climate risk
into development decisions are required for effective management of climate variability
and change. Efforts to alleviate the issue of data unavailability lead by organizations
such as World Meteorological Organization (WMO) and Intergovernmental Panel for
Climate Change (IPCC) are already in place and the current study intends to deal
with the other part of the problem: understanding climatic processes in Africa.

1.1.1

Climate of Africa and Climate Change

The continent exhibits a wide range of climates, such as the equatorial, the tropical
wet and dry, the tropical monsoon, the semi-arid, the desert, and the Mediterranean
climate. All these climates exhibit differing degrees of temporal variability, particularly with regard to rainfall [Hulme et al., 2001]. The rainfall pattern of the continent
is unimodal in the west and south, and bimodal in the east. Seasonal oscillation
of Inter Tropical Convergence Zone (ITCZ) over Africa is the largest in the world
(>43 degrees). The climate of the continent is affected by various factors, such as
oscillations in Sea Surface Temperature (SST) anomalies in various ocean basins and
anthropogenic Greenhouse Gas (GHG) emission. For example, studies show that
oscillations like El Nino Southern Oscillation (ENSO), North Atlantic Oscillation
(NAO), Atlantic Multidecadal Oscillation (AMO), and Atlantic Zonal Mode (AZM)

21
affect the rainfall over the continent. During the positive phase ENSO subsidence
increases over West Africa which results in decreased precipitation [Moron and Ward,
1998, Rowell, 2001, Janicot et al., 2011, Mohino et al., 2011]. Similarly, southern
Africa exhibits a significant decrease in rainfall during strong El Nino events [Pomposi et al., 2018]. Southeast Africa experiences a reduction in rainfall during strong
NAO events [McHugh and Rogers, 2001]. The positive AMO phase is associated with
increased precipitation over Sahel [Zhang and Delworth, 2006, Knight, 2009]. The
AZM causes a dipole of rainfall anomalies between the Gulf of Guinea and Sahel during its different phases [Losada et al., 2012]. Similarly, anthropogenic climate change
also has a significant impact on the continent.
It is well known that GHG emission is altering the global climate. IPCC assessment report 5 says, ”it is virtually certain that globally the troposphere has warmed
and the stratosphere has cooled since the mid-20th century”. Each of the past three
decades has been successively warmer at the Earth’s surface than any of the previous
decades in the instrumental record, and the decade of the 2000s has been the warmest
[Stocker, 2014]. Africa is one of the most vulnerable continents to climate change and
climate variability due to its low adaptive capacity and the interaction of multiple
stresses, occurring at various levels which exacerbates the problem [Solomon, 2007].
Africa is not exempt from anthropogenic climate change. Most parts of the continent
have warmed up more than 0.5 degrees during the second half of the past century,
with a distinct feature of minimum temperature increasing swiftly than maximum
temperature [Hulme et al., 2001, Trenberth and Ambenje, 2006, Nicholson et al.,
2013, Rosenzweig et al., 2007, Christy et al., 2009]. The mean near surface temperature trends in North Africa during recent decades show a significant increase which is
beyond the range of change due to natural variability [Barkhordarian et al., 2012] and
Sahara desert is expanding towards south [Thomas and Nigam, 2018]. West Africa,
Sahel, and east Africa also exhibit similar positive trend of increasing near surface
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temperature up to 0.8◦ C during the recent decades [Collins, 2011, Anyah and Qiu,
2012, Funk et al., 2012]. Southern Africa also exhibited an increase in near surface
temperature and a trend toward increased aridity since 1950 [Hulme, 1996, Collins,
2011, Kruger and Sekele, 2013].
The region also experiences decadal and multi-decadal variabilities. The severe
drying of the Sahel prevailed in West Africa from the 1970s to the 1980s which
culminated in the destructive drought of 1984 [Nicholson, 2000, Held et al., 2005]. The
recent decade saw greening of Sahel and Sahel has transitioned to a period with more
abundant rainfall, suggesting a possible shift to a more favourable climate regime over
the coming decades [Paeth and Hense, 2004]. But recently East Africa has experienced
a devastating drought which leads to famine and the displacement of millions. This
drought is the manifestation of the long term decline of the ”long rains” (MarchApril-May rainfall) and large interannual variability of the ”short rains” (OctoberNovember-December rainfall) [Lyon and DeWitt, 2012, Viste et al., 2013, Liebmann
et al., 2012]. Though Southern Africa is projected to undergo substantial changes in
temperature and precipitation [Giorgi and Bi, 2005, Solomon, 2007], the region lacks
sufficient studies in this field.

1.1.2

Assessing The Effects of Climate Change

Anthropogenic climate change considerably affects human activities, forcing the policymakers to design implementable strategies to mitigate the detrimental effects of
climate change. Climate models are widely used for this purpose and they are the
primary tools available for investigating the response of the climate system to various
forcings, for making climate predictions on seasonal to decadal time scales, and for
making projections of future climate (IPCC 2013).
General Circulation Models (GCMs) and Regional Climate Models (RCMs) are
the most prominently used climate models. GCMs typically have a coarser horizontal
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resolution of ∼100 km compared with RCMs with finer resolution (∼50 km). Often
simulations of regional scales are needed to develop robust strategies to mitigate the
effect of global warming. Due to their coarse resolution, GCM simulations are often
insufficient to analyze local impact assessment. The most important drawback of
coarse resolution GCMs is their inability to simulate synoptic and subsynoptic scale
features with reasonable accuracy. The effect of vegetation, orography and coastlines
are also poorly resolved in low-resolution GCMs. In GCMs, additional parameterizations are required to account for deep convection, shallow convection and the subgrid
variability of water substances affecting stratiform clouds but parameterizations are
generally not as reliable as the explicit resolution of these processes [Park et al.,
2014, Rasch and Kristjánsson, 1998]. Though regional climate models (RCMs) have
a higher spatial resolution, they are limited-area models and lack two- way interaction with systems outside their domain. Dynamic downscaling of GCM output using
RCMs is a widely used technique in climate modelling. But this technique often suffers from uncertainties in initial and lateral boundary conditions [Wu et al., 2005].
Inconsistencies due to different formulations of physical, chemical, and dynamical
processes as well as different resolutions of orography of downscaled GCM and RCM
can produce inconsistent flow patterns at the lateral boundary points of the RCM
domain [Leung, 2012]. Even though the same physical parameterizations are used
in GCM and embedded RCM, but which are not ”resolution-aware”, can lead to a
simulation of different atmospheric states at different resolutions [Gustafson et al.,
2013, Skamarock et al., 2012]. Another source of biases is bequeathal of uncertainties
from host GCM to embedded RCM [Laprise et al., 2012]. These facts bolster the
need for a GCM with fine resolution.
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1.1.3

High Resolution General Circulation Model

High resolution climate modelling is made possible due to the development of highly
scalable dynamical cores which could be run on parallel computing architectures [Putman et al., 2005, Satoh et al., 2008, Dennis et al., 2011]. There have been numerous
studies which investigated the effect of high horizontal resolution in climate simulations. Results of such experiments have been reported by Gregory et al. [2001]
for the European Centre for Medium-Range Weather Forecasts (ECMWF) model
(0.560 grid), Duffy et al. [2003] for the National Center for Atmospheric Research
(NCAR) Community Climate Model, version 3 (CCM3) model (55-km grid), Ohfuchi
et al. [2004] for the Earth Simulator model (10-km grid), Mizuta et al. [2006] for the
Japan Meteorological Agency model (20- km grid), and Roeckner et al. [2006] for
the ECHAM5 model (0.750 grid) at the Max Planck Institute for Meteorology. Neale
and Slingo [2003] conducted experiments using UK Met Office HadAM3 GCM at
several horizontal resolutions over the maritime continent. They found simulations of
the diurnal cycle and generation of the land, sea breezes show little improvement at
the high horizontal resolution, for which the deficiencies in the representation of the
physical properties are primarily responsible. The common deficiencies of the model
persisted in all resolutions. Hack et al. [2006] performed simulations using CAM3 at
finer (1.40 ) and coarse (2.80 ) resolutions and found that model performance improved
with higher resolution. They found improvement, particularly of large scale dynamic
circulation. The energy of some large scale modes such as MJO did not improve at
higher resolution despite the increase in the energy of pointwise scale motions.
Lau and Ploshay [2009] used GFDL AM2 to simulate Asian summer monsoon at
several horizontal resolutions. They found the model was able to accurately simulate
the East Asian frontal systems and the synoptic disturbances propagating along the
front at 0.50 resolution. However, the improved simulation of fronts and associated
mesoscale systems did not result in the accurate simulation of rainfall; which was un-
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derestimated. Rainfall modulation by orographic effects, such as the Western Ghats,
was better simulated by the model at higher resolutions. Shaffrey et al. [2009] compared two coupled model simulations using UK Met Office HiGEM and HadGEM at
resolutions of 0.830 x 1.250 and 1.250 x 1.8750 respectively. They found atmosphereocean interactions are better simulated in fine resolution simulations. Boyle and
Klein [2010b] performed simulations using CAM4 at four different horizontal resolutions of 20 , 10 , 0.50 , and 0.250 grid spacings. Since the land, sea breezes were better
represented in finer resolution runs, diurnally forced circulations were realistically
simulated. They found that the intensity distribution of rainfall was increased with
increased resolution through an increased frequency of extreme events in high resolution simulations. It was also noted that the temporal variability and intensity of
rainfall is more realistic at a higher resolution. Extended, high-resolution (0.230 latitude x 0.310 longitude) simulations with CAM4 and CAM5 of NCAR were conducted
and compared with results from climate simulations of a more typical resolution of
0.90 latitude x 1.250 longitude by Bacmeister et al. [2014]. Significant improvements
in the simulation of systems which have a high response to topographic forcings, such
as Indian summer monsoon, is observed in high resolution runs. It is also noted that
the model was able to produce a realistic distribution of tropical cyclones at a higher
resolution. However, the double ITCZ bias is clearly worse in these runs. Wehner
et al. [2014] conducted a similar study using CAM 5.1, in which they performed the
experiment at a resolution of 0.250 , 10 , and 20 . Extreme precipitation is found to be
better represented at higher horizontal resolutions. They also found tropical cyclone
intensities are more realistic in the fine resolution runs. But the double ITCZ bias
was exacerbated in these runs.
Many of the above-mentioned studies reported very little to moderate improvement when high resolution GCMs were used instead of coarse resolution ones. Part
of this problem lies in inadequate parameterizations. Often assumptions made in for-
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mulating many physical parameterizations break down as resolution approaches 10
km and tuning empirical parameters in physical parameterizations at high resolution
is challenging [Bacmeister et al., 2014]. Dependencies of many existing physical parameterization on time step size are poorly understood [Williamson and Olson, 2003]
which can affect their performance when used in a high resolution GCM, since high
resolution GCMs use smaller physics time steps. Also, the relative burden placed on
parameterizations can change when they are used in high resolution GCMs [Boyle
and Klein, 2010b]. However, due to their fine grid spacing, many important processes
such as large-scale condensation, land-sea interaction, and topographical forcing are
better resolved in high resolution GCMs. Also, the finer resolution has more representative dynamical forcing for parameterizations of the moist processes. Since they
are capable of resolving mesoscale processes, multi-scale interactions are better represented in high resolution GCMs. Since they have fine resolution orography, rainfall
in the vicinity of orography is better represented in high resolution GCMs and hence
making them good candidates for driving hydrological processes [Gent et al., 2010].

1.2

Statement of The Problem

Climate regimes over Africa are complex and exhibit high variability and change which
has an extensive impact on the local population. Though the region received much
attention in recent decades, many of the physical phenomena remain underexplored.
The first step to the detection and attribution of climate change is the understanding of the physical phenomena involved. Our understanding of many of the African
climatic processes is surprisingly low mainly due to lack of adequate data. Understanding and predicting the inter-annual, inter-decadal, and multi-decadal variations
in climate and the effects of anthropogenic climate change over Africa is of particular
importance for the region.
Modeling of climate systems over Africa is quite challenging due to the multi-scale
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interactions, complex topography, large-scale condensation, and land-sea interaction
involved. Majority of the previous modeling studies on African climate studies used
GCMs and RCMs. On the one hand, RCMs offer the advantages of a sufficient resolution for regional climate sensitivity studies, but with the caveat of lacking the
two-way interaction between regional and global scales, which is a crucial driver in
the regional climate processes. On the other hand, GCM experiments have a too
coarse spatial resolution to analyze the regional climate phenomena. Therefore, very
high-resolution global climate simulations that resolve regional and global responses
and their mutual interactions are required. In this context, the current research exploits the capabilities of a high resolution GCM, HiRAM, developed at the NOAA
Geophysical Fluid Dynamics Laboratory with which Global simulations will be conducted at a spatial resolution of 25 km. Along with model simulations reanalysis and
gridded observational datasets also will be used for the analysis.

1.3

Aims and Objectives

The current study explores the two monsoon systems (West African Monsoon and
Southern African Monsoon) over the African continent, their distinctive features and
variability, how they are represented in a high resolution AGCM, and their future
changes. The study is divided into three parts. They are as follows:
1. In the first part West African Monsoon (WAM) is simulated using a high resolution AGCM HiRAM and how high resolution affects the representation WAM in
the model is analyzed. Future projection using the representative concentration
pathway RCP 8.5 is also performed and future changes of WAM are analyzed
using these projections.
2. In the second part of the study African Easterly Wave (AEW), which are the
primary rainfall contributing mesoscale systems of WAM, are explored. AEWs,

28
being mesoscale systems, are not well resolved in many of the GCMs due to the
coarse resolution of the models. Due to its high horizontal resolution, HiRAM is
expected to better represent African Easterly Jet and associated AEWs. Representation of AEWs in HiRAM and their changes in future projections will be
evaluated. These objectives are described in detail in the following sections.
3. The third part of the study examines the impact of AZM on West African
rainfall and on AEWs. An AGCM is suitable for SST sensitivity studies and
in this part HiRAM’s this ability is exploited. SST sensitivity experiments for
the warm and cold phases of AZM are conducted.
4. The fourth part of the study explores Southern African Monsoon (SAM) and
its future changes. Southern African Monsoon is a much-underexplored system
and the primary aim of this part is to explore the driving mechanism of this
monsoon system and its key features. As a next step, we intend to analyze the
representation of Southern African Monsoon in HiRAM and its future changes.
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Chapter 2
Model and Experiment Design

2.1

High Resolution Atmospheric Model (HiRAM)

High Resolution Atmospheric Model (HiRAM) is a global General Circulation Model
which was developed at the Geophysical Fluid Dynamics Laboratory (GFDL) [Zhao
et al., 2009, GAMDT, 2004], based on the atmospheric component 2 (AM2) of the
GFDL coupled model 2 (CM2). The model uses a vertically Lagrangian finite-volume
dynamical core, which has an improved scalability compared to the predecessors, on
a cubed sphere grid [Putman and Lin, 2007, Lin, 2004]. The model uses gnomonic
projection in the cubed-sphere geometry due to its better accuracy and excellent
grid uniformity when compared with other options with the cubed-sphere topology
[Zhao et al., 2009]. The cubed-sphere grid does not require the ”flux-form semiLagrangian” extension for the transport processes [Lin and Rood, 1996] and the polar
Fourier filtering for the fast waves when used in the finite-volume core, which improves
computation and communication load balance [Zhao et al., 2009]. The version of
HiRAM used in the present study is C360 which has a horizontal resolution of 25
km and has 360 × 360 cells on each face of the cube. Compared to AM2, HiRAM
also has an improved vertical resolution of 32 levels while AM2 has 24 vertical levels.
Most of the extra vertical levels in HiRAM is placed near the tropopause since the low
resolution near tropopause has been found to be affecting factors such as stratospheric
water and polar surface pressures and the extra resolution near the tropical tropopause
will help the model to better represent the sensitivity of mesoscale systems to upper-
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tropospheric conditions [Zhao et al., 2009].
Instead of the prognostic cloud fraction scheme in AM2, HiRAM uses a diagnostic
scheme, which assumes a subgrid-scale distribution of total water, for simplicity. The
bulk cloud microphysics scheme includes six categories and is used for the resolved
component of the moist processes. In order to reduce the numerically induced vertical
mixing, the terminal fall of condensates, such as rain, snow, and graupel, is also
treated in a Lagrangian manner. This also improves the computational efficiency
since the rapid fall of condensates restricts the model time step [Zhao et al., 2009].
HiRAM uses the same boundary layer, surface flux, land surface, gravity wave drag,
and radiative transfer modules as in AM2 [Team et al., 2004].
Instead of a traditional deep convective parameterization, HiRAM uses a shallow convection scheme based on Bretherton et al. [2004] for moist convection and
stratiform cloudiness which makes the contribution of the resolved vertical transport
more significant, especially in the tropics. A single entraining and detraining plume
is assumed for convective closure in Bretherton et al. [2004]. When sufficient water
vapour is present the plume can develop deep convection even though it is strongly
entraining. The entrainment/detrainment profiles are estimated using a simplified
Kain and Fritsch [1990] scheme. The convective inhibition and boundary layer eddy
kinetic energy are used to determine the base mass flux in the plume. The shallow convection scheme is minimally intrusive and allows large scale processes to take
care of much of precipitation. This is especially useful in tropics where a substantial
share of the precipitation is caused by large-scale processes. More details about this
parameterization can be found in Zhao et al. [2009].
Global aerosol forcing is incorporated as monthly climatologies of the five aerosol
species (i.e., dust, black carbon, organic carbon, sulfate and sea salt) [Ginoux et al.,
2006], which are pre-calculated using the global chemistry transport model, Modelfor
OZone And Related chemical Tracers (MOZART) [Horowitz et al., 2003]. Radiative

31
Table 2.1: Experiment Design
Experiment
SST Used
ESM2M
ESM2M
HiRAM ESM2M
ESM2M
HiRAM obsSST.
HadISST
HiRAM RCP 8.5
ESM2M RCP 8.5
HiRAM AZM Warm AZM warm anomalies
superimposed on HadISST
HiRAM AZM Cold
AZM cold anomalies
superimposed on HadISST
HiRAM AZM Neutral AZM anomaly removed
SST superimposed on HadISST

Period
1975-2004
1975-2004
1975-2004
2075-2099
-

forcing caused by dust is extremely important for an accurate simulation of the North
African summer climate [Bangalath and Stenchikov, 2015, 2016], yet it is generally
not included in many RCMs but is well accounted in our simulations. Though the simulations cover the entire globe, the present study restricts the analyses to Africa. The
model is coupled to the GFDL Land Model 3 (LM3). In the present study, however,
we prescribe model equilibrium seasonal vegetation climatology and use prescribed
SSTs, both observed and model-generated, as the bottom boundary condition.

2.2

Experiment Design

The full set of experiments is given in table 2.1. Mainly there are three kinds of
experiments: Atmospheric Model Intercomparison Project (AMIP)-type simulations
for model validation, future projections, and simulations using regionally perturbed
mean SSTs to assess the impact of Atlantic Zonal Mode (AZM). All the HiRAM
simulations have three ensemble members of multi year simulations to estimate the
statistical significance. Descriptions of each of these simulation types are given below.
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2.2.1

AMIP type simulations

Two different AMIP-type simulations have been conducted for the history period, one
forced with observed SSTs from the Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST) [Rayner et al., 2003], and the other forced with SST from
ESM2M, the Earth System Model (ESM) developed at GFDL, which uses GFDL’s
Modular Ocean Model (MOM) [Dunne et al., 2012, 2013]. These simulations are
named HiRAM-obsSST and HiRAM-ESM2M, respectively. Both simulations span
a period of 30 years, from 1975 to 2004. The resolution of the parent ESM, which
provide the SSTs for HiRAM, is 2.5 degrees longitude by approximately 2 degrees latitude, with 24 vertical levels. Both HiRAM and ESM2M (which provides the SST for
HiRAM) are the descendants of the same atmospheric model, AM2. The atmospheric
components of ESM2M and HiRAM differ only in the spatial resolution and use a
slightly different parameterization of deep convection. It has been shown, however,
that the tropical African precipitation is sensitive to the choice of convective parameterization [Hill et al., 2017a], especially over Sahel region. The difference between the
climate simulated by ESM2M and HiRAM, therefore, is due to the combined effects
of an improved spatial resolution and a modified convective parameterization. The
interaction of these two factors is complex and nonlinear as the performance of a convective parameterization is usually scale-dependent. This issue is discussed in detail
in [Hill et al., 2017a]. To further evaluate the model performance, data from Climate
Research Unit (CRU) [Brohan et al., 2006], Global Precipitation Climatology Project
(GPCP) [Adler et al., 2003], University of Delaware [Willmott and Matsuura, 2001]
and ERA-Interim reanalysis [Dee et al., 2011] are used.
The preliminary comparison of standardized deviations and spatial pattern correlations of temperature and precipitation between the various simulations is shown
in fig. 2.1. Apart from the HiRAM and ESM2M simulations, the comparison also
includes a regional climate model, RCA4 developed by the Swedish Rossby Center
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which runs at both 25 km and 50 km horizontal resolution. GPCP and CRU datasets

Figure 2.1: The standardized deviations and spatial pattern correlations between
the CRU near surface temperature data, GPCP precipitation data, and the individual model simulations for temperature (red) and precipitation during the boreal
summer(June−JulyAugust), calculated over 0◦ N - 40◦ N and 30◦ W - 60◦ E.

are used as the reference fields for precipitation and temperature respectively.
ERA Interim data is the closest to observations for both temperature (r = 0.94)
and precipitation (r = 0.96). For near surface temperature, both HiRAM simulations
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and RCA4 simulations exhibit high pattern correlations with CRU (r>0.90), although
HiRAM simulations show realtively high variability when compared with ERA Interim
and RCA4. But for precipitation HiRAM exhibits a clear improvement over the RCM
both in the case of pattern correlation and standardized deviation. HiRAM obsSST (r
=0.91) performs better than HiRAM ESM2M (r = 0.85) in the case of precipitation,
while RCA4 run at 50 km which downscaled ERA Interim shows the least variability
among model simulations.

2.2.2

Future projections

To estimate the future changes, three ensemble simulations, starting from different
initial conditions are conducted for the period 2076-2099, using Representative Concentration Pathway (RCP) 8.5 emission scenario. RCPs are the possible scenarios
which would result in some specific radiative forcing characteristics. In RCP scenarios not only the long-term GHG concentrations are important but their trajectory
taken over time to reach the final concentration is also of interest [Moss et al., 2010].
RCP 8.5 scenario is considered to be the baseline scenario since it does not include
any emission limit target. It corresponds to a high GHG emission pathway and hence
considered as the upper limit of RCPs [Fisher et al., 2007]. The GHG emission and
concetration in RCP 8.5 grow by about a factor of three over the course of the century,
resulting in the radiative forcing of >8.5 W/m2 by 2100 [Riahi et al., 2011].
The anomalies of the future projections are estimated by using the 1985-2004
reference period from the historical simulations and the statistical significance of the
anomalies is estimated using the two-tailed Student’s t-test. The SST in RCP 8.5
HiRAM simulation is taken from ESM2M RCP8.5 simulations for the same period.
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2.2.3

AZM simulations

Three sets of HiRAM simulations were conducted to investigate the impact of AZM
SST variability in the tropical Atlantic on WAM and AEWs. The control simulation
(CTRL) simulations were forced with a long term mean climatology (1980-2010) of
seasonally varying SST. The other two sets of simulations representing AZM warm
phase (AZM Warm) and AZM cold phase (AZM Cold) were forced with the same SST
used in CTRL simulation, but SST anomalies in the tropical Atlantic from warm and
cold phase AZM composites were super-imposed on respective experiments. More
details of these experiments can be found in chapter 5.
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Chapter 3
West African Monsoon

3.1

Introduction

West Africa, the home for more than 300 million people, is one of the most vulnerable
regions to global warming due to its high exposure and low adaptive capacity [Barros
et al., 2015]. The agriculture-based economy of the region highly relies on the West
African Monsoon (WAM), which produces a mean annual rainfall of 150 - 2,500 mm.
The variability and change of WAM can have a devastating impact on the local
population, especially since the region lacks sufficient irrigation infrastructure [Boko
et al., 2007]. Furthermore, the region is infamous for its climate extremes [Nicholson,
2013], which cause extensive socioeconomic impacts [Cornforth, 2012]. Therefore,
the accurate simulation, and projection of the WAM are of utmost importance for
improving the adaptability of the region. However, according to IPCC AR5, there is
”low to medium confidence” in the robustness of projected rainfall change over West
Africa due to the considerable inter-model variations in both the magnitude and
the sign of change that can be partially attributed to the inability of conventional
general circulation models (GCMs) to resolve the convective rainfall [Stocker et al.,
2013]. The present study thus serves as an effort to explore the effect of finer spatial
resolution on the current state and future projection of the WAM.
In recent years, simulation of West African climate has received much attention
and generated a series of research initiatives to comparatively assess the modeling
of WAM, e.g., African Multidisciplinary Monsoon Analysis Model Intercomparison
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Project (AMMA-MIP) [Hourdin et al., 2010], the AMMA Land-surface Model Intercomparison Project (ALMIP) [Boone et al., 2009], the West African Monsoon Modeling and Evaluation (WAMME) project [Xue et al., 2010, Druyan et al., 2010], the
Ensembles-Based Predictions of Climate Change and their Impacts (ENSEMBLES)
African project [Paeth et al., 2011], and the Coordinated Regional Downscaling Experiment (CORDEX) [Jones et al., 2011, Giorgi et al., 2009]. However, the majority
of the models involved in these projects are either coarse resolution GCMs or regional
climate models (RCMs). Simulations of WAM using GCMs often suffer from shortcomings associated with their coarse spatial resolution [Hourdin et al., 2010, Sylla
et al., 2010, Xue et al., 2010]. This limitation of coarse resolution GCMs is partly
due to the poorly resolved effects of vegetation, orography, and coastlines, which
are important controls on the regional precipitation pattern. Furthermore, coarser
resolution GCMs are incapable of accurately representing synoptic and sub-synoptic
precipitation and mesoscale convective systems. Statistical or dynamic downscaling
of GCM outputs using RCMs is generally used to improve the horizontal resolution.
When downscaled, however, uncertainties from the host GCM are retained in the
statistical model or the embedded RCM [Hurrell et al., 2009, Wu et al., 2005, Laprise
et al., 2012]. Additionally, inconsistencies due to the different formulations of physical, chemical, and dynamical processes, and the different resolutions of orography
between the downscaled GCM and the RCM can cause inconsistent flow patterns at
the lateral boundary points [Leung, 2012]. Even though the same physical parameterizations are used in both the GCM and the embedded RCM, “resolution-unaware”
parameterizations can lead to the simulation of different atmospheric states at different resolutions [Skamarock et al., 2012, Gustafson et al., 2013]. Moreover, nested
RCMs are generally incapable of incorporating the two-way interactions between regional and global processes.
High-resolution GCMs are effective in overcoming many of the limitations en-

38
countered by coarse resolution GCMs and RCMs. Due to their fine grid-spacing,
important processes such as large-scale condensation, land-sea interaction, and topographical forcing are better resolved in high-resolution GCMs [Boyle and Klein,
2010a]. Studies suggest that with increasing horizontal resolution, GCMs are better
able to explicitly capture mesoscale convective systems Zhao et al. [2009], Manganello
et al. [2012b], reproduce diurnally forced circulations, represent orographically modulated rainfall Boyle and Klein [2010a], Lau and Ploshay [2009], and represent extreme
precipitation events [Wehner et al., 2014]. Since they can resolve mesoscale processes,
multi-scale interactions are better represented in high-resolution GCMs [Gent et al.,
2010]. Unlike RCMs, they also reflect the interplay between regional and global
scales. Due to the important role of SST on atmospheric circulation and precipitation patterns the atmospheric GCMs (AGCMs) with prescribed SST and coupled
ocean-atmosphere GCMs (CGCMs) with adjusted SST are frequently used to study
the dynamic effects of the on-going climate change [He et al., 2014, He and Soden,
2015, 2016, Pascale et al., 2017].
The present study makes use of a high-resolution AGCM to analyze the changes
in the WAM system and its elements in a warming climate through the end of the
21st century. The evaluation of the model’s ability to simulate the past and present
climate is the first and important step towards simulating future. The first part of
the study evaluates the ability of High-Resolution Atmospheric Model (HiRAM), a
high-resolution AGCM, to simulate WAM at a horizontal resolution of 25 km using
a process-based evaluation approach. The evaluation of models is often conducted
by comparing the mean state of the model historical simulations to observations or
reanalyses. However, recent studies highlight the importance of the process-based
evaluation to further validate and ensure the ability of the model to represent the key
processes and dynamic features that are important in projecting the future changes
[James et al., 2015].
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The first part of this study examines how well HiRAM simulates the key features
embedded within the WAM circulation, their seasonal means and mean annual cycle,
and their interactions. In the second part, the future projection of the WAM system,
which uses the Representative Concentration Pathway (RCP) 8.5 is analyzed and the
changes in the mean state and seasonal evolution of the WAM circulation along with
its contributing elements are investigated. A brief review of the model and a detailed
description of the experiment setting follows the introduction. The summary and a
discussion of the results conclude the paper.

3.2

Model Validation

The WAM is part of the global monsoon system, and the reversal of trade wind direction in the lower troposphere during WAM has been traditionally explained by the
thermal contrast between the cooler tropical Atlantic and the heated north African
continent. However, according to another prominent narrative of monsoon, the interaction between the eddy momentum flux from the extratropics and the tropical
circulation is crucial in the development of the monsoon, especially for the rapid onset of the monsoon rainfall [Bordoni and Schneider, 2008, Hurley and Boos, 2013].
During the boreal Spring (March- June) ITCZ moves across West Africa and the
dry, warm, and dusty Harmattan winds are replaced by moisture-laden cold southwesterlies from the tropical Atlantic. These south-westerlies are formed between the
Atlantic cold tongue and Saharan Heat Low (SHL) and bring moisture to the continent. The Inter Tropical Discontinuity (ITD) limits the monsoon flow in the north.
The monsoon trough, which is collocated with ITD, is flanked by the Azores High
and the St. Helena High to the north and the south, respectively. WAM is a complex
system comprised of several multiscale processes ranging from planetary to cumulus
scales [Hall and Peyrillé, 2006] and influenced by coastlines [Nicholson, 2009] and circulations driven by orography [Sultan and Janicot, 2003]. This makes the horizontal

40
model resolution an important constraint on the accurate simulation of WAM.
The most prominent elements of the WAM system include the African Easterly
Jet (AEJ) and the associated AEW, the Tropical Easterly Jet (TEJ), the Saharan
Heat Low (SHL) and the Inter-Tropical Convergence Zone (ITCZ). The intensity and
position of these features control the amount of rainfall and its variability revealing
strong scale interactions between the different elements of WAM [Redelsperger et al.,
2002b]. Therefore, the ability of a climate model to simulate WAM greatly depends
on its representation of the interaction between these multi-scale processes. Although
many models simulate the overall pattern of WAM adequately well, they often fail to
simulate many of the important features such as the onset of WAM, the intensity of
rainfall, especially over the Sahel, and the rainfall maxima associated with orography.
For example, there is no consistency between models on both the magnitude and even
sign of the future rainfall changes over West Africa [Cook and Vizy, 2006, Roehrig
et al., 2013]. In the following section, we evaluate how the time mean structure and
temporal evolution of various structural elements of WAM are simulated in HiRAM
and analyze the benefit of using a finer resolution model.

3.2.1

Precipitation

Summer Climatology
WAM begins in April with intense rainfall over the Gulf of Guinea, and the rainfall
shifts to the Sahel by the end of June [Hagos and Cook, 2007]. The mean JJAS (June,
July, August, and September) rainfall is concentrated between 5◦ N and 12◦ N. The
most striking result to emerge from the WAM rainfall climatology (fig. 3.1) is that
HiRAM simulates the position and the width of the rainbelt more accurately than
coarse resolution parent ESM2M. ESM2M (fig. 3.1e) overestimates the rainfall with a
wider rainband which extends northward up to 18◦ N causing enhanced precipitation
over the Sahel, whereas in both HiRAM simulations, HiRAM-ESM2M and HiRAM-
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obsSST (fig. 3.1d,f), the rainbelt is mostly confined between 5◦ N and 15◦ N, and is
closer to observations. Patches of high precipitation are observed over elevated regions
such as Guinea Highlands, Jos Plateau and Cameroon Mountains in both GPCP and
CRU datasets. These orographic rainfall maxima are well-resolved in

Figure 3.1: Seasonal mean precipitation rate (filled contours; mm/day) and 850 hPa
wind (vectors, m/s) from (a) GPCP (b) CRU (c) ERA Interim (d) HiRAM-obsSST (e)
ESM2M (f) HiRAM-ESM2M averaged over June - September (JJAS) for the period
1974 - 2004. Wind reference vector is 5 m/s. Precipitation RMSE is calculated with
respect to GPCP.
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HiRAM simulations but are absent in ESM2M simulation due to its coarse spatial
resolution. However, in the HiRAM simulations an anomalous increase in precipitation of ∼2 mm/day is seen in the equatorial Atlantic over the marine ITCZ region;
also, the 850 hPa wind increases over the same region which may be attributed to the
enhanced convection over marine ITCZ. Many studies have identified this as an inherent problem of AGCMs [Richter and Xie, 2008]. HiRAM-ESM2M simulation also
exhibits wet bias over the Gulf of Guinea. A similar wet bias over the same region
was found by [Siongco et al., 2015] in the high-resolution AGCMs. This increased
precipitation is often associated with the anomalous westerlies resulting from misrepresentation of the Atlantic cold tongue and most GCMs suffer from it [Richter and
Xie, 2008, Zermeo-Diaz and Zhang, 2013]. This could be a plausible reason for the
wet bias in HiRAM-ESM2M run. The Atlantic cold tongue over the Gulf of Guinea,
which is coldest in August, drives the WAM rainfall towards the African continent.
Colder SSTs along the coast cause the reduction in sensible and latent heat fluxes,
which in turn stabilizes the atmosphere and hence suppress convection. The Atlantic
cold tongue also intensifies the cross-equatorial southerlies, pushing the rainband inland [Okumura and Xie, 2004]. We have to mention that the HiRAM-ESM2M SST
(fig. 3.2c) is ∼2 K warmer than that in HiRAM-obsSST simulation (fig. 3.2b). The
warmer SST over gulf of guinea in ESM2M, even in the presence of increased wind
which should bring about upwelling, is the result of deep thermocline in the model.

Annual Cycle
WAM has three distinct phases: the onset period (March-May), the high rain period (June-August) and the southward retreat (September-October) [Le Barbé et al.,
2002]. During the onset period, the rainbelt expands north from the coast to 4◦ N. By
the end of June, the rainbelt abruptly shifts north again from 4◦ N to 10◦ N, marking
the beginning of the high rain season in the Sahel, and ending of heavy rain over
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the Guinean coast. This northward migration of the rainbelt is called the monsoon
jump [Sultan and Janicot, 2003]. The southward retreat, which is the last phase
of the WAM annual cycle, begins in September. fig. 3.3 shows the annual cycle of
precipitation from observations, reanalysis, and model simulations.

Figure 3.2: Seasonal average SSTs (K) for JJAS from (a) ERA Interim (b) HiRAMobsSST (c) HiRAM-ESM2M for the period 1974 - 2004

In ESM2M simulation (fig. 3.3e) rainbelt extends farther northward by ∼2 degrees
and the monsoon jump is delayed with the rainbelt shifting north in late July and
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shows a wet bias during the high rain period (JJA) when compared to observations.
Generally for HiRAM runs the width of the rain belt shrinks compared to the ESM2M
run giving a more accurate annual cycle pattern. HiRAM-obsSST (fig. 3.3d) produces
the annual precipitation pattern that is most consistent with the GPCP and ERAInterim precipitation, though a wet bias is present throughout the season. HiRAMESM2M (fig. 3.3f) also displays wet biases during June and July. A remarkable
difference between HiRAM-obsSST and other simulations is that HiRAM-obsSST
simulation is able to produce the drying of Guinean Coast during the high rain period,
which emphasizes the importance of the SST pattern on WAM rainfall.

Figure 3.3: Latitude- time cross-section of precipitation rate (mm/ day) averaged
between 15W and 10E from (a) GPCP (b) CRU (c) ERA Interim (d) HiRAM-obsSST
(e) ESM2M (f) HiRAM-ESM2M for the period 1974 - 2004.

45

3.2.2

Saharan Heat Low (SHL)

The Saharan Heat Low (SHL), an important element of WAM, is a zonally elongated
trough rather than a circular low and is thought to be an extension of the planetaryscale Asian monsoon trough [Wu et al., 2009]. In the lower troposphere, the southwesterly monsoon flow is intensified by the cyclonic circulation associated with the
SHL, along its eastern flank, while the northeasterly Harmattan flow is supplemented
along its western flank [Parker et al., 2005]. Orographic features such as the Atlas and
Hoggar mountains play an important role in the seasonal evolution of SHL [Lavaysse
et al., 2009]. Hence, an accurate representation of the processes associated with these
orographic features is essential for the precise simulation of SHL. Figure 3.4 shows the
seasonal mean surface air temperature climatology from the observations, reanalysis,
and GCM runs; the overlaid contours represent the mean sea level pressure. We find
that HiRAM reproduces detailed fine-scale orographic features, such as temperature
minima over the Jos Plateau and the Hoggar and Tibesti Mountains (Figs. 4d, 4f),
better than the coarse-resolution ESM2M run (fig. 3.4e). When compared with the
CRU (fig. 3.4a) and the University of Delaware (fig. 3.4b) data, the ERA-Interim
reanalysis (fig. 3.4c) overestimates the temperature over SHL by ∼1.5 K. The SHL
temperature represented in HiRAM simulations is closer to the observations while
ESM2M underestimates the SHL temperature by ∼2 K compared with observations
and HiRAM simulations. In the ESM2M simulation, SHL appears as a narrower and
more northward positioned belt of high temperature. In the ERA-Interim reanalysis,
two closed-off pressure contours are observed over the northwestern and eastern Sahara. According to [McCrary et al., 2014b,a], though the seasonal SHL mean appears
to be a circular contour in the ERA Interim reanalysis, an elongated SHL is observed
on a day-to-day basis. HiRAM-ESM2M simulation depicts a similar circular low over
the eastern Sahara, while an elongated heat low appears in HiRAM-obsSST run.
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Figure 3.4: Seasonal (JJAS) mean of surface air temperature (filled contours; K)
and mean sea level pressure (line contours; hPa) from (a) CRU (b) U. Del (c) ERA
Interim (d) HiRAM-obsSST (e) ESM2M (f) HiRAM-ESM2M for the period 1974 2004. Temperature RMSE is calculated with respect to CRU.

The seasonal evolution of SHL is depicted in fig.3.5. Both observations (fig. 3.5a
and 5b) and reanalysis (fig. 3.5c) exhibit the migration of SHL from the Sahel in
March-April to the Sahara in June-August. HiRAM simulations (fig. 3.5d and 3.5f)
reproduce the migration of SHL though with a reduced intensity. In the ESM2M
simulation (fig. 3.5e) intensity of SHL over the Sahel is especially low, which partly
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explains the reduction in MAM rainfall in the ESM2M simulation (fig. 3.3e). The
southward retreat of SHL, during SON, is absent in ESM2M simulation.

Figure 3.5: Latitude- time cross-section of surface air temperature (filled contours;
K) and mean sea level pressure (line contours; hPa) averaged between 15W and
10E from (a) CRU (b) U. Del (c) ERA Interim (d) HiRAM obSST (e) ESM2M (f)
HiRAM-ESM2M averaged over JJAS for the period 1974 - 2004.

SHL plays a pivotal role in developing and maintaining AEJ, another key feature of
WAM system. Lower tropospheric warming due to SHL results in shallow meridional
circulation. The equatorward branch of this circulation accelerates AEJ through the
conservation of the angular momentum at 700 hPa [Thorncroft and Blackburn, 1999].
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fig. 3.6 shows the vertical cross section of the omega (ω =

dp
)
dt

and omega-meridional

wind vectors. Omega is scaled to match the magnitude of the meridional wind and
its sign is reversed so that the positive values represent vertical motion. In ERAInterim reanalysis (fig. 3.6a), two distinct cells of vertical motion are visible: the
deeper cell, confined between 4◦ N and 10◦ N associates with the moist convection over
monsoon rainbelt, and the shallower cell, which is centered around 20◦ N, links to the
dry convection over SHL. HiRAM successfully simulates these two convection cells,

Figure 3.6: Latitude- height cross-section of omega (filled contours; Pa/s) and omega v vector (vectors; Pa/s-scaled) averaged between 15W and 10E from (a) ERA Interim
(b) HiRAM-obsSST (c) ESM2M (d) HiRAM-ESM2M averaged over JJAS for the
period 1974 - 2004. Omega is scaled to match the value of meridional wind and its
sign is reversed so that positive values represent ascending motion.
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contrary to ESM2M. The positions of these two cells in HiRAM simulations (fig.
3.6b, 6d) are similar to those in the ERA-Interim reanalysis. HiRAM overestimates
the monsoon convection and underestimates the vertical motion associated with dry
convection over SHL. The two cells are almost indistinguishable in ESM2M simulation (fig. 3.6c), and their positions are shifted northward, potentially impacting the
representation of AEJ. The northerly return flow of the shallow meridional circulation contributes to the intensity and position of AEJ. In the ERA-Interim reanalysis, this northerly flow is centered around 15◦ N and extends from 800 hPa to 500
hPa. In HiRAM-ESM2M the northerly return flow of the shallow meridional circulation is weaker and shallower, and that in HiRAM-obsSST simulation is closer to
the ERA-Interim reanalysis. This northerly flow is entirely absent in ESM2M run.
A more detailed discussion of the AEJ is provided in Section c. The shallow meridional circulation associated with SHL is also a decisive control of the Sahel rainfall.
Strengthening of the shallow meridional circulation and the associated dry outflow
from SHL inhibits the northward progress of the Sahel rainfall [Peyrillé et al., 2007,
Zhang et al., 2008, Shekhar and Boos, 2017, Zhai and Boos, 2017]).

3.2.3

African Easterly Jet (AEJ)

The AEJ is formed due to the strong thermal contrast between the Sahara and the
Atlantic Ocean and is maintained by the juxtaposition of a moist convection to the
south and a dry convection to the north [Nicholson, 2013]. It has a mid-tropospheric
(600-700 hPa) core with strong zonal winds (up to ∼10 m/s) and spans from east
to West Africa. The WAM rainbelt is also the loci of Mesoscale Convective Systems (MCS) associated with the African Easterly Waves (AEWs), which form along
the flanks of AEJ and cloud clusters are the main rain producing systems of WAM
[Nicholson and Grist, 2003]. AEWs and cloud clusters are, mostly, found in a latitudinal belt near and south of the AEJ and this zone corresponds to the region between
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the axes of the AEJ and the upper-tropospheric TEJ [Tourre, 1981].
The influence of the AEJ on the WAM rainfall is complex. The strengthening of
the AEJ is generally associated with a decrease in WAM precipitation. But, according
to [Newell and Kidson, 1984], the stronger AEJ is an effect, rather than a cause, of
reduced rainfall. The latitudinal position of the AEJ is more important than its
strength in deciding the amount of WAM rainfall. During the wet years, the jet is

Figure 3.7: Zonal wind speed at 600 hPa (filled contours; m/s) from (a) ERA Interim
(b) HiRAM-obsSST (c) ESM2M (d) HiRAM-ESM2M averaged over JJAS for the
period 1974 - 2004. Solid lines represent jet axes; green is jet axis from ERA Interim
and blue is jet axis from the respective simulation.

displaced northward and baroclinic instability is strong over the Sahel, in contrast,
it is weaker in this region during the dry years [Nicholson and Webster, 2007]. A more
equatorward position of the AEJ often corresponds to a decrease in rainfall over the
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Sahel [Jenkins et al., 2005, Nicholson, 2008]. The zonal wind speed at 600 hPa is
shown in fig. 3.7, solid lines indicate AEJ axes. ESM2M simulation overestimates
the jet speed over land by ∼2 m/s. Although HiRAM-ESM2M shows a narrow
positive wind speed bias over the Sahel, it positions jet axes closer to the ERAInterim reanalysis. When comparing the HiRAM simulations, HiRAM-obsSST has
the closest to the ERA-Interim the zonal wind pattern at 600 hPa. The ESM2M run
exhibits a northward shift of AEJ axes by ∼2 degrees; this shift combined with an
overestimation of AEJ intensity might be the cause of the wet bias found in ESM2M

Figure 3.8: Meridional gradient of surface air temperature (filled contours; K/m) from
(a) CRU (b) U. Del (c) ERA Interim (d) HiRAM-obsSST (e) ESM2M (f) HiRAMESM2M averaged over JJAS for the period 1974 - 2004.
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simulation. On the other hand, HiRAM simulations correctly position the AEJ
axis, which results in a narrower, and more accurate rain belt (see fig. 3.1d, f, and
h). The surface meridional temperature gradient is a key factor in the latitudinal
position of the AEJ [Wu et al., 2009], with positive gradients corresponding to the
AEJ (fig. 3.8). The ESM2M run (fig. 3.8c) underestimates the surface meridional
temperature gradient; the positive gradients extend further north when compared
with those in the observations (Figs. 8a and 8b) or in the ERA-Interim reanalysis
(fig. 3.8c). The HiRAM simulations, owing to the higher horizontal resolution, (fig.
3.8d and 8f) simulate a more detailed structure of the temperature gradient and the
pattern, especially the positive gradient band which corresponds to AEJ, is more
similar to the observations. The better rainfall pattern in HiRAM simulations can be
attributed to the fine structure of the surface meridional temperature gradient which,
in turn, corrects the latitudinal position of AEJ.
The vertical cross-section of zonal winds in the ERA-Interim reanalysis depicts
AEJ as closed contours centered at 600 hPa and around 15◦ N (fig. 3.9a). HiRAM
simulations (Figs. 9b and 9d) reproduce intensity and vertical and latitudinal positions of the AEJ reasonably well, whereas the ESM2M simulation (fig. 3.9c) exhibits
a weaker AEJ, shifted northward. Similarly to the WAM rainbelt and the SHL, but in
a more subtle way, the AEJ too undergoes a seasonal migration from south to north.
In the ERA-Interim reanalysis (fig. 3.10a) AEJ reaches its peak intensity starting in
May through September.
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Figure 3.9: Latitude- height cross-section of zonal wind (filled contours; m/s) averaged
between 15W and 10E from (a) ERA Interim (b) HiRAM-obsSST (c) ESM2M (d)
HiRAM-ESM2M averaged over JJAS for the period 1974 - 2004.

This pattern is reproduced by HiRAM-obsSST run, with slightly reduced winds
(fig. 3.10b). However, the ESM2M simulation exhibits northward shift of AEJ during
the peak intensity period (fig. 3.10c). Duration of maximum winds in HiRAMESM2M simulation is shorter than HiRAM-obsSST simulation or the ERA Interim
reanalysis.
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Figure 3.10: Latitude- time cross-section of zonal wind (filled contours; m/s) at 700
hPa averaged between 15W and 10E from (a) ERA Interim (b) HiRAM-obsSST (c)
ESM2M (d) HiRAM-ESM2M averaged over JJAS for the period 1974 - 2004.

3.2.4

Monsoon Flow and the West African Westerly Jet

The tropical Atlantic is the main moisture source for the WAM and the moisture
is transported inland by low-level westerlies. This westerly flow, known as the West
African Westerly Jet (WAWJ), is located near 10◦ N along the West African coast and
has a maximum speed of 6m/s. It was first identified by [Grodsky et al., 2003], using
satellite observations. There are two distinctive low level westerly flow regimes, which
are the primary moisture carriers of the WAM: the westerly component of monsoon
flow and the WAWJ (fig. 3.9a). The WAWJ forms at the beginning of June and
dissipates around mid-October, reaching its maximum strength in August [Pu and
Cook, 2010]. The westerlies are an important control in determining the latitude of
the AEJ, and therefore of the tropical rainbelt. Strong westerlies displace the AEJ
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northward over the Sahel [Nicholson and Webster, 2007].

Figure 3.11: Geopotential height at 925 hPa (filled contours; m) and 925 hPa wind
(vectors; m/s) from (a) ERA Interim (b) HiRAM-obsSST (c) ESM2M (d) HiRAMESM2M averaged over JJAS for the period 1974 - 2004. Wind reference vector is 3
m/s.

The ESM2M run shows strong westerlies reaching up to 600 hPa (fig. 3.9c), which
push AEJ northward, while ERA-Interim (fig. 3.9a) and HiRAM simulations (Figs.
9b, 9d) show a shallower band of westerlies extending up to 850 hPa. The seasonal
climatology of 925 hPa wind is shown in fig. 3.11. WAWJ is seen as the westerly flow
over Guinean Coast (near 10◦ N) in ERA-Interim data (fig. 3.11a). Both HiRAMESM2M and HiRAM-obsSST overestimate the strength of WAWJ (fig. 3.11b and d),
while ESM2M not only overestimates its strength but extends its position to the west
(fig. 3.11c).

3.2.5

WAM onset

It is challenging for the GCMs and RCMs to accurately predict WAM onset. Different
indicators have been used to define the WAM onset in the past [Sijikumar et al., 2006,
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Fontaine and Louvet, 2006, Vellinga et al., 2013, Diaconescu et al., 2015]. The present
study uses a local onset index similar to that introduced by [Diaconescu et al., 2015].
This index is based on the occurrence of wet days, and duration and intensity of
rainy periods. Onset index in a particular year is calculated as the next day of the
minimum of daily rainfall accumulated anomalies. The daily accumulated rainfall
anomalies (A) at each grid point are estimated as,

A(day) =

day
X

(R(n) − R)

(3.1)

n=1st January

where R(n) represents the daily rainfall. R is the climatological mean of rainfall
at each grid point if it is above 1 mm/day. Otherwise, R is fixed to 1 mm/day. This
method of onset estimation effectively avoids the isolated rain events followed by dry
spells and provides a more meaningful measure compared to conventional definitions
of onset. The Monsoon onset index is calculated for the period 1997 - 2004, over 12◦ N
- 20◦ N and 15◦ W - 15◦ E.
fig. 3.12 shows the monsoon onset index in GPCP, ESM2M simulation, and
HiRAM simulations. In the GPCP dataset, the WAM onset occurs during 100-120
Julian days in the southern Sahel, and during 150-160 Julian days in Central Sahel
(fig. 3.12a). ESM2M simulation produces an early onset in both southern and Central
Sahel (90 - 110 Julian days and 120 - 140 Julian days respectively) when compared
to observation (fig. 3.12c). In general, HiRAM simulations better reproduce the
overall pattern of progression of WAM onset from south to north when compared
with their parent ESM. While HiRAM-obsSST simulation exhibits an early onset in
the southern Sahel (fig. 3.12b), HiRAM-ESM2M displays a similar pattern to that
of GPCP dataset (fig. 3.12d). Both HiRAM simulations show an early onset in the
eastern Sahel.
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Figure 3.12: Average local onset index (Julian day) over Sahel for the period 1997–
2004, in Julian day,(a) GPCP (b) HiRAM-obsSST (c) ESM2M (d) HiRAM-ESM2M.

3.3

Climate change projections

As mentioned above, there is a wide range of disagreement among models on the
behavior of WAM rainfall in the 21st -century projections. Inter-model disagreements
on WAM rainfall projections which are present in both CMIP3 and CMIP5 simulations can possibly be due to the inability of the coarse resolution GCMs to resolve
convective rainfall [Biasutti et al., 2008b, Druyan, 2011, Fontaine et al., 2011, Roehrig
et al., 2013]. In this regard, it is particularly relevant to examine the effect of high
the spatial resolution of HiRAM on WAM projections.
The changes of 2m temperature, precipitation rate, and seasonal cycle of precipitation between the end and the beginning of the 21st century are shown in fig. 3.13.
The entire domain experiences warming during JJAS (fig. 3.13a) and the temperature change in elevated regions, such as the Atlas, Hoggar, and Tibesti mountains
exceeds 4K with a maximum warming over the Atlas Mountains. The Sahel and
the southwestern Sahara also experience warming; a distinctive belt of warming centered around is 18◦ N.It should also be noted that the equatorial Atlantic experience
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warming of >3K. However, the land warming is stronger and the increase of the landocean temperature gradient causes the restructuring of WAM dynamics [Bathiany
et al., 2014].
The precipitation anomalies are characterized by increased precipitation over the
equatorial Atlantic Ocean and the Guinean coast, but they produce contrasting
anomalies over the Sahel (fig. 3.13b). Increased precipitation over the equatorial
Atlantic and Guinean coast can be attributed to the warmer SST in these regions
(fig. 3.3S). However, the Gulf of Guinea experiences reduction of precipitation. Southern Sahel experiences drying with a distinct band of reduced precipitation centered
around 10◦ N. It is also noteworthy that some parts of the western Sahara experience
an increase in precipitation. The drying of Sahel could be due to the warming of cold
tongue over Gulf of Guinea. Gulf of Guinea warms up about 3.5K by the end of the
century (fig. 3.14). The warmer SST over the cold tongue region causes increase in
precipitation over the region and inhibits the further penetration of monsoon winds
towards the Sahel.
The anomalies of the annual cycle of precipitation rate from the reference period are shown in the fig. 3.13c. Intense drying is observed during the pre-monsoon
months. During the monsoon months, precipitation increases over a band centered
around 5◦ N, with decreased rainfall on either side. It is evident that the Sahel experiences drying throughout the monsoon season, although a slight increase in precipitation can be seen during late May and early June. It should be also noted that
the whole domain experiences a significant increase in precipitation during the early
winter.
In the RCP 8.5 projection, by the end of the 21st century the moist convection
cell over the WAM rainbelt shrinks but exhibits a more intensified core of upward
motion (fig. 3.15). A band of decreased updraft centered around 12◦ N is found which
results in the drying of Sahel. The dry convection cell which belongs to SHL exhibits
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Figure 3.13: Projected changes in HiRAM RCP 8.5 by the end of 21st century in, (a)
mean summer (JJAS) 2-m temperature (K), only values with at least 95% significance
level are plotted (b) mean summer (JJAS) precipitation rate (mm/day), hatching
shows the areas where the anomalies are statistically significant at least at 95% level
(c) Latitude- time cross-section of annual precipitation rate (mm/ day) cycle averaged
between 15W and 10E, hatching shows the areas where the anomalies are statistically
significant at least at 90% level. Anomalies are calculated by subtracting mean of
variables in the history period (1985-2004) from that of future (2080-2099).
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a slight increase in intensity due to the warming of Sahara. As mentioned before,
strengthening of the shallow meridional circulation associated with SHL could lead to
decreased Sahel rainfall. This could be the plausible reason for the drier Sahel seen
in fig. 3.13b. The position of AEJ does not exhibit any significant change (fig. 3.16).
The southern flank of the AEJ shows a significant increase in the intensity and this
intensification is stronger over the eastern parts of the domain.

Figure 3.14: Projected changes of SST (K) in HiRAM RCP 8.5 by the end of 21st
century in, only values with at least 95% significance level are plotted. Anomalies are
calculated by subtracting mean of variables in the history period (1985-2004) from
that of future (2080-2099).

The response of the WAM onset date by the end of 21st century is shown in fig.
3.17. The monsoon onset is delayed up to two weeks or more over most parts of the
domain except a few negative response patches over West African coastal zones. The
response has an east-west gradient with stronger response (more than two weeks) over
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central and eastern Sahel compared to western Sahel. In other words, the central and
eastern Sahel will experience a later monsoon onset than the western Sahel in the
future.

Figure 3.15: Latitude- height cross-section of omega (filled contours; Pa/s) and omega
- v vector (vectors; Pa/s-scaled) averaged between 15W and 10E from (a) HiRAM
RCP 8.5 JJAS climatology (b) HiRAM RCP 8.5 mean anomaly of 2080–2099 period
from 1985–2004 period, hatching shows the areas where the anomalies are statistically
significant at least at 90% level. Omega is scaled to match the value of meridional
wind and its sign is reversed so that positive values represent ascending motion.

3.4

Summary and Conclusions

Horizontal resolution is a significant constraint on the accuracy of simulating synopticand sub-synoptic-scale rainfall using GCMs. In the present study, we use the high-
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Figure 3.16: Mean zonal wind speed anomaly at 600 hPa of (2080–2099) – (1985–2004)
(filled contours; m/s) from HiRAM RCP 8.5 projection, averaged over JJAS.Hatching
shows the areas where the anomalies are statistically significant at least at 90% level.
Solid lines represent jet axes; green is jet axis from reference period and blue is jet
axis from respective projection.The black contours represent seasonal mean of zonal
wind.

resolution AGCM HiRAM with a horizontal grid spacing of 25 km, forced by
present and future SST from earth system model ESM2M, to simulate WAM under the
present and future climate conditions. To assess the efficacy of HiRAM in simulating
WAM, a process-based assessment method is employed. In general, HiRAM improves
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the simulation of the WAM compared with the parent model, ESM2M. However,
HiRAM simulations overestimate precipitation over the marine ITCZ.
Positive rainfall rate anomalies appear over the Gulf of Guinea in HiRAM-ESM2M
which is corrected in HiRAM-obsSST run. High rainfall rates in HiRAM-ESM2M
over the Gulf of Guinea might originate from the misrepresentation of the Atlantic
cold tongue in the ESM2M simulation. Due to its fine resolution, HiRAM is able
to simulate orographic rainfall maxima in all three simulations. The pattern of the
annual rainfall cycle is well simulated in HiRAM runs and HiRAM-obsSST produces
the annual cycle pattern which is closest to observations, with the distinct drying of
Guinean coast during high rain period, though a wet bias is observed during JuneJuly.
The SHL is better represented in HiRAM simulations than in the ESM2M run. In
the ESM2M simulation, the placement of the SHL is shifted northward, which may
explain the northward expansion of the rainband in this run. Two separate convection
cells, moist and dry, representing the monsoon rainbelt and SHL respectively, are wellrepresented in HiRAM simulations, whereas the ESM2M simulates only a single cell.
The shallow meridional flow associated with the SHL is not captured in the ESM2M
simulation, but it is well-resolved in HiRAM simulations; HiRAM-obsSST run is
closest to observations. This feature is very important for the accurate simulation of
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Figure 3.17: Average local onset index anomaly over Sahel for (2080–2099) – (1985–
2004), in Julian day,from HiRAM RCP 8.5. Hatching shows the areas where the
anomalies are statistically significant at least at 90% level

intensity and position of AEJ, which is an important control of intensity and
northward extent of the rainbelt. One of the most salient results of our study is the
representation of the AEJ axis in HiRAM simulations. When compared with the
ESM2M simulations, the position of the jet axis is much closer to observations in
HiRAM simulations; this can be attributed to the better representation of the merid-
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ional temperature gradient due to the higher horizontal resolution. The equatorward
position of the AEJ axis, when compared with the ESM2M run, is responsible for
the accurate two-cell convection structure of WAM in HiRAM simulations. In the
ESM2M run, the northward position of the AEJ axis pushes the moist convection cell
north, causing the moist and dry convection cells to merge. The northward position
of AEJ in the ESM2M simulations could be caused by the poor representation of the
WAWJ. Analysis of the WAM onset shows that the onset time in HiRAM simulations
is closer to the gridded observations than the parent ESM2M, which simulates the
WAM onset ∼20 days earlier than observed.
The process-based analysis reveals that HiRAM improves the representation of
WAM elements compared to the parent ESM owing to its high spatial resolution
and the modified convective parameterization, which attests to its ability to predict
future climate. In the RCP 8.5 scenario, elevated areas of Sahel and western Sahara
experience a robust warming of >4K by the end of the 21st century. Precipitation
increases over the equatorial Atlantic and the Guinean coast, while the southern Sahel
appears drier. At the same time, western Sahara experiences a moderate increase of
precipitation. The monsoon onset exhibits early WAM onset over the eastern parts
of the domain and delayed onset over western parts.
The high horizontal resolution of the model is instrumental in simulating many
WAM features such as jet axes, circulations driven by orography, and precipitation
forced by coastal uplift. The fine resolution of HiRAM, along with the modified convective parameterization, are the main reasons for its better simulation of WAM than
the parent ESM2M. Also, the differences among HiRAM simulations demonstrate the
important role of SST in these features.This study, however, does not account for the
climate-vegetation feedback as it uses a climatological vegetation cover which does
not respond to CO2 and temperature/precipitation changes.
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Chapter 4
African Easterly Waves

4.1

Introduction

African Easterly Wave (AEW), which is one of the key elements of the West African
Monsoon (WAM) system, is the dominant synoptic-scale watering system of West
Africa and equatorial Atlantic. They are westward-moving systems caused by the meandering of African Easterly Jet (AEJ) and are developed through mixed baroclinicbarotropic processes along the jet. AEWs have the wavelength of 200-4000 km and
their period is 2-10 days. They are found at the same level of AEJ which is around
600 to 700 hPa. AEWs are formed along the northern and southern flanks of AEJ and
move along westward to tropical Atlantic [Reed et al., 1988] [Chen, 2006] [Pytharoulis
and Thorncroft, 1999]. AEWs can be classified into two according to their period as
3-5 days AEWs and 6-9 days AEWs. Over West Africa, the 3-5 days AEWs follow
two tracks, one centred over 5◦ N and the other over 15N, these two tracks merge over
17.5◦ N in the tropical Atlantic. The 6-9 days AEWs are found north of the AEJ
at around 17.5◦ N [Diedhiou et al., 1998][Wu et al., 2013]. These two types of waves
differ in their wavelength, phase speed and in the rainfall pattern they produce.
AEWs are an important control of West African rainfall with Mesoscale Convective
Systems (MCSs) and squall lines embedded within them. More than 40% of the total
MCSs over the region are associated with AEWs and these MCSs accounts for about
80% of the total annual rainfall over the Sahel [Fink and Reiner, 2003, Barb and Lebel,
1997, D’Amato and Lebel, 1998, Laurent et al., 1998, Redelsperger et al., 2002a, Fink
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et al., 2006]. AEWs are important precursors of Atlantic hurricanes, even though not
all of the hurricanes in this region are formed from the AEWs. Approximately 60% of
all Atlantic hurricanes and 80% of major hurricanes have their genesis associated with
AEWs [Landsea, 1993, Pasch et al., 1998]. The southern track AEWs are more likely
to be developed into hurricanes while the northern track AEWs are less efficient in
their contribution to tropical cyclogenesis since they are less moist than the southern
ones [Chen, 2006].
The variability of AEWs have impacts on the rainfall of West Africa, through
MCSs, and on the climate along their tracks in Atlantic, through cyclogenesis. Thus
the future projection of AEWs is of utmost importance in regards to these two regions. Recent studies such as [Martin and Thorncroft, 2015, Hannah and Aiyyer,
2017, Skinner and Diffenbaugh, 2014] have looked into how AEW activities change
with an elevated level of CO2 using coupled General Circulation Models (GCMs).
These studies have found a consistent increase in AEW activity, especially the northern track AEWs. Martin and Thorncroft (2015) have also found a reduction in AEW
activity in spring and an increase in fall. The simulation AEWs are challenging and
horizontal resolution of the model is an important constraint. The coarse-resolution
models are found to be unable to propagate AEWs off the coast towards the Atlantic
[Martin and Thorncroft, 2015]. The diminished westward propagation of AEWs could
be due to the inability of low-resolution models to resolve Guinea Highlands. The
convection and diabatic heating over Guinea Highlands are instrumental in reinvigorating the AEWs and in assisting them to propagate off the coast. [Skinner and
Diffenbaugh, 2014] found that coarse resolution models in CMIP5 are unable to simulate distinct northern and southern AEW tracks. Furthermore, simulating rainfall
over West Africa is challenging for coarse resolution models since it involves multiscale
processes and is influenced by complex topography and coastlines.
High-resolution GCMs are effective in overcoming many of the limitations encoun-
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tered by coarse resolution GCMs. Due to their fine grid-spacing, important processes
such as large-scale condensation, land-sea interaction, and topographical forcing are
better resolved in high-resolution GCMs [Boyle and Klein, 2010b]. Studies suggest
that with increasing horizontal resolution, GCMs are better able to explicitly capture mesoscale convective systems e.g.,[Zhao et al., 2009, Manganello et al., 2012a],
reproduce diurnally forced circulations, represent orographically modulated rainfall
(e.g., [Boyle and Klein, 2010b, Lau and Ploshay, 2009]), and represent extreme precipitation events [Wehner et al., 2014]. Since they can resolve mesoscale processes,
multi-scale interactions are better represented in high-resolution GCMs [Gent et al.,
2010]. The present study utilizes a high resolution AGCM, High Resolution Atmospheric Model (HiRAM) to explore the changes in AEW activity by the end of the
21st century.
The first part of the study consists of model validation and examination of how well
the AEWs are represented in the model. In the second part, the future projection
of the AEWs, which uses the Representative Concentration Pathway (RCP) 8.5 is
analyzed. A brief review of the model and a detailed description of the experiment
setting follows the introduction. The summary and a discussion of the results conclude
the paper.

4.2

Data and Methodology

Same set of experiments as in chapter 3 are used. ERA Interim data used to validate
the model simulations.

4.2.1

Methodology for Analyzing AEWs

To identify the AEW activity zonal wavenumber-frequency power spectrum of the
symmetric component of daily OLR is calculated following the methodology of [Wheeler
and Kiladis, 1999]). AEWs are extracted from the mean field using Butterworth band-
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pass filtered meridional wind at 700 hPa. The 700 hPa level is used by several studies
for identifying and analyzing AEWs (eg. [CARLSON, 1969, Berry and Thorncroft,
2005, 2012, Kiladis et al., 2006b]). In the present study composite anomalies of AEWs
are constructed according to the method used in [Crétat et al., 2015]. The composite
anomalies for the first day of wave (0th day) as the wind and rainfall anomalies associated with highest and lowest decile of the bandpass filtered 700 hPa meridional wind
at an anchor location. The anchor location for 3-5 days AEWs is 1W and 11.5◦ N
and for 6-9 days AEWs is 1W and 17.5N. Similarly, circulation and precipitation
anomalies are calculated for -4, -2, +2, +4 days for both kinds AEWs. A detailed
description of this method can be found in Cretat, 2015. To analyze the number
of occurrence and intensity of AEW activity, is used as in many previous studies
(eg. [Leroux et al., 2010, Martin and Thorncroft, 2015]). EKE is calculated as: EKE
=(u’2+v’2)/2 where u’and v’are the bandpass filtered anomalies of the daily u and
v data. EKE is calculated for 700 and 850 hPa to analyze the mid and low-level
AEW activity. Furthermore, EKE at 850 hPa plays an important role in the tropical
cyclogenesis [GRAY, 1968, Thorncroft and Hodges, 2001, Hopsch et al., 2007]. In
order to analyze the energetics of AEWs, energy conversion terms from Lorenz cycle
is calculated. Details of this calculation is given in Appendix A.

4.3

Results

In order to identify the AEWs in model simulations we have examined the the zonal
wavenumber-frequency power spectrum of the symmetric component of OLR which is
used by [Kiladis et al., 2006a] to identify AEWs (fig. 4.1). The spectra are normalized
by dividing the red background to differentiate the important power peaks from the
background. The normalization also helps to avoid systematic biases while comparing
different models or reanalyses since the power spectra of each dataset are displayed
with reference to its own climatological variance. The black lines are the hypothetical
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Figure 4.1: Wavenumber-frequency power spectrum of the symmetric component of
OLR for June-August 1979-1984, averaged from 15◦ N to 15S, plotted as the ratio of
the raw OLR spectrum against a smooth red noise background, from (a) ERA Interim
(b) HiRAM ESM2M.
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dispersion curve in a shallow water mode corresponding to a different depth. In
general, all the power peaks of HiRAM lays close to the respective hypothetical dispersion curves and its signals very well with that of ERA Interim. AEWs are observed
as the dominant spectral peaks associated with the westward wave number between
6-20 and period of 3-10 days [Gu et al., 2004, Kiladis et al., 2006a], which were also
identified as tropical depressions [Wheeler and Kiladis, 1999]. In both ERA interim
and HiRAM simulations, the AEW signal is evident. However, the power associated
with AEW is overestimated in HiRAM ESM2M compared to ERA-Interim data (fig.
4.1b) indicating more wave activity. The power of HiRAM obsSST simulation is closer
to the reanalysis data than the HiRAM ESM2M run (fig. 4.1c).

Figure 4.2: Standard deviations of 3-5 days bandpass filtered values of JJAS daily
precipitation (mm/day) (a) ERA Interim (b) HiRAM ESM2M, meridional wind at
700 hPa (m/s) (c) ERA Interim (d) HiRAM ESM2M, and precipitation (mm/day)
(e) ERA Interim (f) HiRAM ESM2M from 1979-2004.

To analyze the mean characteristics associated with the 3-5 day AEWs in both
reanalysis data and model simulations, standard deviations of 3-5 days bandpass filtered values of Outgoing Longwave Radiation (OLR), meridional wind at 700 hPa,
and precipitation for the JJAS season are examined (fig. 4.2). The standard deviation
of bandpass filtered daily OLR represents the variability of synoptic-scale convective
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activity associated with 3-5 days AEWs (fig. 4.2a). A band of convective activity
stretches from Ethiopian Highlands to tropical Atlantic and this bands position shifts
more equatorward once it reaches the oceanic region. On the continental part, this
band is located slightly north of the West African monsoon rainbelt, while it is collocated with the ITCZ over the marine parts of the domain. The HiRAM ESM2M
simulation overestimates the variability of synoptic-scale convective activity and the
band is not as well defined as in ERA Interim data (fig. 4.2b). Most of the enhanced
activity is found over the land, while its northward extent reaches up to 20N. While
the HiRAM obsSST run also overestimates the convective activity, the latitudinal
spread is less when compared with HiRAM ESM2M (fig. 4.2c). The HiRAM is found
to overestimate climatological mean convection [Raj et al., 2019] and part of this
enhanced convection arises from the amplified variability of synoptic-scale convective
activity. Figure 4.2d. Shows the variability of the 700 hPa meridional wind from the
reanalysis data. A band of high variability extends northward from Western Sahel to
Atlantic at 20N. This band is collocated with the track of AEWs. HiRAM ESM2M
run reproduces the location of this band fairly accurate but the simulated variability
of the meridional wind is stronger than that in ERA Interim data (fig. 4.2e). In
HiRAM obsSST run, meridional wind variability is stronger than the reanalysis data
and also this band of high variability penetrates farther in to the Continental interior
(fig. 4.2f). The variability of precipitation is collocated with that of synoptic-scale
convective activity, as expected (fig. 4.2g). As in the case of OLR variability, both
HiRAM simulations overestimate the precipitation variability by ≈6 mm/day (fig.
4.2h-i).
Figure 4.3 is the same as fig. 4.2 except for 6-9 days AEWs. The OLR variability is
at the same location as that of 3-5 days AEWs, except with a diminished intensity (fig.
4.3a). The 6-9 days AEWs are located at the northern flank of AEJ in a drier location
and hence their contribution to convection is less when compared to the southern
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track AEWs. As in the case of 3-5 days AEWs, HiRAM ESM2M overestimates the
OLR variability by ≈6 W/m2 (fig. 4.3b). On the other hand HiRAM obsSST, even
though it overestimates the OLR variability, reproduces the spatial structure of the
variability similar to that in ERA interim data (fig. 4.3c). The mid-level meridional
wind variability is located at a much northern position when compared with the 3-5
days AEWs (fig. 4.3d) and the simulated variability by the both HiRAM simulations
is comparable with that in ERA Interim data (fig. 4.3e-f). The contribution to
precipitation variability by 6-9 days AEWs is less, as expected (fig. 4.3g). But
both HiRAM ESM2M and HiRAM obsSST overestimates precipitation variability
especially over the marine ITCZ region (fig. 4.3h-i).

Figure 4.3: Same as fig. 4.2 but for 6-9 days bandpass filter.

4.3.1

Structure of AEWs

Figure 4.4 a-e shows the mean evolution of 3-5 day AEWs from -4 days to +4 days
and the rainfall associated with them from ERA Interim reanalysis data. A clear
wave structure can be seen in figures corresponding from -2 days to +2 days. The
wavelength is approximately 3000 km and the northern extent reaches Sahara. The
rainfall anomalies are concentrated on the southern part of the wave core and positive
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anomalies are located near northerly flow, ahead of the trough. Negative rainfall
anomaly is located to the south of the ridge, near the southerlies. The strongest
winds are located around 5W on all the days.

Figure 4.4: Composite anomalies for 3-5-days AEWs from -2 days +2 days for (a)-(e)
ERA Interim data, (f)-(j) HiRAM ESM2M and (k)-(o) HiRAM obsSST simulation
from 1979 to 2004.Vectors are 700 hPa wind anomalies (m/s). Blue contours are the
stream function. Rainfall anomalies (mm/day) are shaded. Only anomalies that are
significant at the 95 level according to a two-tailed Student t-test are shown.

Figure 4.4 f-j shows the mean evolution of 3-5 day AEWs and the associated
rainfall from the HiRAM ESM2M simulation. It is evident that both circulation and
rainfall anomalies are overestimated and the troughs and ridges are more defined
when compared with ERA Interim data. The wavelength is comparable with that
in reanalysis data. The negative and positive rainfall anomalies are located at the
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core of ridges and troughs respectively. It should also be noted that the northward
extent of the rainfall anomalies is also greater in HiRAM simulations and the Sahel
experiences enhanced rainfall on the 0th day.
The mean evolution of 3-5 day AEWs and the associated rainfall from the HiRAM
obsSST simulation is shown in fig. 4.4k-o. As in the case of HiRAM ESM2M stronger
wave activity with intense precipitation is observed in the HiRAM obsSST simulation.
It is noteworthy that the wave in this run is intensified as it move farther westward
in the oceanic region on day 4.

Figure 4.5: Same as fig. 4.4 but for 6 - 9 days AEWs.

Figure 4.5 is the same as fig. 4.4 except it shows the mean evolution of circulation
and rainfall of 6-9 days AEWs. From fig. 4.5 a-e, which are the wave characteristics
from ERA Interim data, it is evident that the 6-9 days AEWs have a longer wavelength
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(≈4500 km) than 3-5 day AEWs and the wave core is centered around 15N. The
rainfall anomalies are located at the southern edge of the wave train and are smaller
in magnitude than that in 3-5 days AEWs. A north-south dipole pattern of rainfall
anomalies is observed with negative anomalies along the Guinean coast and positive
anomalies along the Sahel before the passing of the wave. This pattern is reversed
after the wave passes, on +2 days and +4 days. This dipole pattern is observed in
the previous studies too (Diedhiou et al, 1999, Cretat et al, 2004).
Figure 4.5 f-j shows the mean evolution of circulation and rainfall anomalies associated with 6-9 days waves in HiRAM ESM2M simulation. The overall structure
and the location of the wave is similar to that in the reanalysis data. But the model
overestimates both circulation and rainfall as in the case of 3-5 day waves. The wavelength of the simulated 6-9 days AEWs is similar to that of reanalysis data, which
shows even though the precipitation is overestimated the dynamic field is in good
agreement with the observations. The southward extent of the rainfall anomalies
is larger in HiRAM simulation when compared with the reanalysis data, especially
the gulf of guinea experiences larger rainfall anomalies. The dipole pattern over the
Guinean coast and Sahel is reproduced by the model. The simulated 6-9 days waves
exhibit a stronger circulation pattern when compared with the simulated 3-5 days
AEWs. The evolution of 6-9 days AEWs in HiRAM obsSST simulation are very similar to that in HiRAM ESM2M (fig. 4.5k-o). A possible reason for the disagreement in
the intensity of precipitation between reanalysis data and model simulation could be
the weak and inconstant data assimilation in the reanalysis (Trenberth et al. 2001).
Another reason could be the overzealousness of the convective parameterization used
in the model.
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4.3.2

Energetics of AEWs

EKE calculated for 3-5 days AEWs from both ERA Interim data and HiRAM simulations is shown in fig. 4.6. In general, the model overestimates EKE at both 700 hPa
and 850 hPa when compared with the reanalysis data. The largest biases are seen
at lower levels (fig. 4.6d and 6f) and over the land regions at both levels. HiRAM
ESM2M underestimates EKE over northern Sahara at mid-level (fig. 4.6c). While
in HiRAM obsSST high values of EKE extends further eastward up to Ethiopian
highlands (fig. 4.6e). According to the previous study, HiRAM overestimates JJAS
rainfall Guinean coast [Raj et al., 2019] and it is safe to assume that this bias emerges
from enhanced AEW activity in the model over this region. It should also be noted
that over Atlantic largest bias is seen over 17.5N, which is the region where southern
and northern track AEWs merge.

Figure 4.6: EKE (m2 /s2 ) of 3 - 5 days AEWs at 700 hPa for (a) ERA Interim (c)
HiRAM ESM2M, and at 850 hPa for (b) ERA Interim (d) HiRAM ESM2M from
1979 to 2004.

Both model simulations also overestimate the EKE of 6-9 days AEW at both mid
and low levels (fig. 4.7c-f). The bias is seen over Atlantic centered around 17.5 ◦ N at
both levels. It should be noted that the 6-9 days AEWs have lowest EKE at 850 hPa
but the model overestimates EKE at this level too. Another region of overestimation
is the western Sahel. In general, a band of positive bias starting from the western
Sahel to around 20◦ N in Atlantic is seen in HiRAM simulations for both types of
AEWs.
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To further analyze the EKE pattern in the model simulations we have calculated
the energy conversion terms which contribute to the generation of EKE in AEWs. According to the Lorentz energy cycle three processes dominate the energy conversion :
barotropic conversion, baroclinic conversion, and diabatic heating. The equations
used for the calculations of these terms are given in the appendix. In these figures,
warm colours indicate a gain of EKE and the cool colours indicate the loss.

Figure 4.7: Same as fig. 4.6 but for 6 - 9 days AEWs.

Figure 4.8a-c show the meridional cross section of the baroclinic energy conversion term (− Rp ω 0 T 0 ) calculated from ERA Interim and the two HiRAM simulations.
Baroclinic conversion is an important energy source for AEWs and it is associated
with the vertical overturning. In ERA Interim data, positive values of baroclinic conversion term is found north of 12◦ N and this band of positive values extend up to 700
hPa. This feature is associated with the ascending of hot dry air in the north and descending of cold air in the south parts of the domain [Hsieh and Cook, 2007]. In both
HiRAM ESM2M and HiRAM obsSST this pattern of positive baroclinic conversion
term is replicated. The position and the vertical extent of this band is similar to that
in ERA interim data but its strength is different among the two HiRAM simulations.
HiRAM ESM2M underestimates the baroclinic term at lower levels while HiRAM
obsSST slightly overestimates its strength.
Another band of positive baroclinic conversion is found between 500 and 200 hPa
centered over 10◦ N in the ERA interim data. This is associated with the latent heat
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Figure 4.8: Meridionalheight cross sections of the (left) baroclinic and (right)
barotropic conversions to eddy kinetic energy averaged between 20◦ W and 10◦ E from
(a),(d) ERA Interim, (b),(e) HiRAM ESM2M, and (c),(f) HiRAM obsSST. Energy
terms are in m2 /s2 /day.
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release from the convection in the AEWs. The latent heat release causes the
ascent of warm air in these levels. Below 500 hPa a region of negative baroclinic
conversion can be seen, which is associated with the ascent of cold air which is a
typical characteristic of waves [Diedhiou et al., 2002, Hsieh and Cook, 2007]. In
both HiRAM simulations the positive baroclinic conversion in the upper troposphere
is overestimated and this strong positive anomaly arises from the overestimation of
diabatic heating in this region. The latitudinal extent of this anomaly differs in
the two simulations as it covers almost the entire domain in HiRAM ESM2M while
in HiRAM obsSST it is centered over 10N.The region of cold air ascent in HiRAM
simulations is similar to that in ERA interim data.
0
.(V0 .∇)VH ) in ERA InFigure 4.8d shows the barotropic conversion term (−VH

terim data, where three regions of positive barotropic conversion can be seen. These
regions are associated with Tropical Easterly Jet (TEJ), AEWs, and Inter Tropical
Depression (ITD). The first region found in the upper troposphere is situated south
of the equator and is caused by the TEJ. The second region is in the middle troposphere and is centered over 10N; south of AEJ. This region is associated with the EKE
production due to AEWs. The third region is found in the lower troposphere in the
north of the domain centered over 18N. This is the region where the moist south westerly monsoon winds converges with the dry Harmattan winds from the north. The
latitudinal position of these three production regions are accurately reproduced by
the HiRAM simulations (fig. 4.8e-f). HiRAM simulations overestimates the strength
and the vertical extent of the production region in the mid troposphere especially in
the HiRAM ESM2M run this region extends up to upper troposphere. This could
be due to the intense wave activity in the model. In the HiRAM obsSST simulation
the positive barotropic conversion in the lower troposphere is overestimated. The low
level production of the EKE is diminished by the frictional dissipation [Hsieh and
Cook, 2007]. This analysis is omitted from the study due to lack of required data.
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Figure 4.9: Meridionalheight cross sections of the (left) GE and (right) CA averaged
between 20◦ W and 10◦ E from (a),(d) ERA Interim, (b),(e) HiRAM ESM2M, and
(c),(f) HiRAM obsSST. Energy terms are in m2 /s2 /day.

82
Figure 4.9 shows the sources of eddy available potential energy. The generation
term GE ( Tγ Q0 T 0 ), which causes the generation of eddy available potential energy by
diabatic heating is shown in fig. 4.9a-c. Positive value of GE represents generation
of eddy available potential energy and is caused by the warming of the warm regions
or the cooling of the cold regions in the same latitude [Michaelides, 1992]. While
the cooling of the warm regions and heating of the cold regions in the same latitudes
cause the destruction of eddy available potential energy resulting in negative values
of GE . In the ERA Interim data positive values of GE is observed at low levels, north
of 12◦ N (fig. 4.9a). South of this region negative values of GE centered over 750 hPa
is observed. A second region of generation of eddy available potential energy is found
in the upper troposphere (350 hPa). In the HiRAM ESM2M simulations the positive
values in the lower troposphere is offset by a band of negative values (fig. 4.9b). The
upper troposphere is dominated by large positive anomalies as in the case of baroclinic
conversion term. This substantially big generation of eddy available potential energy
in the upper troposphere is also observed in the HiRAM obsSST run (fig. 4.9c). It is
safe to assume that exaggerated convection in the model is responsible for the high
value of GE in the upper troposphere. HiRAM obsSST also overestimates the GE
at the low levels. From this figures it is evident that the baroclinic conversion term
and GE are closely correlated. The EKE generated by the baroclinic term is partially
generated by diabatic heating.
0
T 0 .∇H T )
Figure 4.9d-f shows the meridional cross section of the term CA (− cTp γ VH

which represents the conversion of zonal available potential energy to eddy available
potential energy due to the eddy heat flux along the zonal mean temperature gradient.
CA has positive values north of 10◦ N at lower troposphere in both ERA interim and
HiRAM simulations, which is due to the large meridional temperature gradient in
this region. In HiRAM simulations CA has larger values and extends more southward
when compared with ERA interim data.
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4.3.3

Future Projection

It is crucial to know how the AEW activity will change in future since AEWs play
a key role in the variability of Sahel rainfall and Atlantic hurricanes. The zonal
wavenumber-frequency power spectrum of the symmetric component of OLR from

Figure 4.10: Wavenumber frequency power spectrum of the symmetric component of
OLR for June-August 2095-2099, averaged from 15◦ N to 15S, plotted as the ratio of
the raw OLR spectrum against a smooth red noise background, from HiRAM RCP
8.5 simulation.
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the HiRAM RCP 8.5 run shows that the power increases in the AEW region in
future, which indicates greater (more in number or stronger) activity (fig. 4.10).

Figure 4.11: (a-e) Composite anomalies for 3-5-days AEWs from -2 days +2 days for
HiRAM RCP 8.5 simulation from 2080 to 2099. Vectors are 700 hPa wind anomalies
(m/s). Blue contours are the stream function. Rainfall anomalies (mm/day) are
shaded. Only anomalies that are significant at the 95 % level according to a twotailed Student t-test are shown. Right panel (f-j) is the same as the left panel except
for the shading is the rainfall anomalies calculated as the difference between HiRAM
RCP 8.5 (2080-2099) and HiRAM ESM2M (1985-2004).
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Figure 4.11 shows the evolution of mean circulation and precipitation anomalies for
3-5 days AEWs from 2080 to 2099 simulated with RCP 8.5. In general, precipitation
associated with 3-5 days AEWs considerably increases, up to |10| mm/day, in future.
It should also be noted that the northward extent of the rainbelt increases, reaching

Figure 4.12: Same as fig. 4.9 but for 6 - 9 days AEWs.

up to 20◦ N after the wave passes. The latitudinal extent of the circulation also
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increases and the circulation intensity also shows a marked increase. It is particularly
noteworthy that the wave penetrates farther into the Atlantic and the intensity in
the marine region increases. Since AEWs are the precursors of hurricanes this could
be translated as more number of tropical cyclones in future under this representative
concentration pathway. Figure 4.12 shows the mean circulation and precipitation
anomalies of 6-9 days AEWs. Similar to the 3-5 days AEWs, 6-9 days waves also
exhibit a bias of the intensity of precipitation anomalies of about |8| mm/day. The
northward extent of these anomalies also increases by around 1◦ . The intensity of the
circulation also increases. It should be noted that the circulation cell in the Atlantic
becomes stronger and wider when compared with the historic simulation.

Figure 4.13: EKE (m2 /s2 ) of 3 - 5 days AEWs from HiRAM RCP 8.5 at (a) 700 hPa,
and (c) 850 hPa from 2080 to 2099. Anomalies of EKE (m2 /s2 ) are calculated as the
difference between HiRAM RCP 8.5 (2080-2099) and HiRAM ESM2M (1985-2004) at
(b) 700 hPa, and (d) 850 hPa. The hatching indicates the areas where the anomalies
are statistically significant at least at 95% level.

A change in EKE could mean change in the number and/or intensity of AEW
activity. By the end of the 21st century, EKE of 3-5 days AEWs shows significant
increase all over the domain. At 700 hPa level, a band of increased EKE spans from
the Gulf of Guinea to around 50 W in Atlantic (fig. 4.13b). The northward extent
of this band reaches up to 28 N. An increase of ≈1.8 m2 /s2 is seen over the Gulf
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of Guinea and a slight increase is found over the western Sahel. A similar band of
increased EKE is observed over Atlantic at 850 hPa (fig. 4.13d). But at this level
Gulf of Guinea does not exhibit an increase in EKE, while western Sahara and Sahel
EKE increases up to 1.5 m2 /s2 . The enhanced EKE over ocean indicates enhanced
AEW maintenance after they leave the coast. This could also mean more cyclogenesis
in future.

Figure 4.14: Same as fig. 4.11 but for 6 - 9 days AEWs.

The EKE for 6-9 days waves also shows an increase by the end of the 21st century
(fig. 4.14). Like in the case of 3-5 days AEWs, a northern oceanic region in the
domain exhibits a marked increase in EKE at mid-level, while over the continental
region, Western Sahara experiences a milder enhancement of EKE (fig. 4.14b). A
second band of enhanced EKE (> 2 m2 /s2 ) is found centered over 10◦ N and this
enhanced AEW activity in the south might be contributing to the enhanced precipitation since this location offers more moisture supply to the waves. This increase is
less pronounced at 850 hPa, while western Sahara and Sahel exhibit enhanced EKE
up to 1.6 m2 /s2 (fig. 4.14d). Since the 6-9 days AEWs are formed on the northern
flank of AEJ they are mostly dry with diminished moisture supply and hence their
contribution to cyclogenesis is less. The increase in EKE over the oceanic region
indicates the enhanced AEW activity in this region. It is ambiguous whether it will
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lead to more cyclogenesis.
The analysis of different energetic terms shows an increase in the generation of
eddy available potential energy and EKE by the end of 21st century (fig 15). Increased
values of baroclinic conversion term is seen in lower levels and the positive values in
the upper troposphere is also intensified (fig. 4.15a). A similar increase is observed

Figure 4.15: Meridionalheight cross sections of the anoamlies of (a) baroclinic term,
(b) barotropic term, (c) GE and (d) CA averaged between 20◦ W and 10◦ E. Anomalies
are calculated as the difference between HiRAM RCP 8.5 (2080-2099) and HiRAM
ESM2M (1985-2004). Energy terms are in m2 /s2 /day.
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in the barotropic conversion term (fig. 4.15b). A marked increase of this term
to the south of that seen in the historical run also should be noted. GE Also shows
increase in the lower level which could be attributed to the increase in temperature
(fig. 4.15c). As in the historic simulations the baroclinic conversion term and GE
show similar pattern in the future anomalies. Similar to the baroclinic term anomaly
CA also exhibits a southward shift in the lower troposphere (fig. 4.15d). The shift of
these two terms could be causing the intensification of wave activity in the southern
parts of the domain.

4.4

Conclusions

The AEWs are the key contributors to the West African rainfall and the precursor
to the Atlantic tropical cyclones. Hence how they will change in a warming climate
is very crucial to the region. The present study uses a high horizontal resolution
GCM to analyze the future projections of AEWs. Since the coarse resolution models
struggle to simulate the waves and their westward propagation accurately, mainly
due to their inability to resolve the complex topography of the region, high resolution
models are ideal candidates to study AEWs. We have used the emission scenario
RCP 8.5 to analyze the future.
We have separated AEWs with respect to their periods, viz. 3-5 days AEWs
and 6-9 days AEWs. The analysis of zonal wavenumber - frequency power spectrum
of the symmetric component of OLR shows HiRAM successfully simulates AEWs.
Further analysis of the mean evolution of wave characteristics reveals that location,
wavelength, and period of both types of simulated waves are similar to that in observations. Although precipitation is overestimated by the model in both cases. The
analysis of EKE shows that the model overestimates the EKE over both low and
mid-level for both kinds of AEWs, although a negative bias is observed over northern
Sahara at mid-level.
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In general, the AEW activity increases in the future, which is evident from both
wavenumber-frequency spectra and analysis of EKE. The intensity of the circulation
is also observed to be increased, while the northward extent of the AEW track shows
a significant increase by the end of the 21st century. It should be noted that caution
should be taken while interpreting the future projection since some of the mean states
in the history simulation are overestimated by the model. Further studies are required
to attribute the changes in AEW activity to dynamic processes.
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Chapter 5
Impacts of Atlantic Zonal Mode on West African Monsoon
and African Easterly Waves

5.1

Introduction

As mentioned in the previous chapters, tropical Atlantic SST has an essential impact
on West African Rainfall. It is also well known that the tropical Atlantic experience
seasonal to decadal variabilities, and these variabilities are the dominant drivers of
the WAM variability [Biasutti et al., 2008a]. Like in other basins, the variability
in Atlantic SST is driven by the atmosphere-ocean coupled mechanism which involves oceanic currents, upwelling/downwelling, trade winds, monsoon circulations,
and teleconnections. The regional climate, its predictability, and future projections
are, therefore greatly depended on the accurate tropical Atlantic SST variability in
simulations. However, even the state of the art climate models experiences huge systematic bias in SST over tropical Atlantic, especially over the Atlantic Cold Tongue
region. An estimation of the impact of Atlantic variability over WAM simulation is
hence, necessary for a better assessment of the future projections.
The inter-annual variability of equatorial Atlantic SST consists of two modes viz.
”meridional mode” and ”zonal mode” [Chang et al., 2006]. The Atlantic Zonal Mode
(AZM), also known as Atlantic equatorial mode, is the most prominent modes of
variability, often detected as the first mode of empirical orthogonal function. It is
characterized by an anomalous SST situated at the east equatorial Atlantic [Zebiak,
1993]. AZM peaks in boreal summer and causes the displacement of the convective
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region equatorward. AZM is also known as Atlantic Nino since it has a spatial
signature similar to that of Pacific El Nino [Zebiak, 1993, Carton and Huang, 1994,
Ruiz-Barradas et al., 2000]. As in the case of El Nino, AZM has a strong impact on
the equatorial trade winds, whereby it dampens (enhances) the equatorial trade winds
during its positive (negative) phase [Merle, 1980, Servain et al., 1982, Ruiz-Barradas
et al., 2000, Kushnir et al., 2006].
Even though there are similarities in the spatial signature of El Nino and AZM,
there exist important differences too. Most importantly, the SST-wind relationship in
AZM is weaker and less consistent when compared with El Nino [Zebiak, 1993, RuizBarradas et al., 2000, Keenlyside and Latif, 2007]. While El Nino peaks in boreal
winter, AZM reaches its peak in boreal summer [Zebiak, 1993, Keenlyside and Latif,
2007]. Furthermore, AZM is a high frequency event when compared with El Nino,
largely contributing at seasonal timescales rather than at interannual scales [Zebiak,
1993, Latif and Grötzner, 2000]. Since it has hardly any spectral peak at interannual
scales, AZM is difficult to distinguish from red noise. So AZM can be described as a
stable and noise driven oscillation [Latif and Barnett, 1995, Nobre et al., 2003, Illig
and Dewitte, 2006, Kushnir et al., 2006, Keenlyside and Latif, 2007]. AZM is a major
reason for the intraseasonal variability of WAM rainfall, making the understanding
and the predictability of which important for the region.

5.2

AZM experimental design

Three sets of AGCM (HiRAM) simulations were conducted to investigate the impact of AZM sst variability in the tropical Atlantic on WAM. The control simulation
(CTRL) simulations were forced with long term mean climatology (1980-2010) of seasonally varying SST. The use of long term mean climatology of seasonal SST removes
the inter-annual variability while retains the seasonality and monsoon. The other
two sets of simulations representing AZM warm phase (AZM WARM) and AZM cold
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phase (AZM COLD) were forced with the same SST used in CTRL simulation, but
SST anomalies in the tropical Atlantic from warm and cold phase AZM composites were super-imposed on respective experiments. The imposed SST anomaly in
both AZM WARM and AZM COLD experiments were shown in fig. 5.1. The SST
anomalies are concentrated along the eastern coast and the latitudinal extent reaches
up to 20 S. The study used Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) SST [Rayner et al., 2003] for finding the AZM index and for constructing
SST composites for all three simulations. AZM index is calculated using the seasonal
mean (June-August) SST anomalies averaged over the eastern equatorial Atlantic
Ocean (5S to 3N, 20W to 10E) following the definition by Sabeerali et al. (2019A,
2019B). Years (1980-2010) in which the normalized AZM index is lower (greater) than
1 standard deviation is counted as cold phase (warm pahse). 30 years of simulations
were carried out in each in each experiments for a better estimate of the statistical
significance.

Figure 5.1: Anomalous SSTs (K) used as boundary conditions for (a) AZM warm (b)
AZM cold simulations.
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5.3
5.3.1

Results
Impact on WAM

Figure 5.2a and b show the mean 2m temperature anomalies during JJAS for warm
and cold phases of AZM respectively. The most notable feature in these figures is the
band of increased (decreased) temperature up to 1K located over Sahel in the warm
(cold) phase. While the intense warming in the warm phase is located over the central
Sahel, the decrease in temperature is most intense over eastern Sahel in the cooling
phase. It is also notable that the whole domain except western Sahara experiences
increase in temperature during the warm phase of AZM. On the contrary, western
Sahara shows warming during the cold phase of AZM.
The mean seasonal precipitation anomalies in the two phases of AZM show a
dipole pattern between Gulf of Guinea and Sahel and this dipole switches its sign
between the two phases (fig. 5.2c, d). During the warm phase positive precipitation
anomalies are located along the Gulf of Guinea, at the same time Sahel and equatorial
Africa experience significant decrease in precipitation. This pattern is reversed during
the cold phase of AZM. During the cold phase, Sahel and equatorial Africa experience
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Figure 5.2: The mean summer (JJAS) 2-m temperature (K) anomaly for (a) AZM
warm (b) AZM cold simulations, similarly (c) and (d) mean summer (JJAS) precipitation rate (mm/day), and (e) and (f) Latitude- time cross-section of annual precipitation rate (mm/ day) cycle averaged between 15W and 10E. Hatching shows the
areas where the anomalies are statistically significant at least at 90% level. Anomalies
are calculated by subtracting mean of variables in the control simulation from that
in the respective simulation.
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significant increase in precipitation while intense drying is seen over Gulf of
Guinea. Also, marked increase in precipitation is observed over the marine ITCZ
region in the equatorial Atlantic. A similar dipole pattern in precipitation response is
shown in several previous studies (Losada 2009, Janicot et al. (1998), Vizy and Cook
(2002) and Paeth and Friederichs (2004)). Some of these studies has attributed this
dipole pattern as a response to the southward shift of tropical rainbelt during AZM
(Janicot et al. 1998).

Figure 5.3: Latitude- height cross-section of anomalies of omega (filled contours;
Pa/s) and omega - v vector (vectors; Pa/s-scaled) averaged between 15W and 10E
from (a) AZM warm (b) AZM cold simulations averaged over JJAS. Omega is scaled
to match the value of meridional wind and its sign is reversed so that positive values
represent ascending motion.

Figure 5.2e and f show the annual cycle of mean precipitation anomalies. The
southward (northward) shift of the rainbelt in the warm (cold) phase of AZM is
evident in these figures. The time of the shift differs in both the simulations. While
the southward shift in the warm phase occurs in JAS, the northward shift of the
rainbelt in the cold phase spans the pre-monsoon months (April-May) and JJA. An
increase in precipitation during winter is also observed in the cold AZM simulation.
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This dipole pattern is further evident in the meridional overturning circulation
(fig. 5.3). During the warm phase, a branch of intense ascent is located over Gulf of
Guinea, while subsidence is seen over southern Sahel (fig. 5.3a). The dry convection
over Sahara exhibits slight enhancement in this scenario. During the cold phase strong
subsidence dominates the Gulf of Guinea and an enhanced convection is observed over
Sahel (fig. 5.3b). The dry convection over Sahara shows a similar trend as that in
the warm AZM phase. One of the reason for the reduction of precipitation over Sahel
during the warm phase could be the dampened horizontal temperature gradient due
to the increased sst over Guinean coast. This will in turn reduce the northward
penetration of the southerlies.

Figure 5.4: Mean zonal wind speed anomaly at 600 hPa and 150 hPa from (a, b)
AZM warm (c, d) AZM cold simulations, averaged over JJAS. Hatching shows the
areas where the anomalies are statistically significant at least at 90% level. Solid lines
represent jet axes; green is jet axis from control simulation and blue is jet axis from
respective simulation.The black contours represent seasonal mean of zonal wind.

The position of the jet axes of both AEJ and TEJ do not show any significant
change during the warm and cold phases of AZM (fig. 5.4). However the southern
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flank of AEJ shows a significant increase of about 4 m/s in the warm AZM simulation
(fig. 5.4a). On the other hand the southeastern flank of TEJ shows a decrease of
>4 m/s in this scenario (fig. 5.4b). The strengthening of AEJ may be on of the
reason for the increase in precipitation over Gulf Guinea during the warm phase of
AZM. Contrariwise, no significant changes in the strength of both jets, except for an
increase of about 2 m/s over the southeastern flank of TEJ, are observed in the cold
AZM simulation (fig. 5.4c-d).
Figure 5.5 shows the mean anomalies of the onset index in both AZM scenarios.
The details of the calculation the onset index can be found in chapter 3. Though the
trends in both scenarios appear rather noisy, in the warm AZM simulation northern
parts of the domain shows delayed onset while an early onset of about 16 days is
observed over parts of Guinean coast (fig. 5.5a). In the cold AZM scenario, early onset
of WAM is observed up to the Sahel, while northern parts of the domain experiences
a delayed onset (fig. 5.5b).

5.3.2

Impact on AEWs

The evolution of the mean circulation and precipitation associated with 3-5 days
AEWs is shown in fig. 5.6. Details of the method used to isolate AEWs can be
found in chapter 4. For both scenarios the wavelength is approximately 3000 km and
the northern extent reaches Sahara. The rainfall anomalies are concentrated on the
southern part of the wave core. The wave is stronger in the warm AZM simulation
when compared with the cold phase. However rainfall anomalies are larger in the cold
AZM scenario (fig. 5.6b). Another remarkable feature is that AEW diminishes once
it reaches tropical Atlantic in cold phase while during the warm phase the wave does
not die out and continues to move westward after entering the ocean. This may be
interpreted as more probability for the AEWs to evolve into hurricanes if they occur
in the warm phase of AZM.
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Figure 5.5: Average local onset index anomaly from (a) AZM warm (c) AZM cold
simulations, averaged over JJAS. Hatching shows the areas where the anomalies are
statistically significant at least at 90% level.

Figure 5.7 shows the mean evolution 6-9 days AEWs in both warm and cold AZM
scenarios. The 6-9 days AEWs have a longer wavelength of about 4500 km and the
wave core is centered around 15N. The rainfall anomalies are located at the southern
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Figure 5.6: Composite anomalies for 35-days AEWs from -2 days +2 days for (a)(e)
AZM warm, and (f)(j) AZM cold simulation. Vectors are 700 hPa wind anomalies
(m/s). Blue contours are the stream function. Rainfall anomalies (mm/day) are
shaded. Only anomalies that are significant at the 95 level according to a two-tailed
Student t-test are shown.
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Figure 5.7: Same as fig. 5.6 but for 6 - 9 days AEWs.

edge of the wave train and are smaller in magnitude than that in 3-5 days AEWs.
As in the case of 3-5 days AEWs, precipitation anomalies are larger during the cold
phase of AZM than that in the warm phase. The north south dipole structure of
precipitation anomalies are preserved in the cold AZM simulation, however it is not
discernible in the warm AZM simulation. Unlike 3-5 days AEWs, circulation strength
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is similar in both simulations.
The Eddy Kinetic Energy (EKE) anomalies for 3-5 days AEWs are shown in fig.
5.8. During the warm phase of AZM EKE increases over the Atlantic at both 700
and 850 hPa levels (fig. 5.8a). This is a probable indicator of increased AEW activity
over Atlantic during the warm phase. On the other hand, EKE shows a northward
shift during the cold phase at both 700 and 850 hPa levels (fig. 5.8b) which could be
due to the increase in northern track AEWs during cold phase. Contrarily, for 6-9
days AEWs the EKE shows a marked decrease during the cold phase (fig. 5.9a). But
an increase in EKE is observed over Atlantic in the cold AZM simulation, indicating
an increase in northern track AEW activity during this phase (fig. 5.9b).

Figure 5.8: EKE (m2/s2) of 3 - 5 days AEWs from from AZM warm and AZM cold
simulations at (a, c) 700 hPa, and (b, d) 850 hPa. Hatching indicates the areas where
the anomalies are statistically significant at least at 90% level.

5.4

Conclusions

The high resolution AGCM HiRAM is used for simulating the warm and cold phases
of AZM. Being an AGCM HiRAM is an ideal candidate for conducting such SST
sensitivity experiments. The analysis of warm and cold AZM simulations reveals
that Sahel heats up during the warm phase of AZM while a cooling is observed
during the cold phase. HiRAM is able to reproduce the dipole pattern of precipitation
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between Gulf of Guinea and Sahel as observed by several previous studies. A possible
reason for the reduction of precipitation over Sahel during the warm phase is the
dampened horizontal temperature gradient which could reduce the northern extent
of the southerly flow.

Figure 5.9: Same as fig. 5.8 but for 6 - 9 days AEWs.

The meridional overturning circulation shows a increased ascent (subsidence) over
Gulf of Guinea during warm (cold) phase of AZM. The location of AEJ and TEJ do
not show any marked variation during AZM. However the southern flanks of the jets
experience increase in intensity during the warm phase of AZM. An early onset of
monsoon is observed over Guinean coast during warm phase of AZM while Sahel
experiences early onset in the cold AZM simulation.
AEW activity significantly changes with AZM. Rainfall anomalies associated with
3-5 days AEWs are larger in the cold AZM simulation, but the wave is stronger in the
warm AZM simulation. During the warm phase 3-5 days AEWs travel farther into
tropical Atlantic which could give rise to more hurricanes when compared with the
cold phase. Also for the 6-9 days AEWs larger rainfall anomalies are seen in the cold
AZM simulation. The analysis of EKE shows EKE increases over the Atlantic during
the warm phase of AZM. At the same time EKE shows a northward shift during the
cold phase at both 700 and 850 hPa levels.
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Chapter 6
Southern African Monsoon

6.1

Introduction

Though West African monsoon is the most widely known monsoon system in Africa
and takes place during the boreal summer, a monsoonal circulation does exist over
the southern part of the continent during the austral summer. This region is identified as monsoonal by Ramage [1971] and it is part of the global monsoon system
[Trenberth et al., 2000, Lee and Wang, 2014, Wang and Ding, 2006]. Although this
region is identified as a monsoon region even in the earliest studies, this monsoonal
circulation is surprisingly under-explored. In some of the earlier studies, this system
is called as ’northeast monsoon’ [Kirk, 1962], as it is thought to be the extension of
Indian winter/northeast monsoon. In this study, we use the term ’Southern African
Monsoon’ (SAM) to denote it. Like other monsoon systems, SAM is also the reversal of trade winds during the summer, driven by the differential heating of land and
ocean.
The precipitation maximum during this season stretches from Angola on the west
coast of southern Africa to Madagascar. SAM is the primary watering system of the
region and lasts up to six months in some locations. As in the case of Asian Summer
Monsoon, breaks are observed during SAM. During recent decades, the region has
exhibited a drying trend. The western parts of the domain, such as Namibia, Angola,
and Congo, has experienced decreased rainfall during the second half of last century
[Hoerling et al., 2006, New et al., 2006]. Changes in the duration and frequency of dry
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spells and a delayed onset are also observed in the SAM domain [Thomas et al., 2007,
Kniveton et al., 2009]. It is also observed that along with the increasing duration
of dry spells, daily rainfall intensity also increases which in turn affects the run-off
characteristics [New et al., 2006]. SAM also exhibits large interannual variability and
the region has experienced devastating climate extremes. In more recent occurrences,
monsoon rainfall of 2015 caused flooding in Malawi displacing tens of thousands of
people and a disastrous flood hit Mozambique in 2019.
Key elements of Southern African Monsoon are yet to be explored. One of the
important features which are influential in southern Africa monsoon is ITCZ. Another influential element is the Somali jet, which reverses its direction in the austral
summer. Surface characteristics and the local atmospheric circulation pattern are
the major controls in determining the amplitude and phases of the ITCZ oscillation
at different longitudes. South Indian Convergence Zone (SICZ), subtropical highs,
Angola Low and Kalahari heat low might play important roles in the development
and maintenance of the monsoon system.
The objective of this part of the study is to understand the mechanism involved in
the development of Southern African Monsoon and how it will change by the end of the
century. The study incorporates gridded observation datasets, reanalysis products,
and GCM simulations for this purpose. Accurate simulation of the migration of ITCZ
is crucial in the simulation of rainfall over Southern Africa. The resolved details
in HiRAM would be beneficial in simulating the structure and migration of ITCZ.
Additionally, the future projections of Southern African monsoon are also analyzed.

6.2

Spatial Structure of SAM

Figure 6.1 shows the general pattern of the monsoon circulation. During the boreal
summer, the Somali jet moves towards the northern hemisphere along the Mozambique channel. This circulation reverses its direction during the austral summer.
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A branch of this low-level jet moves towards the continental interior while another
branch shifts its direction towards the right of the flow and hits Madagascar. Both
of these branches causes precipitation over the respective regions. The elevated regions in Madagascar causes orographic lift of the flow and bring precipitation over
the eastern parts of the island leaving the southwestern parts as a rain-shadow region
as it lies in the leeward side of the mountains [Randriamahefasoa and Reason, 2017].
This monsoon flow is driven by the heat low over Kalahari and Namib deserts, which
is formed due to the enhanced solar insolation during austral summer.
Figure 6.2 shows the spatial distribution of mean precipitation rate from observations, reanalysis, and model simulations. THe rainbelt extends from the equator to
22S. The highest values of precipitation rate are seen over Madagascar and a northsouth gradient in the spatial distribution of rainfall is seen over the island. During
February, ITCZ over Madagascar moves as south as the 20S bringing rainfall over this
region. In ESM simulation (fig. 6.2e) rainbelt is overestimated over the central parts
of the continental domain and over Madagascar. This may be due to the enhanced
monsoon circulation found in these runs. Generally for HiRAM runs (fig. 6.2d, 2f)
produces a similar rainfall pattern as in that of reanalysis. Regions of enhanced precipitation can be seen over the higher altitude regions in the domain. This can be
due to the finer resolution of the model. A positive bias is seen over Madagascar in
HiRAM runs. HiRAM-obsSST (fig. 6.2d) produces the annual precipitation pattern
that is most consistent with the GPCP and ERA-Interim precipitation. The winter
Somali jet is overestimated in both ESM2M and HiRAM simulations.
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Figure 6.1: 925 hPa mean wind from ERA Interim Reanalysis in (a) August (b)
January
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Figure 6.2: Seasonal mean precipitation rate (filled contours; mm/day) and 850 hPa
wind (vectors, m/s) from (a) GPCP (b) CRU (c) ERA Interim (d) HiRAM-obsSST
(e) ESM2M (f) HiRAM-ESM2M (g) ESM2G (h) HiRAM ESM2G averaged over June
- September (JJAS) for the period 1974 - 2004. Wind reference vector is 5 m/s.
Precipitation RMSE is calculated with respect to GPCP.
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Figure 6.3 shows the seasonal mean surface air temperature climatology from the
observations, reanalysis, and GCM runs; the overlaid contours represent the mean
sea level pressure. An interesting feature found in this figure is that the Mozambique
channel is warmer than the adjacent continental regions. Also, the coastal regions
of South-Eastern Africa and the western coast of Madagascar are warmer than the
continental interior parts. A heat low is observed over the Kalahari and Namib
deserts (fig. 6.3a,b). Compared with GPCP and CRU, ERA Interim reanalysis
underestimates the near surface temperature over land region, including the strength
of the heat low (fig. 6.3c). Similarly ESM2M also exhibits a heat low of diminished
strength (fig. 6.3e). Unlike in the case of Saharan heat low, HiRAM simulations also
underestimate the strength of the heat low (fig.6.3d,f). It should be noted that all
the model simulations including the reanalysis underestimates the heat low intensity.
Temperature minima caused by orography is more resolved in HiRAM simulations
due to finer horizontal resolution of the model.

6.3

Moist Static Energy Budget

Moist Static Energy (MSE) budget is analysed to investigate the monsoon circulation
and convection response to warming. Column integrated MSE budget, which accounts
for the effects of temperature, moisture and diabatic processes, has been proven to
be an efficient diagnostics in the tropics to study the large scale circulation and the
associated convection, primarily due to the fact that it is almost a conserved quantity
in moist adiabatic processes
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Figure 6.3: Seasonal (DJF) mean of surface air temperature (filled contours; K)
and mean sea level pressure (line contours; hPa) from (a) CRU (b) U. Del (c) ERA
Interim (d) HiRAM-obsSST (e) ESM2M (f) HiRAM-ESM2M for the period 1974 2004. Temperature RMSE is calculated with respect to CRU.
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[Chou and Neelin, 2003]. Secondly the column MSE anomalies are closely connected to the precipitation anomalies in the tropics. In the tropics the horizontal temperature gradients are small due to large Rossby radius of deformation(weak
temperature gradient assumption) [Sobel and Bretherton, 2000, Charney, 1963, 1969,
Bretherton and Smolarkiewicz, 1989]. In contrast the moisture gradient is large .
Therefore the DSE tendency becomes smaller and the moisture tendency dominates
MSE tendency in the budget. This property makes MSE budget analysis a good candidate for explaining the circulation associated with the precipitaion in the tropics.
MSE is denoted by h, and is defined as, h = CpT +gz+Lq, where T is temperature,
z is geopotential height and q is specific humidity over water. Cp (specific heat at
constant pressure), g (gravitational constant) and L (latent heat of vaporization) are
constants. The column integrated MSE budget [e.g. Hill et al., 2017b] can be written
as,
∂
hhi = −∇.hhui + FN ET
∂t
Where h.i indicates mass wighted column integral of quantities (

(6.1)
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is the horizontal velocity vector. FN ET is the net energetic forcing in the column,
defined as, FN ET = LH + SH + RT OA + RSF C . RT OA and RSF C are the net top of
the atmosphere and surface radiative forcing, while LH and annd SH are the surface
latent and sensible heat fluxes, respectively.
The divergence term on the right hand side can be decomposed into time mean
and time dependent part as,

∇.hhui = ∇.hhui + ∇.hh0 u0 i

(6.2)

However
∇.hhui = hu.∇hi + hω

∂h
i
∂p

Substituting above two equations to the MSE budget equation,

(6.3)
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∂
∂h
hh̄i + hu.∇p hi + hω i + ∇.hh0 u0 i = FN ET
∂p
∂t

(6.4)

Over climate scale time mean average (steady state) the tendency term becomes negligible. Therefore the balance equation states that the net energy input in to the
column FN ET is balanced by the time mean column integrated horizontal (hu.∇p hi)
i) advection terms and by the column integrated time mean diverand vertical (hω ∂h
∂p
gence of MSE flux by eddies (∇.hh0 u0 i).
Before estimating the moist static energy budget a column mass adjustment is
conducted to correct the mass flux inconsistency in the model output.

Follow-

ing[Trenberth, 1991], a barotropic mass flux adjustment has been applied to the
horizontal wind field [See the Appendix B for the details].
Figure 6.4 shows different terms in the column MSE budget (equation 1) for DJF
months in HiRAM ESM2M simulation. A reverse colorbar is used for the right-hand
term (FN ET ) to make the shades in all plot make the same sense. Therefore the import
and export of MSE is depicted by red and blue shades, respectively, in all four plots.
The net energetic forcing (FN ET ) over the continent is highly positive (Fig. 6.4a)
signifying strong import of MSE. The Indian ocean also experiences positive energetic
forcing, though the magnitude is slightly lower than that over the land. This pattern
of FN ET is consistent with the typical tropical convective regions [Chou and Neelin,
2003]. The low thermal inertia of land surface (zeros surface heat flux condition)and
the high solar insolation, which is not completely balanced by the outgoing long wave
radiation as the upper tropospheric longwave emission pattern has a larger spatial
scale, makes the boreal summer land a net energy import zone. Western Indian ocean
also shows an MSE import, although the values are smaller. Over oceanic convection
regions, [Chen and Bordoni, 2014] net energy flux at the surface is balanced by the
heat storage and advection which in turn makes zero surface flux condition. The net
Energy input (FN ET ) must be balanced by the time mean advection and the eddy
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divergence of MSE. The time mean horizontal advection (Fig. 6.4b) and vertical
advection (Fig. 6.4c) of MSE over land is mostly positive (blue shades) indicating
MSE is exported away from the region of positive net energy forcing. In other words,
the horizontal and vertical advection greatly balances the net energy input. However,
over regions of Somalia, Nigeria, Ethiopia and Sudan the vertical advection is slightly
negative which is balanced by an intense export by horizontal advection. Similarly,
horizontal advection is slightly negative over Malawi- Zambia-Tanzania region. This
is balanced by the export of MSE by the eddy divergence term (Fig. 6.4d). Divergence
of eddy MSE flux is mostly importing MSE to the land and partially offset the net
energy forcing. However, over Somalia-Nigeria-Ethiopia region eddy divergence term
is slightly importing and partially offset the strong export by horizontal advection
term.
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Figure 6.4: Various terms in the MSE budget equation during austral summer. (a)Net energetic forcing (FN ET ), (b) time mean column integrated horizontal advection (hu.∇p hi), (c) time mean column integrated vertical advection
(hω ∂h
i), and (d) column integrated time mean divergence of MSE flux by eddies
∂p
(∇.hh0 u0 i).T heunitsareW/m).

Although time mean vertical advection term is estimated explicitly as the product
of the pressure velocity and the MSE stratification, it can be viewed as the difference
between net energetic forcing and the import/export by the time mean horizontal
advection and eddy divergence of MSE.
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6.4

Future projection of SAM

The changes of 2m temperature between the end and the beginning of the 21st century
is shown in fig. 6.4. The entire domain experiences warming during DJF season
and the temperature change in the desert regions, such as the Kalahari and Namib
exceeds 6K. Madagascar also experiences warming especially along the western coast.
The oceanic region in the domain experiences warming though at a lower rate when
compared with the continental parts.

Figure 6.5: Projected changes in HiRAM RCP 8.5 by the end of 21st century in mean
summer (DJF) 2-m temperature (K), only values with at least 95% significance level
are plotted. Anomalies are calculated by subtracting mean of variables in the history
period (1985-2004) from that of future (2080-2099).
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Figure 6.6: Projected changes in HiRAM RCP 8.5 by the end of 21st century in mean
summer (DJF) precipitation (mm/day), only values with at least 95% significance
level are plotted. Anomalies are calculated by subtracting mean of variables in the
history period (1985-2004) from that of future (2080-2099).

The precipitation anomalies are characterized by increased precipitation central
Africa, but they produce contrasting anomalies over the Northern Madagascar (fig.
6.5). Kalahari Desert experiences reduced precipitation. While increased rainfall is
observed over Mozambique channel and southern Madagascar. It should be noted
that rainfall changes in a global warming scenario is not unidirectional, unlike the
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temperature which increases almost everywhere.

Figure 6.7: Response (Future - History) in various terms in the MSE budget equation
(W/m2 ) during austral summer. (a)Net energetic forcing (FN ET ), (b) time mean
column integrated horizontal advection (hu.∇p hi), (c) time mean column integrated
vertical advection (hω ∂h
i), and (d) column integrated time mean divergence of MSE
∂p
flux by eddies (∇.hh0 u0 i)

The response of column integrated MSE budget terms in the warming scenario is
depicted in fig. 6.5. The response of net energetic forcing is about 20 W/m2 . There
is a land-sea contrast in the response between the Southern Indian Ocean and the
African continent. Indian ocean experience a negative forcing in the warmer world
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while the entire landmass and most parts of the south-eastern Atlantic Ocean experience positive forcing. In other words, there is an enhanced export of net energetic
forcing over the Indian Ocean and import over the African continent. The time-mean
advection terms, horizontal and vertical, dominate the future anomaly of the budget
terms. MSE advection almost doubles by the end of the 21st century. The horizontal
advection term has contrastingly stronger response over land compared to the ocean.
The response is patchy, however mostly import of MSE. There is more import of MSE
by vertical advection (fig. 6.5 c) over the southern Indian Ocean and over the southeastern part of the continent. A relatively weaker band of MSE import by the vertical
advection is seen along the geographical equator. The remaining part of the domain
experience more export of MSE by vertical advection in the future. The response in
eddy divergence of MSE is relatively weaker compared to the advection terms.

6.5

Conclusions

Though identifies as a monsoon region for several decades, studies about SAM are
distinctly sparse. The study analyzes the primary aspects of this monsoon and their
future projections. The analysis of HiRAM simulations shows that the model is able
to reproduce the SAM rainfall pattern closer to the observation when compared with
the parent ESM simulations. The strength of heat low over Kalahari and Namib
deserts is underestimated by both ESM2M and HiRAM simulations.
The future projections show region-wide warming by the end of the century. The
warming is more intense over the desert region, 6K, which is more than the warming
observed over Sahara. The warming over the land region is stronger when compared
with the oceanic parts. Unlike in the case of WAM, the precipitation over the monsoon
domain strengthens in the future. This could be possibly due to the strengthening of
the heat low, which drives the monsoon winds to the land.
An MSE budget analysis shows that the net positive energetic forcing over the
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SAM region is primarily balanced by the horizontal advection and eddy divergence of
MSE. The response of net energetic forcing to warming exhibit a land-sea contrast.
The forcing enhances with warming over most of the land region while the oceanic
region experience a weakened forcing with warming. The response in net forcing,
however, is balanced by a complex cancellation among the horizontal and vertical
advection and the eddy divergence of MSE. It is noteworthy that the response of
the MSE vertical advection term in the future often outweighs the response of other
terms, although vertical advection term is relatively smaller in the historical period.
Understanding the processes involved in and the drivers in SAM is of great scientific and societal importance. The responses to increased GHG emissions over their
region is more pronounced when compared with the northern parts of the continent,
making further studies of SAM of utmost importance.
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Chapter 7
Concluding Remarks

7.1

Summary

The horizontal resolution is a significant constraint on the accuracy of simulating
synoptic- and sub-synoptic-scale rainfall using GCMs. In the present study, we use
the high-resolution AGCM HiRAM with a horizontal grid spacing of 25 km, forced by
present and future SST from earth system model ESM2M, to simulate WAM under the
present and future climate conditions. To assess the efficacy of HiRAM in simulating
WAM, a process-based assessment method is employed. In general, HiRAM improves
the simulation of the WAM compared with the parent model, ESM2M. However,
HiRAM simulations overestimate precipitation over the marine ITCZ.
The process-based analysis reveals that HiRAM improves the representation of
WAM elements compared to the parent ESM owing to its high spatial resolution and
the modified convective parameterization, which attests to its ability to predict future
climate. In the RCP 8.5 scenario, elevated areas of the Sahel and western Sahara
experience robust warming of >4K by the end of the 21st century. Precipitation
increases over the equatorial Atlantic and the Guinean coast, while the southern Sahel
appears drier. At the same time, western Sahara experiences a moderate increase in
precipitation. The monsoon onset exhibits early WAM onset over the eastern parts
of the domain and delayed onset over western parts.
The high horizontal resolution of the model is instrumental in simulating many
WAM features such as jet axes, circulations driven by orography, and precipitation
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forced by coastal uplift. The fine resolution of HiRAM, along with the modified convective parameterization, are the main reasons for its better simulation of WAM than
the parent ESM2M. Also, the differences among HiRAM simulations demonstrate
the important role of SST in these features. This study, however, does not account
for the climate-vegetation feedback as it uses a climatological vegetation cover which
does not respond to CO2 and temperature/precipitation changes.
The AEWs are the key contributors to the West African rainfall and the precursor
to the Atlantic tropical cyclones. Hence how they will change in a warming climate
is very crucial to the region. The present study uses a high horizontal resolution
GCM to analyze the future projections of AEWs. Since the coarse resolution models
struggle to simulate the waves and their westward propagation accurately, mainly
due to their inability to resolve the complex topography of the region, high resolution
models are ideal candidates to study AEWs. We have used the emission scenario
RCP 8.5 to analyze the future.
In general, the AEW activity increases in the future, which is evident from both
wavenumber-frequency spectra and analysis of EKE. The intensity of the circulation
is also observed to be increased, while the northward extent of the AEW track shows
a significant increase by the end of the 21st century. It should be noted that caution
should be taken while interpreting the future projection since some of the mean states
in the history simulation are overestimated by the model. Further studies are required
to attribute the changes in AEW activity to dynamic processes.
Since HiRAM is a high resolution AGCM it is an ideal candidate for SST sensitivity studies. Simulations with superimposed cold and warm phase AZM SSTs
are conducted. The resulting precipitation pattern in HiRAM is similar to what is
observed. In these simulations, AEW activity also significantly changes with AZM.
Rainfall anomalies associated with AEWs are larger in the cold AZM simulation, but
the wave is stronger in the warm AZM simulation. During the warm phase of AZM,
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3-5 days AEWs travel farther into tropical Atlantic which could give rise to more
hurricanes when compared with the cold phase. Also for the 6-9 days AEWs larger
rainfall anomalies are seen in the cold AZM simulation.
Finally, the Southern African Monsoon, which a largely underexplored system,
as simulated in HiRAM is analyzed. As in the case of WAM HiRAM is able to
resolve finer features such as precipitation maxima associated with orography. The
examination of the future projection reveals increased precipitation over central Africa
and contrasting anomalies over Northern Madagascar. Kalahari Desert experiences
reduced precipitation. While increased rainfall is observed over the Mozambique
channel and southern Madagascar by the end of the century.
On the whole high resolution climate modelling is beneficial to the simulation
and projection of African climate since the climate of the continent involves complex
multiscale processes which are often influenced by orography and coastlines. It is also
noteworthy that rainfall changes in a global warming scenario is not unidirectional,
unlike the temperature which increases almost everywhere, which emphasize the need
for more projection studies.

7.2

Future Research Work

The west and southern African precipitation are influenced by the sea surface temperatures of the Atlantic and Indian oceans. It would be relevant to look at the impact
of oceanic SST oscillations on these monsoon circulations. Atlantic Meridional Mode
and AMO are of particular importance [Guan and Nigam, 2009]. An AGCM with
prescribed SST is an ideal tool to study the effect of changing sea surface temperature.
Future work is planned to exploit the ability of HiRAM in this direction.
Also, further expanding the study area to the Arabian Peninsula would be significant since both domains are closely connected. Recent studies about Tokar gap jet
reveal that the climate of the peninsula is greatly influenced by the climatic condi-
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tions over Africa [Davis et al., 2015, Jiang et al., 2009]. Arabian peninsula may be
affected by teleconnections from equatorial Atlantic.
Understanding the processes involved in SAM is very important since the monsoon
circulation received little attention throughout the years. Further investigations are
planned to be conducted on the excursion of AEJ to the southern hemisphere and its
impact on SAM. Presence of westward-moving low pressure systems is to be examined
as well.
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M. Latif and A. Grötzner. The equatorial atlantic oscillation and its response to
enso. Climate Dynamics, 16(2):213–218, Feb 2000. ISSN 1432-0894. doi: 10.1007/
s003820050014. URL https://doi.org/10.1007/s003820050014.
N.-C. Lau and J. J. Ploshay. Simulation of synoptic-and subsynoptic-scale phenomena associated with the east asian summer monsoon using a high-resolution gcm.
Monthly Weather Review, 137(1):137–160, 2009. URL http://journals.ametsoc.
org/doi/abs/10.1175/2008MWR2511.1.
H. Laurent, N. D’Amato, and T. Lebel. How important is the contribution of the
mesoscale convective complexes to the sahelian rainfall? Physics and Chemistry
of the Earth, 23(5):629 – 633, 1998. ISSN 0079-1946. doi: https://doi.org/10.
1016/S0079-1946(98)00099-8. URL http://www.sciencedirect.com/science/
article/pii/S0079194698000998.
C. Lavaysse, C. Flamant, S. Janicot, D. Parker, J.-P. Lafore, B. Sultan, and J. Pelon.
Seasonal evolution of the west african heat low: a climatological perspective. Climate Dynamics, 33(2-3):313–330, 2009.

136
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APPENDICES

A

Calculation Energy Conversion Terms in Lorenz Cycle

The AEWs can be considered as eddies propagating along the zonal mean flow. The
energy conversions in AEWs can be explained using the Lorenz energy cycle. The
energy equations in the present study are of similar to that by Hsieh and Cook [2007]
.
The governing equations for eddy kinetic and avail-able potential energy in an
open system are
∂KE
= Ck + Cpk − DE + KEB + φEB
∂t

(A.1)

∂AE
= CA − Cpk + GE + AEB
∂t

(A.2)

and

Here KE is the average eddy kinetic energy and AE is the eddy available potential
energy. The other terms are barotropic energy conversion Ck , the baroclinic energy
conversion term Cpk , frictional dissipation DE , conversion term of zonal available
potential energy to eddy available potential energy due to eddy heat flux along the
zonal mean temperature gradient CA , generation of eddy available potential energy
by diabatic heating GE , and KEB and AEB which are the boundary fluxes of eddy
kinetic and available potential energy respectively. φEB is the boundary pressure
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work done by the eddies.
The energy conversion terms are calculated as

0
.(V0 .∇)VH
Ck = −VH

(A.3)

R
Cpk = − ω 0 T 0
p

(A.4)

CA = −

cp γ 0 0
VH T .∇H T
T

(A.5)

γ 0 0
Q1 T
T

(A.6)

GE =

Where T is daily mean temperature, ω is the vertical velocity, Q1 is the apparent
heat source, VH is the horizontal wind speed, and p is pressure. Also, γ =

Γd
,
Γd −Γ

where Γd and Γ are the dry adiabatic and observed lapse rates respectively; cp is the
heat capacity at constant pressure, and R is the dry air gas constant.
Apparent heat source is calculated as:

Q1 =

∂θ
∂θ
∂θ
cp T ∂θ
( +u
+v
+ω )
θ ∂t
∂φ
∂λ
∂p

(A.7)

where θ is the potential temperature.
Primes in these equations are the departures from a 10-day running average, which
are the synoptic scale anomalies. The higher order terms in (A1) and (A2) are omitted
from analysis.
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B

Mass Correction

A big source of uncertainty in the atmospheric energy transport estimation stems from
the mass budget inconsistency and the associated inaccuracy in the diveregent wind
component (Trenberth 1991 Graverson). A large part of uncertainty in the energy
budget analyses can hence be corrected by the mass adjustment to the horizontal
wind components prior to the calculation. The mass continuity of an atmospheric
column air consisting of only dry air is given by,
∂
∂t

Ps

Z

Z

Ps

(1 − q)u∗ dp = R

(1 − q)dp + ∇.

(B.1)

0

0

where Ps is the surface pressure, q is specific humidity, u∗ is the horizontal velocity
fields from the model output and R is the spurious residual corresponding to the
mass imbalance. The basic idea of mass correction is to assume that the the error
corresponding to the spurious residual is associated solely with the divergent wind,
such that,
u = u∗ − uc

(B.2)

Here uc is the barotropic (height independant) correction to horizoantal wind field
(u∗ ) and u is the mass corrected velocity. Since uc is not a function of pressure,
Z

Ps
c

c

Z

(1 − q)u dp = u
0

Ps

(1 − q)dp

(B.3)

0

Therefore, following the continuity equation (eq 1) and the assumption that all
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the erros is in the divergence term,

c

Z

Ps

(1 − q)dp] = R

∇.[u

(B.4)

0

Corrected velocity, u can be found by defining a potential function χc such that
R = ∇2 χc (χc = ∇−2 R). Therefore,

uc = R Ps
0

∇χc
(1 − q)dp

(B.5)
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