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Περίληψη Διατριβής

Το κλίμα της νότιας Αφρικής χαρακτηρίζεται από μια πληθώρα μόνιμων και ημιμόνιμων ατμοσφαιρικών

χαρακτηριστικών που συνδέονται μεταξύ τους σε διάφορα επίπεδα πολυπλοκότητας, τόσο στην ξηρά όσο

και στους δύο γειτνιάζοντες ωκεανούς. Η παρούσα Διατριβή στοχεύει στο να προσφέρει μια ολοκληρωμένη

επισκόπηση της μοντελοποιημένης και παρατηρούμενης κλιματολογίας βροχοπτώσεων στη νότια Αφρική,

αξιοποιώντας όλα τα εργαλεία που είναι επί του παρόντος διαθέσιμα στην κλιματική κοινότητα. Επιπλέον,

στοχεύει στη διερεύνηση της επίδρασης που ασκούν οι πλευρικές οριακές συνθήκες στις προσομοιώσεις

Περιοχικών Κλιματικών Μοντέλων που πραγματοποιούνται στο πλαίσιο του CORDEX-Africa. Επιπρόσθετα,

αποσκοπεί στη διερεύνηση των δυναμικών διεργασιών στην περιοχή μελέτης που είναι υπεύθυνες για τη

δημιουργία βροχόπτωσης στο σύνολο του σμήνους προσομοιώσεων του CORDEX-Africa. Τέλος, πραγμα-

τοποιείται μια σειρά προσομοιώσεων με χρήση του Weather Research and Forecasting μοντέλου (WRF),

με σκοπό να εξεταστεί ο αντίκτυπος των σχημάτων παραμετροποίησης της ανωμεταφοράς στις διαδικασίες

της βροχόπτωσης στη νότια Αφρική.

Συμπεραίνεται πως οι περιοχικές κλιματικές προσομοιώσεις βελτιώνουν σημαντικά τα μηνιαία ποσά

βροχοπτώσεων στην περιοχή της νότιας Αφρικής (CORDEX-0.44), σε σχέση με τα Παγκόσμια Κλιματικά

Μοντέλα από τα οποία λαμβάνουν πλευρικές οριακές συνθήκες (CMIP5). Επιπλέον, η υψηλότερη χωρική

ανάλυση του συνόλου του σμήνους προσομοιώσεων CORDEX-Africa επιτρέπει την ακριβέστερη αναπαρά-

σταση της τοπογραφίας, σε σύγκριση με αυτή που πραγματοποιείται από τα Παγκόσμια Κλιματικά Μοντέλα

αδρής χωρικής ανάλυσης. Αυτό έχει ως αποτέλεσμα η εισροή υγρασίας στα χαμηλά ύψη της τροπόσφαιρας

προερχόμενη από τον τροπικό Ινδικό Ωκεανό να εμποδίζεται ορθώς από τα βουνά στην περιοχή της Ταν-

ζανίας και να μην της επιτρέπεται να προχωρήσει προς την περιοχή της κεντρικής νότιας Αφρικής, όπως

λανθασμένα συμβαίνει στο σμήνος προσομοιώσεων CMIP5. Σε όλους τους μήνες, και για τις διάφορες

υποπεριοχές που εξετάζονται, τα Περιοχικά Κλιματικά Μοντέλα μειώνουν συστηματικά το σφάλμα της βρο-

χόπτωσης, σε σχέση με τα Παγκόσμια Κλιματικά Μοντέλα που τα οδηγούν.

Τα πειράματα ευαισθησίας πραγματοποιήθηκαν χρησιμοποιώντας το μοντέλο WRF, εξετάζοντας την

επίδραση του σχήματος παραμετροποίησης που ελέγχει τις διαδικασίες ανωμεταφοράς σε διάφορα χαρα-

κτηριστικά που αφορούν τη βροχόπτωση στη νότια Αφρική. Οι προσομοιώσεις έδειξαν ότι η βροχόπτωση

επηρεάζεται σημαντικά από το σχήμα παραμετροποίησης της ανωμεταφοράς και τα αποτελέσματα ήταν

συνεπή ανεξάρτητα από την περίοδο μελέτης. Πιο συγκεκριμένα, τα σχήματα Betts - Miller - Janjic και New

- Tiedtke παρήγαγαν τα πιο ρεαλιστικά αποτελέσματα (σε σύγκριση με τα χρησιμοποιούμενα δορυφορικά

προϊόντα βροχόπτωσης και τα δεδομένα επανάλυσης ERA5) για ολόκληρη την περίοδο μελέτης. Το σχήμα

Kain - Fritsch εμφάνισε συστηματική υπερεκτίμηση της βροχόπτωσης καθ' όλη την περίοδο μελέτης.
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Abstract

The climate of southern Africa is characterized by a plethora of distinct permanent and semi per-

manent atmospheric features that are interconnected at various levels of complexity, both over land

and over the two adjacent oceans. The current Thesis aims to provide a comprehensive overview of

the modeled and observed precipitation climatology over southern Africa, in all tools that are currently

available in the climate community. Additionally, it aims to investigate the impact that the lateral bound-

ary conditions exert on Regional Climate Model (RCM) simulations performed in the context of CORDEX-

Africa, and to further investigate the dynamical processes over the study region that are responsible for

precipitation in the CORDEX-Africa ensemble. Lastly, a series of RCM simulations using the Weather

Research and Forecasting (WRF) model is used, with the purpose to examine the impact of cumulus

parameterization schemes on precipitation over southern Africa.

It is concluded that RCM simulations significantly improve monthly precipitation amounts in the

southern African region (CORDEX-0.44), relative to Global Climate Models (GCMs) from which they re-

ceive lateral boundary conditions (CMIP5). Moreover, the higher spatial resolution of the CORDEX-Africa

ensemble allows the more accurate representation of topography, compared to that in the coarse reso-

lution GCMs. This results to the low-tropospheric moisture inflow from the tropical Indian Ocean being

correctly blocked by the mountains over the Tanzania region and hindering it from progressing towards

the central southern African region, as is erroneously the case in the CMIP5 ensemble. In all months

and for the various subregions considered, the regional models systematically reduce the precipitation

bias, relative to the driving global models.

Sensitivity experiments were performed using the WRF model, examining the impact of the cumulus

parameterization scheme on several aspects of the southern Africa precipitation regime. The simula-

tions showed that precipitation is significantly affected by the cumulus parameterization scheme and

the results were consistent regardless of the study period. More specifically, the Betts - Miller - Jan-

jic and New - Tiedtke schemes produced the more realistic results (compared to satellite precipitation

products and the ERA5 reanalysis dataset) for the entire study period (rainy season 2012-2013), but also

for the intense precipitation event examined during January 2013, over south-eastern South Africa. The

Kain - Fritsch scheme displayed an overestimation of precipitation throughout the study period.
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1 Introduction

A panoramic view of the Thesis is provided in this Chapter. First, the main climatological features over

southern Africa during the rainy season are briefly discussed. Secondly, the main research aims of the

Thesis are presented and lastly, the structure of the Thesis is delineated.

1.1 Basic Climatological Features over southern Africa

The climate of southern Africa is characterized by a plethora of distinct permanent and semi-permanent

atmospheric features that are interconnected at various levels of complexity, both over land and over

the two adjacent oceans. The main features that are discussed in the context of this Thesis are briefly

described below and refer to the main atmospheric processes that are at play during the rainy season. A

descriptive schematic is shown in Fig. 1.1.1. The rainy season over southern Africa begins approximately

in October and extends until March, with October and November being described as the early rainy

season and the period during December-January-February being described as the core rainy season.

March usually heralds the cessation of the rainy season and the retreat of the rainband equatorwards.

During the rainy season, southern Africa is characterized by severe thunderstorm activity which

moves southwards in October, reaches its southernmost location during January and begins its north-

ward retreat after February. The seasonal migration of the rainband reflects the seasonal movement

of the Sun’s maximum heating. For convective activity to occur, there are two main necessary com-

ponents that must co-occur, namely the existence of warm moist air, and the adequate heating of the

Earth’s surface from the Sun. During the summer of the southern hemisphere (Dec-Jan-Feb: DJF), the

heating from the Sun is maximized over southern Africa due to the tilt of the Earth’s axis. During DJF,

maximum heating moves southwards, causing the southward migration of the rainband. However, the

necessary fuel for the development of convection is moisture, which over southern Africa is provided by

three main sources. These sources are the warm south Atlantic and south Indian Oceans, and moisture

originating from the Congo Basin. Air following the synoptic circulation over these regions moves to-

wards the subcontinent, supplying the atmosphere with the necessary moisture to fuel the wet season

rainfall.

Another important feature responsible for precipitation over southern Africa, is the elongated band

of deep convective clouds, the tropical temperate troughs (TTTs) (Hart et al. (2010)), that extend from

the central part of the subcontinent towards its southeast coast, and functions as a conveyor belt of

1
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latent heat and momentum, moving from the tropics towards the extra-tropics. An additional, very im-

portant feature over southern Africa is the Angola Low pressure system, which is a semi-permanent

low, identified over the greater Angola region and is responsible for redistributing low-level moisture

that enters southern Africa from different directions. The Angola Low pressure system has solely heat

low characteristics during the early rainy season (Oct-Nov: ON), while during DJF it is expressed as

the climatological mean of transient low-pressure systems (Howard and Washington (2018)). The An-

gola Low pressure system has been found to exert a significant impact on the severity of ENSO events

over southern Africa (Reason and Jagadheesha (2005)). Usually, the Angola Low events precede the

formation of TTTs and hence, they can be considered as their precursor in the “climate process chain”

controlling precipitation over southern Africa (Daron et al. (2019)). As stated in Howard and Washington

(2018), it is common that Angola Low events precede TTT events.

Figure 1.1.1: Schematic of the main climatological features over southern Africa during the rainy

season. Figure taken from Desbiolles et al. (2020).

1.2 Aims of the Thesis

Compared to other parts of Africa, southern Africa has been relatively understudied. Several endeav-

ors from various modeling consortia have been performed during the last decade, however, a synthetic

work integrating all data from both modeling and precipitation observation efforts was missing. Nikulin

et al. (2012) was the first to present an overview of the CORDEX-Africa ensemble and to analyze the

spatiotemporal patterns of precipitation. They showed that during the rainy season (Jan-Mar as used

in Nikulin et al. (2012)) there is a weak wet bias over southern Africa, and that the use of the ensem-

ble mean was able to outperform individual models, highlighting the importance of ensemble-based

approaches. The Nikulin et al. (2012) analysis was conducted on a pan-African scale. Similarly, Kalog-

nomou et al. (2013) analyzed the same ensemble of CORDEX-Africa simulations, focusing over southern

Africa and reported similar findings to Nikulin et al. (2012). In Shongwe et al. (2014) a particular empha-
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sis was put on the onset and retreat of the rainy season, especially over the eastern part of southern

Africa. Nonetheless, as stated in Shongwe et al. (2014) “No attempt is made in this paper to identify the

model physics and dynamics responsible for the differences in RCM performance.” All the aforemen-

tioned studies employed the evaluation (hindcast) simulations performed within CORDEX-Africa, driven

by ERA-Interim; the analyzed ensemble was comprised of 10 RCMs. It is also worth mentioning that the

Regional Climate Model (RCM) versions used in the studies listed above, refer to previous versions of

the respective RCMs, which have now been replaced by newer versions in more recent studies.

In Meque and Abiodun (2015) the same ensemble of 10 hindcast simulations was again used, but it

was also compared to a set of CMIP5 GCM simulations, with the purpose to identify a causal association

between ENSO and drought events over southern Africa. Meque and Abiodun (2015) stated that RCMs

were able to provide added value, compared to their driving GCMs. The issue of the added value of

the CORDEX-Africa ensemble was clearly stated in Dosio et al. (2015), where one RCM participating in

CORDEX-Africa (CCLM) was compared against four different driving GCMs. In Favre et al. (2016) a spe-

cial focus was given on the annual cycle of precipitation over South Africa, using the same ensemble of

10 CORDEX-Africa hindcast simulations and in Abba Omar and Abiodun (2017), although the same hind-

cast ensemble was used, there was an effort to associate extreme precipitation events with dynamical

processes such as the Tropical Temperate Troughs.

A comprehensive assessment of the added value between historical CORDEX-Africa RCM simula-

tions and of their driving CMIP5 GCMs on a seasonal timescale over the whole of Africa, was performed

in Dosio et al. (2019). The CORDEX-Africa ensemble over southern Africa was compared to an extensive

set of observational and satellite products in Abiodun et al. (2020), while the first time that CORDEX Africa

simulations available at 0.44◦ and at 0.22◦ was analyzed compared to both CMIP5 and CMIP6 ensem-

bles is presented in Dosio et al. (2021). More specifically, in Dosio et al. (2021) the analysis is performed

on a seasonal timestep and on pan-African scale and its particular emphasis is placed on the projected

changes of future precipitation, although a part of the analysis is dedicated to the period 1981-2010.

The current Thesis aims to provide a comprehensive overview of the modeled and observed precip-

itation climatology over southern Africa, in all tools that are currently available in the climate community.

Additionally, it aims at investigating the impact that the lateral boundary conditions exert on Regional

Climate Model simulations performed in the context of CORDEX-Africa, and to further investigate the

dynamical processes over the study region that are responsible for precipitation in the CORDEX-Africa

ensemble. Lastly, a series of RCM simulations using the Weather Research and Forecasting (WRF) is

used, with the purpose to examine the impact of cumulus parameterization schemes on precipitation

over southern Africa

1.3 Structure of the Thesis

In Chapter 2, monthly precipitation climatologies during the rainy season (Oct-Mar) are examined, across

various modeling and observational ensembles, for the period 1986-2005. The modeling ensembles

examined are the Regional Climate Model simulations performed in the context of the Coordinated

Regional Climate Downscaling Experiment (CORDEX) – Africa domain (Giorgi and Gutowski (2015)) at

0.44◦ horizontal spatial resolution (CORDEX-0.44), and the RCM simulations performed within CORDEX-
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CORE, at 0.22◦ horizontal spatial resolution (CORDEX-0.22). In addition, Global Climate Model (GCM)

simulations are analyzed. The examined GCMs belong to the Coupled Model Intercomparison Project

Phase 5 (CMIP5). ฀he GCMs selected are those that provided the lateral boundary conditions for the

CORDEX-Africa RCM simulations (CORDEX-0.44). Furthermore, the next generation of the same GCMs

that participate in the CMIP6 ensemble are also analyzed. Besides the climate model simulations, a

series of gauge-based gridded rainfall products, along with a set of satellite rainfall products and a

reanalysis product are exploited.

An intercomparison study is performed, with the purpose to address the question of whether there

is consensus among GCMs, RCMs and observational data, concerning monthly precipitation climatolo-

gies during the rainy season (Oct-Mar), for the period 1986-2005 over southern Africa. This is achieved

through the use of total monthly precipitation amounts, standard deviation of monthly precipitation

across all various ensembles, calculation of precipitation-related indices and the calculation of monthly

precipitation trends. Finally, the investigation of improvement of monthly precipitation in RCM simula-

tions (CORDEX-0.44), relative to their driving GCMs (CMIP5) is performed through the assessment of a

dynamical process responsible for moisture transport from the tropical Indian Ocean towards mainland

southern Africa. The analysis of all RCM and GCM simulations is performed using ensemble means.

The analysis of individual RCM and GCM simulations is performed in the following chapter.

In Chapter 3, the RCM-GCM matrix is analyzed. All CORDEX-0.44 simulations are examined individ-

ually, relative to the CMIP5 GCMs from which they receive their lateral boundary conditions. One of

the main points of interest with regards to the available RCM-GCM matrix is whether the monthly pre-

cipitation signal is dominated by the RCMs or their driving GCMs and whether the impact of the lateral

boundary conditions displays variability depending on the examined month. The choice of a monthly

timestep for the analysis, instead to that of a seasonal timestep, for all months of the rainy season (Oct-

Mar), is selected as a proxy for certain atmospheric processes that are dominant during specific months.

The analysis is performed for historical simulations (1985-2005) and for future projections under the Rep-

resentative Concentration Pathway (RCP) 8.5, for the period 2065-2095. The whole of southern Africa

is examined, along with three subregions, namely the greater Angola region, the greater Mozambique

region, and the greater South Africa region.

The impact of lateral boundary forcing in the CORDEX-Africa ensemble over southern Africa is

assessed. This is achieved by analyzing monthly precipitation climatologies during the rainy season,

monthly precipitation biases and monthly precipitation climate change signal for the end of the 21st cen-

tury (2065-2095). In addition, the increment of each RCM is examined relative to the GCM that provided

the lateral boundary conditions, with the purpose to identify whether RCMs systematically increase or

decrease the monthly precipitation bias. Lastly, the amount of monthly precipitation variability is exam-

ined through the analysis of variance across all RCMs that were driven by the same GCM, and across

all GCMs driving the same RCM. The conclusions drawn are related to whether precipitation is caused

by local scale processes or by the large-scale synoptic circulation. The large-scale atmospheric cir-

culation over the whole southern hemisphere, with a special emphasis on the upper troposphere, is

examined in the following chapter.

In Chapter 4, the jet stream over the whole of southern hemisphere is examined, using the ERA5

reanalysis dataset (Hersbach et al. (2020)) for the period 1950-2021. The analysis in Chapter 2 and Chap-
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ter 3 is constrained to the land grid points available within the CORDEX-Africa domain, south of 10◦

latitude. In Chapter 4, the endeavor is to obtain a semi-hemispheric view of the large-scale processes

related to the jet stream at the top of the troposphere (250 hPa). The jet stream provides an upper-

level large scale forcing to the region of southern Africa, however its comprehensive study within the

CORDEX-Africa set of simulations is implausible, due to the spatial extent of the CORDEX-Africa domain.

Therefore, the ERA5 dataset is employed instead, with the purpose to obtain an understanding of the

large-scale processes occurring outside of the CORDEX-Africa domain, during the observed period.

In this way, Chapter 4 introduces the dynamical large-scale forcing affecting severely the climate of

southern Africa and moreover, paves the way for the dynamical analysis of the CORDEX-Africa ensem-

ble (CORDEX-0.44) that is performed in Chapter 5, for the CORDEX-Africa domain located to the south

of the Equator.

The two primary aspects of the jet stream examined in Chapter 4, are the mean annual zonal wind

speed, and its vertical wind shear at 250 hPa. A further emphasis is given on the vertical wind shear,

which is calculated by means of exploiting zonal wind speed fields at 200 and 300 hPa and by employing

the thermal wind balance equation, using temperature fields at 250 hPa. Employing the thermal wind

balance for the calculation of the vertical wind shear of the jet stream aims to investigate the degree

to which the vertical wind shear is caused by the planetary scale differential warming between the

tropics and the South Pole. Annual trends of wind speed and vertical wind shear are calculated for the

whole of the southern hemisphere and for selected subregions. Areas displaying increasing wind shear

trends are of special concern, due to the impact that upper-level convergence/divergence exerts on

surface atmospheric conditions. Due to mass continuity, regions of the jet stream over which strong

convergence (divergence) is observed, results in divergence (convergence) in the lower troposphere.

In Chapter 5, the dynamical analysis of the CORDEX-Africa ensemble (CORDEX-0.44) is performed

for the historical period (1986-2005), over the southern hemisphere counterpart of the CORDEX-Africa

domain. The analysis is performed for the early rainy season (Oct-Nov) and the core rainy season (Dec-

Jan-Feb) and aims to exploit all available variables within CORDEX-Africa at the three available pressure

levels, namely 850, 500 and 200 hPa. Variable availability is an enormous constrain to the analysis,

however, exploiting both u and v wind components at 850, 500 and 200 hPa allows for the assessment

of specific kinematic properties of the atmosphere within all available CORDEX-Africa (CORDEX-0.44)

simulations. The examined fields involve vorticity and vorticity advection (relative and absolute) and low-

level (850 hPa) moisture flux divergence. In addition, zonal wind speed at 200 hPa is used as a proxy

for the Subtropical Jet Stream, while zonal wind speed at 500 hPa is used as a proxy for the southern

branch of African Easterly Waves. The aim of Chapter 5 is to analyze specific atmospheric dynamical

processes in the CORDEX-Africa (CORDEX-0.44) ensemble, that have not been discussed before in the

scientific literature, and to investigate their impact on regional precipitation.

In Chapter 6, the Weather Research and Forecasting (WRF) model is used for a series of cumulus

parameterization sensitivity experiments over southern Africa. The simulation period extends from Oc-

tober the 1st 2012 until February the 28th 2013. A three-month spinup time is used from July the 1st

until September the 30th. The horizontal spatial resolution of all experiments is 15 x 15 km. The cumu-

lus schemes examined are the Betts-Miller-Janjic scheme, the New-Tiedtke scheme, the Kain-Fritsch

scheme, and the Grell-Freitas scheme. Chapter 6 aims at investigating the sensitivity of precipitation
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and specific precipitation-bearing processes to parameterized cumulus schemes. A particular empha-

sis is also given to an intense rain event that occurred during the 15-20 January 2013 period, to the

southeast part of southern Africa.

Finally, concluding remarks and potential pathways for future research topics are presented in the

last Chapter, “Conclusions”.

6



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

2 Precipitation over southern Africa: An
introduction

This chapter investigates the monthly precipitation climatology during the rainy season over southern

Africa for the period 1986-2005 in multiple modeling and observational ensembles, quantifies their con-

sensus (or the lack thereof). This chapter was published in Geoscientific Model Development (GMD):

Karypidou, M. C., Katragkou, E., and Sobolowski, S. P.: Precipitation over southern Africa: is there con-

sensus among global climate models (GCMs), regional climate models (RCMs) and observational data?,

Geosci. Model Dev., 15, 3387–3404, https: // doi. org/ 10. 5194/ gmd-15-3387-2022

2.1 Introduction

The region of Sub-Saharan Africa has been characterized as one of the most vulnerable regions to cli-

mate change (Kula et al. (2013); Serdeczny et al. (2017)) and more specifically, the region of southern

Africa (SAF) has been identified as a climate change hotspot (Diffenbaugh and Giorgi (2012)). Taking into

consideration that the majority of the population living in SAF (70%) is dependent on rainfed agricul-

ture (Mabhaudhi et al. (2018)), any climate change induced alteration of the spatiotemporal patterns of

precipitation will require a rapid adaptation of the agricultural sector. Concurrently, SAF is also charac-

terized by low adaptive capacity to changes in climatic conditions Davis and Vincent (2017), hence, it

emerges as a high risk region. In addition, approximately 26% of the SAF population is undernourished

(AFDB (2019)). This figure is expected to increase significantly by 2050 Tirado et al. (2015). Apart from

the impacts on the agricultural sector though, climatic changes are expected to alter the spatiotempo-

ral patterns of vector-borne disease occurrence (Rocklöv and Dubrow (2020)), cause severe damage to

infrastructure and road networks (Chinowsky et al. (2015)) and exacerbate poverty (Azzarri and Signorelli

(2020)). Due to these impacts it is critical that the current spatiotemporal patterns of precipitation are

accurately reproduced by our modelling systems and observations (whether in-situ, reanalysis or satel-

lite) over SAF. Only then can we credibly assess future climate change impacts and inform strategies

aiming to mitigate their effects on local communities.

Towards this end, satellite, gauge-based and reanalysis products are extensively used, in order to

monitor current spatial and temporal precipitation patterns and to further characterize precipitation vari-

ability and change during recent decades. For future projections however, climate models able to sim-

ulate the (thermo)dynamical processes of the atmosphere are employed. Such an endeavor has been
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performed in the context of the Coupled Model Intercomparison Project Phase 5 (CMIP5) Taylor et al.

(2012) using General Circulation Models (GCMs) and in the context of the Coordinated Regional Climate

Downscaling Experiment (CORDEX) – Africa domain (Giorgi and Gutowski (2015)) using Regional Climate

Models (RCMs). The latest advancement in the climate modelling community involves GCMs and earth

system models (ESMs), participating in the CMIP6 ensemble, providing input for the 6th Assessment

Report of the Intergovernmental Panel on Climate Change (IPCC) (Eyring et al. (2016)). However, the

confidence with which one can claim future climate projections produced by GCMs, ESMs or RCMs are

fit for purpose, is usually assessed based on their ability to simulate current climatic conditions. For

instance, Munday and Washington (2017) showed that the CMIP5 ensemble displayed a systematic wet

bias over the SAF region that was caused by the misrepresentation of orographic features located over

the area of Tanzania. A wet bias caused by structural model errors was also identified in the dynami-

cally downscaled and higher-resolution CORDEX-Africa ensemble (Kim et al. (2014)). Therefore, a valid

question arises as to what the most suitable dataset is, with which climate impact studies can be fed

with when the SAF region is concerned. In addition, before the task of characterizing future precipitation

trends is addressed, it is imperative to diagnose the degree to which observed precipitation trends over

the recent decades are reproduced by GCMs and RCMs.

A comprehensive analysis of the performance of the CORDEX-Africa ensemble over Africa was first

presented in Nikulin et al. (2012). They showed that during the rainy season (Jan-Mar as used in Nikulin

et al. (2012)) there is a weak wet bias over southern Africa, and that the use of the ensemble mean was

able to outperform individual models, highlighting the importance of ensemble-based approaches. The

Nikulin et al. (2012) analysis was conducted on a pan-African scale. Similarly, Kalognomou et al. (2013)

analyzed the same ensemble of CORDEX-Africa simulations, focusing over southern Africa and reported

similar findings. In Meque and Abiodun (2015) the same ensemble of 10 evaluation simulations was

again used, but it was also compared with a set of CMIP5 GCM simulations, with the purpose to identify

a causal association between ENSO and drought events over southern Africa. In Meque and Abiodun

(2015) it was stated that RCMs were able to provide added value, compared to their driving GCMs. A

comprehensive assessment of the added value between historical CORDEX-Africa RCMs simulations

and of their driving CMIP5 GCMs on a seasonal timescale over the whole of Africa, was performed in

Dosio et al. (2019). The first time the CORDEX-Africa ensemble is compared to both CMIP5 and CMIP6

ensembles is presented in Dosio et al. (2021). More specifically, in Dosio et al. (2021) the analysis is

performed on a seasonal timestep and on pan-African scale and its particular emphasis is placed on

the projected changes of future precipitation, although a part of the analysis is dedicated to the period

1981-2010.

Satellite and gauge-based datasets display increasing trends during the historical period for annual

precipitation over SAF (32-41 mm year-1 per decade), an observation that is also identifiable in the At-

mospheric Model Intercomparison Project (AMIP), but not in CMIP5 (Maidment et al. (2015)). During DJF,

precipitation trends over SAF display a remarkably robust signal in gauge-based, satellite and AMIP

datasets (Maidment et al. (2015)). In addition, Onyutha (2018) also reported on the increasing precipita-

tion trends over SAF during DJF, especially after the 1960’s. However, according to CMIP5, precipitation

is projected to decrease over SAF in the 21st century (IPCC and Stocker (2013)). This estimate also holds

for simulations performed using RCMs forced with CMIP5 (Pinto et al. (2016); Dosio et al. (2019)). The
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increase of the observed precipitation trends over SAF has been attributed to the recent strengthening

of the Pacific Walker Circulation (Maidment et al. (2015)), which is captured in observational datasets

and in AMIP simulations, but not in CMIP5 (L’Heureux et al. (2013); Yim et al. (2016)). CMIP6 displays an

even more robust future decline in precipitation and increase of drought events over SAF, relative to its

predecessor (Ukkola et al. (2020)). However, although the CMIP6 ensemble exhibits multiple improve-

ments on various levels (Wyser et al. (2020)), certain biases and challenges identified in CMIP5 during

the historical period persist in CMIP6 (Kim et al. (2020)).

RCMs are known to add value to climate simulations over regional scales, mainly because the spatial

resolution increases, resolving atmospheric waves in a more detailed manner and also, because surface

characteristics interacting with the atmosphere are represented more accurately (Denis et al. (2003);

Giorgi et al. (2014)). Considering the aforementioned challenges displayed in the CMIP5 simulations

to accurately capture precipitation amounts under current climatic conditions and recent precipitation

trends, we investigate the degree to which this observation holds also for RCMs, forced with GCMs

participating in the CMIP5 ensemble. Theory tells us that RCMs develop their own physics. However,

often times the impact of the driving GCMs is evident on the RCM simulations (Denis et al. (2003); Laprise

et al. (2008); Di Luca et al. (2013); Di Luca et al. (2013)).

Therefore, in this chapter we expand on previous research to investigate how monthly precipitation

during the rainy season over southern Africa is simulated by different modelling systems, by analyz-

ing the monthly precipitation climatologies, the interannual variability, specific precipitation indices and

monthly precipitation trends during the period 1986-2005, in four different modeling systems (CORDEX

0.22o/0.44o, CMIP5/6) and observational ensembles (satellite, reanalysis and gridded datasets). Our

main goal is to provide a comprehensive overview with regards to precipitation climatology over SAF as

simulated by the state-of-the-art tools used by climate scientists. In addition, we investigate whether

higher resolution models are able to provide an improved representation of precipitation over south-

ern Africa and we investigate how a particularly important atmospheric feature, the Angola Low (AL)

pressure system, is simulated in the RCM and GCM ensembles.

2.2 Data

We analyse daily and monthly precipitation from 5 types of datasets, namely observational datasets

(OBS), GCMs and ESMs that comprise the CMIP5 and CMIP6 ensembles and regional climate models

(RCMs) that comprise the CORDEX-Africa ensemble at 0.44◦ of spatial resolution (CORDEX0.44) and at

0.22◦ of spatial resolution (CORDEX0.22). The analysis is concerned with the SAF region, which is defined

as the area between 10 ◦E to 42 ◦E and 10 ◦S to 35 ◦S. The analysed period is 1986-2005. Although

satellite and reanalysis products cannot be termed as purely “observational”, in the context of the current

work they are classified as such, in order to differentiate them from climate model datasets (CORDEX0.44,

CORDEX0.22, CMIP5, CMIP6). Hereafter “OBS” refers to satellite, gauge-based and reanalysis products.
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2.2.1 Observational data

The OBS data used are based on the analysis of Le Coz and van de Giesen (2020) and are comprised of

five gauge-based products (datasets that are derived by spatial interpolation of rain gauges and station

data: CRU.v4.01, UDEL.v7, PREC/L.v0.5, GPCC.v7, CPC-Global.v1), six satellite products and one reanal-

ysis product, ERA5. The datasets have a temporal coverage that extends through the analysed period

(1986-2005). The gauge-based products are chosen so that they have a spatial resolution less than or

equal to 0.5◦ x 0.5◦ and the satellite products have a spatial resolution less or equal to 0.25◦ x 0.25◦. For

satellite products however, there is an exception for two products (CMAP.v19.11and GPCP.v2.2) with a

resolution equal to 2.5◦ x 2.5◦ that are also included in the analysis due to their wide use in the literature.

The OBS ensemble is made of 12 products. More details concerning the OBS datasets are provided in

Table 2.2.1. In certain parts of the following analysis, the OBS products are either used collectively or

they are split into sub-ensembles, based on the methods used for their production. More specifically,

these sub-ensembles are the mean of all gauge-based precipitation products (Gauge-Based), the en-

semble mean of satellite products that merge with rain gauges (Satellite-Merge) (ARC.v2, CMAP.v19.11,

GPCP.v2.2) and the ensemble mean of satellite products that do not merge directly with rain gauges

(Satellite-NoMerge) (CHIRPS.v2, TAMSAT.v3, PERSIANN-CDR), but use alternative methods such as cal-

ibration, bias adjustment or artificial neural network techniques (Le Coz and van de Giesen (2020)).

Table 2.2.1: Observational datasets used.

Dataset Resolution Frequency Type Period Reference

ARC.v2 0.1◦ Daily total Satellite 1983-present Novella and Thiaw (2013)

PERSIANN-CDR 0.25◦ Daily total Satellite 1983-present Ashouri et al. (2015)

CMAP 2.5◦ Monthly mean Satellite 1979-present Xie and Arkin (1997)

TAMSAT.v3 0.0375◦ Daily total Satellite 1983-present Tarnavsky et al. (2014)

GPCP.v2 2.5◦ Monthly mean Satellite 1979-2015 Adler et al. (2012)

CRU TS4.01 0.5◦ Monthly total Gauge-Based 1901-2016 Harris et al. (2014)

GPCC.v7 0.5◦ Monthly total Gauge-Based 1901-2013 Schneider et al. (2015)

PREC/L 0.5◦ Monthly mean Gauge-Based 1948-2012 Chen et al. (2002)

UDEL.v4.01 0.5◦ Monthly total Gauge-Based 1900-2014 Willmott and Matsuura (2001)

CPC-Unified 0.5◦ Daily total Gauge-Based 1979-present Chen et al. (2008)

CHIRPS.v2 0.5◦ Daily total Satellite 1981-present Funk et al. (2015)

ERA5 0.25◦ Hourly Reanalysis 1979-present Hersbach et al. (2020)

2.2.2 Climate model simulations

Daily precipitation for a set of 25 RCM simulations performed as part of CORDEX-Africa historical simu-

lations at 0.44◦ x 0.44◦ (5฀0 km) of horizontal spatial resolution are utilised, comprising the CORDEX0.44

ensemble, shown in Table 2.2.2. In addition, a set of 10 RCM simulations performed also within CORDEX-

Africa, as part of the CORDEX-CORE project (Coppola et al. (2021)), available at 0.22◦ x 0.22◦ (2฀5 km) of

horizontal spatial resolution (CORDEX0.22) are also retrieved, shown in Table 2.2.3.
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Table 2.2.2: CORDEX-Africa historical simulations participating in the Coordinated Regional

Climate Downscaling Experiment (CORDEX) Africa ensemble used in the current analysis, with

a horizontal spatial resolution equal to 0.44◦ (CORDEX0.44). Data are retrieved from the Earth

System Grid Federation (https://esgf-data.dkrz.de/projects/esgf-dkrz/).

RCM Institute LBC Realization Reference

CCLM4-8-17.v1 CLMcom CNRM-CM5 r1i1p1 COSMO (2020)

EC-EARTH r12i1p1

HadGEM2-ES r1i1p1

MPI-ESM-LR r1i1p1

HIRHAM5.v2 DMI EC-EARTH r3i1p1 Christensen et al. (2007)

RACMO22T.v1 KNMI EC-EARTH r1i1p1 van Meijgaard et al. (2008)

EC-EARTH r12i1p1

HadGEM2-ES r1i1p1

RCA4.v1 SHMI CanESM2 r1i1p1 Samuelsson et al. (2015)

CNRM-CM5 r1i1p1

CSIRO-Mk3-6-0 r1i1p1

EC-EARTH r12i1p1

IPSL-CM5A-MR r1i1p1

HadGEM2-ES r1i1p1

MPI-ESM-LR r1i1p1

NorESM1-M r1i1p1

GFDL-ESM2M r1i1p1

REMO2009.v1 MPI - CSC EC-EARTH r12i1p1 Jacob et al. (2012)

MPI - CSC MPI-ESM-LR r1i1p1

GERICS IPSL-CM5A-MR r12i1p1

GERICS MIROC5 r1i1p1

GERICS HadGEM2-ES r1i1p1

GERICS GFDL-ESM2G r1i1p1

CRCM5.v1 CCCma CanESM2 r1i1p1 Scinocca et al. (2016)

MPI-ESM-LR r1i1p1

SHMI: Swedish Meteorological and Hydrological Institute, CLMcom: Climate Limited-area Mod-

elling Community, DMI: Danish Meteorological Institute, KNMI: Royal Netherlands Meteorolog-

ical Institute, MPI-CSC: Max Planck Institut and Climate Service Center Germany, Helmholtz-

Zentrum Geesthacht, GERICS: Climate Service Center Germany, CCCma: Canadian Centre for

Climate Modelling and Analysis
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Table 2.2.3: CORDEX-Africa historical simulations participating in the Coordinated Regional

Climate Downscaling Experiment (CORDEX) Africa ensemble used in the current analysis, with

a horizontal spatial resolution equal to 0.22◦ (CORDEX0.22). Data were retrieved from the Earth

System Grid Federation (https://esgf-data.dkrz.de/projects/esgf-dkrz/).

RCM LBC Realization Variables available

CanRCM4 CanESM2 r1i1p1 pr

CCLM5-0-15 HadGEM2-ES r1i1p1 pr, hus850, ua850, va850, ta850

REMO2015 r1i1p1

RegCM4-7 r1i1p1

CCLM5-0-15 MPI-ESM-LR r1i1p1 pr, hus850, ua850, va850, ta850

REMO2015 r1i1p1

RegCM4-7 r1i1p1

CCLM5-0-15 NorESM1-M r1i1p1 pr, hus850, ua850, va850, ta850

REMO2015 r1i1p1

RegCM4-7 r1i1p1

In addition, daily precipitation was retrieved for a set of 10 CMIP5 GCMs, with 3 additional simula-

tions with variations in the GCM’s resolution (IPSL-LR/IPSL-MR), the ocean model (GFDL-ESM2M/GFDL-

ESM2G) and Realization/Initialization/Physics (ICHCE-EC-EARTH-r1i1p1/ ICHCE-EC-EARTH-r12i1p1). The

CMIP5 models selected, were the ones used as forcing in the CORDEX0.44 historical simulations. In to-

tal, precipitation from a set of 13 CMIP5 simulations was used. Additionally, daily precipitation from a

set of 8 CMIP6 GCM and ESM simulations was used. The CMIP6 simulations selected, were performed

with the updated versions of the same models that were part of the CMIP5 ensemble. This selection

served to construct CMIP5 and CMIP6 ensembles that were comparable. Precipitation data for all sim-

ulations were retrieved from the Earth System Grid Federation (ESGF). In addition, temperature at 850

hPa for both CORDEX0.44/0.22 was retrieved. For the CMIP5 and CMIP6 simulations, temperature and

geopotential height at 850 hPa was retrieved from the Climate Data Store (CDS). Geopotential height at

850 hPa was not available for CORDEX-Africa simulations. Lastly, elevation data for CORDEX-Africa and

CMIP5 were obtained from ESGF, while the Shuttle Radar Topography Mission (SRTM) (Farr et al. (2007))

Digital Elevation Model was used as the observed elevation in the topography transects for a selected

latitude over SAF. Details about the models used are provided in Table 2.2.4 (for CMIP5) and in Table

2.2.5 (for CMIP6).
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Table 2.2.4: General circulation models participating in the Coupled Model Intercomparison

Project Phase 5 (CMIP5) that were used as forcing fields in the Coordinated Regional Cli-

mate Downscaling Experiment (CORDEX) Africa historical simulations. Data for precipitation

were retrieved from the Earth System Grid Federation (https://esgf-data.dkrz.de/projects/

esgf-dkrz/). Data for temperature at 850 hPa were retrieved from the Climate Data Store

(https://cds.climate.copernicus.eu).

GCM Institute Ensemble Latitude Res. Longitude Res. References

CanESM2 CCCma r1i1p1 2.7906 2.8125 CCCma (2017)

CNRM-CM5 CERFACS r1i1p1 1.40008 1.4062 Voldoire et al. (2013)

CSIRO-MK3-6-0 CSIRO r1i1p1 1.8653 1.875 Jeffrey et al. (2013)

EC-EARTH DMI r1i1p1 1.1215 1.125 Hazeleger et al. (2010)

r12i1p1

GFDL-ESM2M NOAA r1i1p1 2.0225 2.5 Dunne et al. (2012)

GFDL-ESM2G

HadGEM2-ES Met Office r1i1p1 1.25 1.875 Collins et al. (2011)

IPSL-CM5A-MR IPSL r1i1p1 1.2676 2.5 Dufresne et al. (2013)

IPSL-CM5A-LR

MIROC5 AORI r1i1p1 1.4008 1.40625 Watanabe et al. (2010)

MPI-ESM-LR MPI r1i1p1 1.8653 1.875

MPI-ESM-MR

NORESM1-M EarthClim r1i1p1 1.8947 2.5 Bentsen et al. (2013)

CCCma: Canadian Centre for Climate Modelling and Analysis, CERFACS: Centre Européen

de Recherche et de Formation Avancée en Calcul Scientifique, CSIRO: Commonwealth Scientific

and Industrial Research Organisation, DMI: Danish Meteorological Institute, NOAA: National

Oceanic and Atmospheric Administration, IPSL: Institute Pierre Simon Laplace, AORI: Atmo-

sphere and Ocean Research Institute, MPI: Max Planck Institut
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Table 2.2.5: General circulation models participating in the Coupled Model Intercompari-

son Project Phase 6 (CMIP6). Data were retrieved from the Earth System Grid Federation

(https://esgf-data.dkrz.de/projects/esgf-dkrz/). The CMIP6 models used were selected

in accordance to their predeseccor CMIP5, so that the 2 ensembles (CMIP5 and CMIP6) would

be comparable.

GCM Institute Ensemble Latitude Res. Longitude Res. References

CanESM5 CCCma r1i1p1f1 2.7906 2.8125 Swart et al. (2019)

CNRM-CM6-1 CERFACS r1i1p1f1 1.40008 1.4062 Voldoire et al. (2019)

EC-EARTH3 DMI r1i1p1f1 1.1215 1.125 Massonnet et al. (2020)

GFDL-ESM4 NOAA r1i1p1f1 2.0225 2.5 Held et al. (2019)

IPSL-CM6A-LR IPSL r1i1p1f1 1.2676 2.5

MIROC6 AORI r1i1p1f1 1.4008 1.40625 Tatebe et al. (2019)

MPI-ESM-2-LR MPI r1i1p1f1 1.8653 1.875 Mauritsen et al. (2019)

NorESM2-LM EarthClim r1i1p1f1 1.8947 2.5 Seland et al. (2020)

CCCma: Canadian Centre for Climate Modelling and Analysis, CERFACS: Centre Européen

de Recherche et de Formation Avancée en Calcul Scientifique, CSIRO: Commonwealth Scientific

and Industrial Research Organisation, DMI: Danish Meteorological Institute, NOAA: National

Oceanic and Atmospheric Administration, IPSL: Institute Pierre Simon Laplace, AORI: Atmo-

sphere and Ocean Research Institute, MPI: Max Planck Institut

2.3 Methodology

Precipitation climatologies are investigated on a monthly basis, due to the fact that precipitation over

SAF arises as the result of atmospheric mechanisms that display high variability during the rainy season.

The aggregation of precipitation to seasonal means might often obscure certain spatial characteristics

that are better identified on a monthly basis. The within-ensemble agreement is investigated using

the sample standard deviation (SD), which is calculated using monthly mean values over the period

1986-2005 for each model (or observational dataset) separately. Also, four precipitation indices are con-

structed in the context of the Expert Team on Climate Change Detection and Indices (ETCCDI) (Peterson

and Manton (2008)), utilising daily precipitation amounts for the period 1986-2005. The four ETCCDI in-

dices are used to describe total annual precipitation (PRCPTOT), annual maximum daily precipitation

(Rx1Day), annual number of days with daily precipitation >10 mm (R10mm) and annual number of days

with daily precipitation >20 mm (R20mm). These indices are calculated for each individual simulation of

each ensemble (CMIP5, CMIP6, CORDEX0.44 and CORDEX0.22), and OBS products, separately and yield

a value for every year (Jan-Dec) during the period 1986-2005. The calculation of indices required data

having a daily temporal resolution, hence, observational datasets that provided monthly aggregates are

excluded. The spatial averages calculated over SAF for the annual cycle and the ETCCDI indices con-

sider land grid points only. For the construction of ensemble means, either in observational or model
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ensembles, datasets are remapped to the coarser grid using conservative remapping for precipitation,

and bilinear interpolation for temperature and geopotential height at 850 hPa.

In order to investigate some basic thermodynamical aspects that may differentiate precipitation in

the CMIP5/6 and the CORDEX0.44/0.22 ensembles, the seasonal representation of the Angola Low (AL)

pressure system over SAF is examined. The AL pressure system is a semi-permanent synoptic scale

system, that plays a strong role in modulating precipitation over SAF (Reason and Jagadheesha (2005);

Lyon and Mason (2009); Crétat et al. (2019); Munday and Washington (2017); Howard and Washington

(2018)). More specifically, the reason why the AL pressure system is emphasized in the current work,

is because it redistributes low-tropospheric moisture entering SAF from the southern Atlantic and the

southern Indian Oceans and also, moisture transport originating from the Congo Basin. In addition, AL

events precede the formation of Tropical Temperate Troughs (TTTs) and hence, they can be considered

as their precursor in the “climate process chain” (Daron et al. (2019)). As stated in Howard and Washington

(2018), it is common that AL events precede TTT events, since the AL pressure system functions as a

key process necessary for the transport of water vapor from the tropics towards the extratropics (Hart

et al. (2010)).

In Munday and Washington (2017) AL events are identified using geopotential height at 850 hPa.

However, since geopotential height at 850 hPa is not available for CORDEX0.44/0.22 simulations, this

method can not be employed here. Hence, based on the variables that are already available within

both CORDEX and CMIP5/6 ensembles, potential temperature at 850 hPa (theta850) is used instead

as an alternative “proxy” variable that provides thermodynamical information. In order to ensure that

theta850 can be used instead of zg850, the relationship between theta850 and zg850 over the study

region is examined in ERA5, for each month of the rainy season (Oct-Mar), using the climatological

mean monthly values for the period 1986-2005 (2.3.1). As shown in Fig. 2.3.1a, during October over the

south-eastern part of Angola, there is a region of low geopotential heights. Moving towards the core of

the rainy season, the low-pressure system deepens, while there seems to be a weak extension of low

geopotential heights towards the south. Also, as shown in Fig. 2.3.1b, during October there is an area

of high theta850 values located over south-eastern Angola, coinciding with the region of low zg850

values. As stated in Munday and Washington (2017), this is indicative of the dry convection processes

that are at play during the beginning of the rainy season over the region. Moving towards DJF, the high

theta850 values move southwards, indicating that during the core rainy season, convection over the

greater Angola region is not thermally induced, but there is a rather dynamical large-scale driver.

In Fig. 2.3.2 the scatterplots between zg850 (x-axis) and theta850 (y-axis) for each month of the rainy

season are shown, over the whole southern Africa region (land grid points only). The same plot, but with

grid points only from the greater Angola region (14 ◦E to 25 ◦E and from 11 ◦S to 19 ◦S) is displayed in

Fig. 2.3.3. Although the relationship between the two variables is not linear, they display a considerable

association, especially over the greater Angola region.

In Howard and Washington (2018) AL events are identified using daily relative vorticity (ζ) at 800 hPa.

Since u and v wind components are not available at 800 hPa (but at 850 hPa) for the CORDEX ensembles,

it is imperative to investigate whether the 850 hPa pressure level can be used instead. In addition, it is

examined whether the ζ threshold as used in Howard and Washington (2018) has to be adjusted. In

Howard and Washington (2018), AL events are identified within the region ranging from 14 ◦E to 25 ◦E
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Figure 2.3.1: a) Mean monthly geopotential height at 850 hPa in ERA5 for the period 1986-2005

(in meters), b) Mean monthly potential temperature at 850 hPa in ERA5 for the period 1986-2005

(in Kelvin).

and from 11 ◦S to 19 ◦S for mean daily ζ values less than < −4 × 105 s1. An additional issue that is taken

into account, is that u and v wind components are not available on a daily timestep for CMIP6, but only

on a monthly timestep. Hence, for consistency reasons monthly files in all ensembles are used (both

CMIP, CORDEX) and in ERA5.

With regards to the question of whether the 850 hPa pressure level can be used instead of 800 hPa,

monthly relative vorticity in ERA5 is examined in both pressure levels, within the region from 14 ◦E to 25
◦E and from 11 ◦S to 19 ◦S (Fig. 2.3.4a and Fig. 2.3.4b). Both distributions are very similar in shape, maxima

and spread, although the distribution of ζ values at 800 hPa (Fig. 2.3.4a) appear to have a shorter tail.

On both panels, both the Howard and Washington (2018) and the (Desbiolles et al., 2020) thresholds

are indicated. Therefore it is concluded that the 850 hPa pressure level can be used instead of 800

hPa. With regards to the fact that u and v wind components are available only on a monthly timestep

in CMIP6, daily and monthly relative vorticity values at 800 hPa are compared for all the months of the

rainy season (Oct-Mar) (Fig. 2.3.4c and Fig. 2.3.4d).

The difference in the y-axis results from the fact that when ζ is calculated using a daily timestep,

the histogram is drawn using 5,421,825 values, while when ζ is calculated using monthly u and v values,

it is drawn using 178,200 values (for the period 1986-2005). As shown, the distribution of the monthly

values has a much shorter tail and the Howard and Washington (2018) threshold appears to be a very

strict criterion for the identification of AL events. Concerning the question of what the optimal threshold

for the identification of AL events in all datasets is, the statistical distribution of mean monthly cyclonic

vorticity in all ensembles is investigated, for the 850 hPa pressure level (Fig. 2.3.5).

Moreover, it is concluded that the threshold used in Desbiolles et al. (2020) (ζ values < −1.5 × 105 s1)

is reasonable, considering the shape of the distributions examined. However, when the Desbiolles et al.

(2020) threshold is applied to the data, it is also found to be too strict, especially for CMIP5/6. Hence,

AL events are identified having ζ <-0.00001 s1. Lastly, geopotential height at 850 hPa is used for visual

inspection only in the ERA5 and CMIP5/6 ensembles. Lastly, the Theil-Sen’s slope (Theil (1992);Sen

(1968)) for monthly precipitation during the period 1986-2005 is calculated for each dataset. This is
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October                                              November                                              December

January                                                  February                                                 March

Figure 2.3.2: Geopotential height at 850 hPa in meters (x-axis) plotted against potential temper-

ature at 850 hPa in Kelvin (y-axis). Values refer to climatological monthly means for the period

1986-2005. Each dot in the scatterplot represents a grid point of the ERA5 dataset over the whole

southern Africa region from 10 ◦E to 42 ◦E and from 10 ◦S to 35 ◦S.

a non-parametric approach to estimate trends, that is insensitive to outliers. Statistical significance is

assessed using the Mann-Kendall test (Mann (1945); Kendall (1948)).
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October                                              November                                              December

January                                                  February                                                 March

Figure 2.3.3: Geopotential height at 850 hPa in meters (x-axis) plotted against potential temper-

ature at 850 hPa in Kelvin (y-axis). Values refer to climatological monthly means for the period

1986-2005. Each dot in the scatterplot represents a grid point of the ERA5 dataset over the

greater Angola region, from 14 ◦E to 25 ◦E and from 11 ◦S to 19 ◦S.
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a) b)

c) d)

Figure 2.3.4: Histogram of relative vorticity for months Oct-Mar during 1986-2005 in ERA5 using

u and v values at 800 hPa (a) and at 850 hPa (b). Grid points used are enclosed within the region

from 14 ◦E to 25 ◦E and from 11 ◦S to 19 ◦S. For both histograms mean monthly u and v values

are used. Histogram of relative vorticity for months Oct-Mar during 1986-2005 in ERA5 using

daily u and v values (c) and using monthly u and v values (d).
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a) b)

c) d)

Figure 2.3.5: Histogram of relative vorticity for months Oct-Mar during 1986-2005 at 850 hPa for

CORDEX-Africa at 0.22◦ (a), for CORDEX-Africa at 0.44◦ (b), for CMIP5 (c), and for CMIP6

(d). Grid points used are enclosed within the region from 14 ◦E to 25 ◦E and from 11 ◦S to 19

◦S. For all histograms mean monthly u and v values are used.
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2.4 Results

2.4.1 Climatology

Figure 2.4.1 displays monthly precipitation climatologies during Oct-Mar (rainy season over the study

region) for ERA5 and for the ensemble means of 7 additional types of datasets. At the beginning of the

rainy season (Oct) all products display precipitation maxima at the north-western part of the study region.

Another region of precipitation maxima is observed at eastern South Africa. For both regions, there is

a slight tendency for gauge-based products to yield approximately 1 mm d−1 less precipitation than

reanalysis and satellite products. The CMIP5, CMIP6, CORDEX0.44 and CORDEX0.22 ensembles are also

in agreement with regards to the location and amounts, however, CORDEX0.44 displays approximately

2 mm d−1 more precipitation over Angola. During November, the rainband extends southwards and the

region over South Africa experiencing high precipitation enlarges.

Moving towards the core of the rainy season (DJF), precipitation maxima extend southwards follow-

ing the collapse of the Congo air boundary (CAB) (Howard and Washington (2019)) and high precipitation

amounts are also observed over the eastern part of the study region. More specifically during January,

high precipitation amounts (>10 mm d−1) are observed over an extended region in northern Mozam-

bique for non-merging satellite products (Satellite-NoMerge). This area is also identified as a region of

high precipitation in gauge-based products and in merging satellite products, however, with a smaller

magnitude. In ERA5, the spatial pattern of precipitation is patchier and exhibits higher than observed

precipitation amounts in the wider region of lake Malawi, reaching extremely high values (34 mm d−1).

As is also indicated in the known precipitation issues of ERA5 over Africa (Hersbach et al. (2020)), this is

possibly caused by a deficiency in the convection scheme that erroneously yields “explicit-convection”

over isolated grid-points. During DJF, both CORDEX0.44 and CORDEX0.22 ensembles display precipita-

tion values >3 mm d−1 over almost all of the SAF region. This observation is also consistent in CMIP5

and CMIP6, however, maximum precipitation amounts in CMIP5 and CMIP6 are approximately >3 mm

d−1 larger than in the CORDEX ensembles. It is noteworthy, that in CORDEX0.22 during DJF, there are

parts over northern SAF experiencing precipitation amounts >10 mm d−1, a feature that is not seen in

any of the observational products. After investigating the individual ensemble members used in the

CORDEX0.22 ensemble, it is concluded that the excess amount of precipitation is removed from the

CORDEX0.22 ensemble mean when RegCM4-7 simulations are not included (Fig. 2.4.2). In March, the

rainband starts its northward shift, nevertheless, high precipitation amounts are still observed over the

eastern parts of the study region and over the coastal region of Angola. The retreat of the rainband is

evident in both CORDEX0.44 and CORDEX0.22 however, CMIP5 and CMIP6 still exhibit extended regions

of high precipitation.

In Fig. 2.4.3, SD values for the seven ensembles are presented during months Oct-Mar for the period

1986-2005 expressed as mm d−1. SD is used as a measure of the within-ensemble agreement. As it is

shown for gauge-based products, during October and November high SD values are observed primar-

ily over Angola. For months Dec-Mar Angola remains a high SD region, however, increased SD values

are also observed over the eastern parts of SAF and especially over northern Mozambique. An impor-

tant aspect influencing gauge-based products is the spatiotemporal coverage of the rain gauges used
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(Le Coz and van de Giesen (2020)), which is highly variable between regions and reporting periods. More

specifically, after the 1970’s the rain gauge coverage over Africa has decreased significantly (Janowiak

(1988)) and the gauge network has been particularly sparse over the SAF region (Lorenz and Kunstmann

(2012); Giesen et al. (2014)), which further implies that gauge-based products depend on extrapolating

values from surrounding gauges.

A similar spatiotemporal pattern of SD is also observed in satellite-based products (Sat-Merge)

which employ algorithms that merge rain gauges with thermal-infrared (TIR) images. This is indicative of

the strong impact that the location and number of rain gauges exert on satellite algorithms that employ

merging techniques (Maidment et al. (2014); Maidment et al. (2015)). The spatiotemporal pattern of SD

for satellite-based products that do not merge with gauges (Sat-NoMerge) displays low SD values for

October and November, however, during DJF localized areas of high SD appear over Angola, Zambia,

Malawi and Mozambique. The satellite products used in this ensemble are based on TIR images and

precipitation is indirectly assessed through cloud top temperature (Tarnavsky et al. (2014); Ashouri et al.

(2015); Funk et al. (2015)). Hence, the occurrence and severity of precipitation is calculated based on a

temperature threshold. In cases that the threshold is set to very low cloud top temperature values, the

algorithm has high skill at identifying deep convection, however, warm rain events are not adequately

captured (Toté et al. (2015)). As it is shown in Fig. 2.4.3, high SD values in non-merging satellite products

are primarily observed over coastal regions and over regions where the elevation increases rapidly.

These type of regions can be associated with orographic or frontal lifting of air masses (Houze Jr. (2012)),

resulting in precipitation, without the threshold temperature of the cloud top being reached.

In the CORDEX0.44 ensemble SD values are >0.8 mm d−1 over almost all of the SAF region, however,

very high SD values (3-9.8 mm d−1) are observed in the coastal part of Angola and over the lake Malawi

region during Nov-Mar. SD values in CORDEX0.22 are considerably larger throughout the greater part of

SAF, especially during DJF. In the CMIP5 ensemble the spatiotemporal pattern of SD values exceeds 2

mm d−1 during Nov-Mar throughout the whole SAF region. CMIP6 displays a similar SD pattern. During

March however, CMIP6 displays a substantial improvement in the agreement between its ensemble

members. Overall, for the whole extent of SAF, the CORDEX-Africa ensembles display greater agree-

ment among ensemble members, however SD values become large over specific localized regions,

mainly at western Angola and in the Malawi region. The CMIP5 and CMIP6 ensembles although not dis-

playing the localized extreme SD values as CORDEX-Africa, display generally high SD values throughout

the whole extent of SAF.

Therefore, station density and the interpolation method employed are key factors in determining

the accuracy of the final product (Le Coz and van de Giesen (2020)). The high SD values over Angola,

are mainly due to the scarcity of available rain gauges used in the interpolation method (Fig. Fig. 2.4.4).

After 1995, there is a noticeable reduction of the station/rain gauge data used over the SAF region (Fig.

2.4.5)) for three of the gauge-based products.

2.4.2 Annual cycle

Figure 2.4.6 displays the annual cycle of precipitation in the CORDEX0.44, CORDEX0.22, CMIP5, CMIP6

and observational ensembles for land grid points. All datasets capture the unimodal distribution of

precipitation over SAF, however considerable differences in precipitation amount and spread are ob-
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served. Specifically, the CMIP5 ensemble exhibits significantly higher precipitation amounts than both

CORDEX and observational ensembles. This difference becomes particularly pronounced during the

rainy season, with CMIP5 yielding approximately 2 mm d−1 more precipitation than the observational

ensemble. It is also notable that for Nov-Feb, even the driest ensemble members of CMIP5 yield ap-

proximately 1 mm d−1 more precipitation than the wettest ensemble members of the observational

data. This is in agreement with Munday and Washington (2018) who identified a systematic wet bias

over SAF in CMIP5, that was associated with an intensified north-easterly transport of moisture that er-

roneously reaches SAF, due to the poorly represented orography in the region of Tanzania and Malawi

(which would hinder moisture originating from the Indian Ocean from reaching SAF and instead force it

to recurve towards the region of Madagascar). The behaviour of CMIP6 is similar to CMIP5, with a slightly

smaller ensemble spread during Jan-Mar and a considerable reduction in spread during November.

The CORDEX0.44 ensemble reduces precipitation amounts during the core of the rainy season (DJF)

compared to CMIP5, however, its behavior during the rest of the months is complicated. More specifi-

cally, during Aug-Oct CORDEX0.44 displays slightly higher precipitation amounts compared to CMIP5.

During November, the difference between the CORDEX0.44 and the CMIP5 ensembles becomes notice-

able, with the CMIP5 ensemble median becoming 0.4 mm d−1 larger than the CORDEX0.44 ensemble

median. During DJF the differences between the two ensembles maximize, with the CORDEX0.44 en-

semble displaying good agreement with the OBS ensemble (<1 mm d−1 difference in the ensemble

medians of CORDEX0.44 and OBS). From March until July, the difference between the CORDEX0.44 and

CMIP5 ensembles starts to reduce gradually. The ensemble median of the CORDEX0.22 ensemble is

similar to that of the CORDEX0.44 ensemble, however its spread during the rainy season is considerably

larger. Taking into consideration that excess precipitation in the CORDEX0.22 ensemble is introduced

by RegCM4-7, we observe that the ensemble spread of the CORDEX0.22 ensemble is reduced, when

RegCM4-7 is not included in the CORDEX0.22 ensemble.

Since the maximum impact of the north-easterly moisture transport into SAF responsible for the wet

bias in CMIP5 occurs during DJF (Munday and Washington (2018)), the impact of the CORDEX0.44 and

CORDEX0.22 increase in resolution and the effect of the improved representation of topography is also

more intensely identified during DJF. As it is displayed in Fig. 2.4.7, surface orography is substantially

improved in the CORDEX ensembles, relative to CMIP5/6.

The improvement of orography has a further effect in blocking moisture transport entering SAF from

the northeast, especially during Dec-Jan, as seen in Fig. 2.4.8.

2.4.3 Angola Low pressure system

In Fig. 2.4.9 the mean monthly climatology of the AL pressure system during the rainy season is dis-

played for the period 1986-2005. The AL is explored by means of relative vorticity, only within the

region extending from 14 ◦E to 25 ◦E and from 11 ◦S to 19 ◦S. This region is characterized by Howard and

Washington (2018) as the main region of interest for the AL. In addition, potential temperature at 850

hPa (theta850) is overlaid on relative vorticity, with the first contour set at 308 K, the last contour set at

318 K and the increment between the isotherms being set to 2 K. For ERA5 and the ensemble means of

CMIP5/6 the geopotential height at 850 hPa is also available.

As shown in Fig. 2.4.9, ζ values for October are greater than >-0.000025 s−1 for ERA5 and CORDEX0.44/0.22
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and are relatively weaker in CMIP5 and even weaker in CMIP6. The high cyclonic vorticity values overlap

with the 312 K isotherm for all datasets. It is also observed that the isoheights in the ERA5 and CMIP5/6

ensembles are closely collocated with the 312 K isotherms, indicating that the low pressure system ob-

served over the region is caused by the excess heating of the air and hence, it is indicative of a typical

heat low pressure system (Munday and Washington (2017); Howard and Washington (2018)). Moving

to November, the picture is similar however, the isotherms display a southward extension, while the

850 hPa isoheigths deepen 5 m in ERA5 and CMIP5/6. In December, all datasets display an increase

in cyclonic vorticity, however, the maximum heating area has migrated southwards over the Kalahari

region. This fact indicates that cyclonic activity over the AL region is no longer due to thermal causes.

During December and January the cyclonic activity is enhanced in all datasets and the isotherms have

migrated even more southwards, forming the Kalahari heat low, which is distinct from the AL. It is also

observed that during January, the isoheights in ERA5 and CMIP5/6 become even deeper. It is also noted

that the elongated trough during Dec-Jan can be indicative of the formation of TTTs, which account for

a large proportion of rainfall over SAF (Hart et al. (2010)). February displays similar spatial patterns to

January for all datasets, however slightly weakened for all variables. In March, cyclonic activity over the

region has seized. Taking into consideration the distribution of the cyclonic vorticity field, it is observed

that in higher resolution datasets (ERA5, CORDEX0.22), high vorticity values are more severe, on very

localized regions. With respect to potential temperature, all datasets during October and November

have a similar distribution of theta850 values. It is also noted that CMIP6, in general, displays higher

theta850 values and lower geopotential heights, relative to CMIP5.

2.4.4 Precipitation indices

Total annual precipitation (PRCPTOT) is displayed in Fig. 2.4.10a. The mean of the CMIP6 ensemble dis-

plays the largest amounts of PRCPTOT (approximately 1000 mm year−1), with CMIP5 following closely.

The CORDEX0.44 and CORDEX0.22 ensembles display a very similar behaviour, systematically reduc-

ing PRCPTOT amounts seen in CMIP5/6 by approximately 200 mm year−1, yielding PRCPTOT values

closer to that of the observational datasets. Both CMIP5/6 and CORDEX0.22/0.44 ensembles display

similar within-ensemble variability. The ensemble mean of the observational datasets is considerably

lower than CORDEX ensembles and displays an interannual variability between 500-800 mm year−1.

Both the ensemble means of CMIP5/6 and CORDEX0.44/0.22 fail to reproduce the interannual variabil-

ity of the observational ensemble. In Fig. 2.4.10b the annual maximum 1 day precipitation (Rx1Day) is

displayed. For Rx1Day, the mean of the CMIP5 ensemble is in close agreement with the mean of the

observational ensemble (approximately 40 mm d−1). The ensemble mean of CORDEX0.44 yields larger

precipitation amounts (approximately 55 mm d−1) than CMIP5 and the observational ensemble. The

CORDEX0.22 ensemble mean displays even higher values (approximately 75 mm d−1). As it is shown in

Fig. 2.4.10b, the CORDEX0.44 ensemble mean is influenced by higher Rx1Day values, originating from

ensemble members that cluster within the range 65-85 mm d−1. The spread of the CMIP5 ensemble is

comparable to that of the observational data, however, the CORDEX0.44/0.22 ensemble spreads are still

larger, ranging from 25-85 and from 55-100 mm d−1, respectively. The CMIP6 ensemble falls between

the CORDEX0.44 and CMIP5 ensembles, with a spread comparable to that of CMIP5. In Fig. 2.4.10c the

annual number of days with daily precipitation greater than 10 mm (R10mm) is presented. It is noted
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that the ensemble mean of the CORDEX0.44 ensemble is close to that of the observational datasets

( 25 days year−1 with daily precipitation greater than 10 mm), while the ensemble mean of CORDEX0.22

almost coincides with the mean of the observational datasets. The mean of the CMIP5 ensemble yields

approximately 34 days of extreme precipitation annually. It is also highlighted that the CMIP5 ensem-

ble displays a large range of R10mm values (10-55 days year−1). Again, the CMIP6 ensemble mean

coincides with that of CMIP5. In Fig. 2.4.10d the annual number of days with daily precipitation greater

than 20 mm (R20mm) is shown. There is close agreement between the CMIP5 and CORDEX0.44 ensem-

bles, however both datasets overestimate R20mm relative to the observational data. Again, the CMIP5

ensemble displays the largest spread and a very weak interannual variability is seen on both CMIP5

and CORDEX0.44 ensemble means. The CMIP6 ensemble mean is slightly larger than its predecessor.

R20mm in CORDEX0.22 mean is almost identical to the mean of the CMIP6 ensemble.

2.4.5 Trends

In Fig. 2.4.11 the monthly precipitation trends for the rainy season of the period 1986-2005 are dis-

played for all three observational datasets (gauge-based, SatelliteMerge, Satellite-NoMerge) and for

the CORDEX0.44, CORDEX0.22, CMIP5 and CMIP6 ensembles. Precipitation trends display consider-

able agreement among all three observational datasets, both concerning the signal and the magnitude

of the trend. However, the CORDEX0.44/0.22 and CMIP5/6 ensembles display trends that are consider-

ably smaller in magnitude. In addition, CORDEX0.44, CMIP5 and CMIP6 ensembles display fairly distinct

spatial patterns that are not in agreement either among them, or with the spatial pattern of precipita-

tion trends displayed by the observational datasets. In general, it is observed that the signal between

CORDEX0.44 and CORDEX0.22 is consistent, with trends in CORDEX0.22 displaying a larger magnitude.

More specifically, during October, all observational products display decreasing trends for the most

part of SAF that reach up to -0.1 mm d−1 per 20 years. During November the signal changes and SAF

experiences increasing trends, with an exception for NW SAF, northern Mozambique and regions of

eastern South Africa. During December increasing trends become even more spatially extended and

pronounced, especially for satellite products. During January, certain areas of decreasing trends over

northern SAF appear, while during February decreasing trends are observed over almost the whole

extent of SAF. In March, increasing trends are observed in the region extending from southern Mozam-

bique and stretching towards Zimbabwe and southern Zambia.

Monthly precipitation trends in the CORDEX0.44 ensemble are significantly weaker than in the ob-

servational datasets and display precipitation increase during Oct–Dec. After January certain regions of

intensified decreasing trends appear over southern Angola-northern Namibia and Botswana (Jan) and

over Botswana and South Africa (Feb). The pattern of trends is relatively similar in CORDEX0.22, however,

the trend magnitude is more enhanced. In CMIP5 decreasing trends are observed during October, but

for November increasing trends are observed over the northern part of SAF. During December, strong

increasing trends (0.1 mm d−1 per 20 years) appear for central SAF, while, during January almost all

of the SAF region (with an exception for Mozambique) experiences decreasing precipitation trends. In

CMIP6 persistent drying trends are observed almost throughout the whole of SAF and are particularly

strong during Jan-Feb (-0.1 mm d−1 per 20 years). During March however, the signal is reversed. Statis-

tical significance assessed with the Mann-Kendall test is shown in Fig. , while the number of ensemble
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members displaying increasing or decreasing trends in each ensemble is shown in Fig. .
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Figure 2.4.1: Monthly precipitation climatologies during the period 1986-2005 in mm d−1.
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Figure 2.4.2: Ensemble mean of the CORDEX-Africa 0.22◦ ensemble (CORDEX0.22) by excluding

the RegCM4-7 simulations (upper row) and by including all available simulations (bottom row).
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Figure 2.4.3: Standard deviation of monthly precipitation [mm d−1] during the period 1986-

2005. From top to bottom: Gauge-based: Ensemble mean of datasets that were produced by

employing spatial interpolation methods. Satellite-Merge: Ensemble mean of satellite products

that merge with rain gauges. Satellite-NoMerge: Ensemble mean of satellite products that do not

merge with rain gauges. CORDEX-0.44◦: Ensemble mean of RCM simulations performed within

CORDEXAfrica with a spatial resolution equal to 0.44◦ x 0.44◦. CORDEX-0.22◦: CORDEX-

Africa simulations with a spatial resolution equal to 0.22◦ x 0.22◦. CMIP5: Ensemble mean of

CMIP5 GCMs. CMIP6: Ensemble mean of CMIP6 GCMs.
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Figure 2.4.4: Total number of reporting stations/rain-gauges for each month during the pe-

riod 1986-2005, used in the interpolation process of each gauge-based product (CRU, PREC/L,

GPCC).

Figure 2.4.5: Timeseries of the number of stations/rain-gauges used in three gauge-based products,

over the southern Africa region (10 ◦E to 42 ◦E and 10 ◦S to 35 ◦S).
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Figure 2.4.6: Annual cycle of monthly precipitation during 1986-2005 for the ensemble of obser-

vational data (gauge-based, satellite and reanalysis), CMIP5 (Coupled Model Intercomparison

Project Phase 5), CMIP6 (Coupled Model Intercomparison Project Phase 6), CORDEX0.44 (Co-

ordinated Regional Climate Downscaling Experiment Africa domain with a spatial resolution

equal to 0.44◦ x 0.44◦) and CORDEX-0.22◦ (CORDEX-Africa simulations with a spatial resolu-

tion equal to 0.22◦ x 0.22◦). The thick horizontal black lines indicate the ensemble median for

each month, the box encloses the interquartile range, and the tails denote the full ensemble range.

Circles represent the outliers for each ensemble. Grid points only are considered.

Figure 2.4.7: Cross section of surface elevation at 11◦S across southern Africa for the Shuttle Radar

Topography Mission (SRTM) Digital Elevation Model (in green), the surface altitude as repre-

sented in the CMIP5 (Coupled Model Intercomparison Project Phase 5) global climate models

(in red), the surface altitude as represented in the CORDEX0.44 (Coordinated Regional Climate

Downscaling Experiment Africa domain with a spatial resolution equal to 0.44◦ x 0.44◦) (in blue)

and the surface altitude as represented in the CORDEX-0.22◦ (CORDEX-Africa simulations with

a spatial resolution equal to 0.22◦ x 0.22◦) (in yellow).
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Figure 2.4.8: Mean monthly moisture flux and divergence at 850 hPa during the period 1986-

2005. Rows indicate the ensemble means analyzed. From top to bottom: ERA5, ensemble mean

of CORDEX0.44◦, CORDEX0.22◦, CMIP5 and CMIP6 simulations..
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Figure 2.4.9: Monthly climatologies of the Angola Low pressure system during the rainy season

for the period 1986-2005. Filled contours indicate cyclonic relative vorticity (ζ) for ζ <-0.00001

s−1 over the region extending from 14 ◦E to 25 ◦E and from 11 ◦S to 19 ◦S. Red lines indicate the

isotherms of potential temperature at 850 hPa, having an increment of 2 K. Blue lines indicate

isoheights of the geopotential height at 850 hPa, having an increment of 5 m. CORDEX0.44/0.22

are not plotted with geopotential isoheights, because this variable is not available for CORDEX

simulations. From top to bottom: ERA5, ensemble mean of CORDEX0.44◦, CORDEX0.22◦,

CMIP5 and CMIP6 simulations.
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Figure 2.4.10: Timeseries of the ETCCDI indices over southern Africa (10 ◦E to 42 ◦E and

10 ◦S to 35 ◦S) for the observational ensemble in red (gauge-based, satellite and reanalysis),

CMIP5 (Coupled Model Intercomparison Project Phase 5) ensemble in green, CMIP6 (Coupled

Model Intercomparison Project Phase 6) ensemble in purple, CORDEX-0.44◦: Ensemble mean of

regional climate model simulations performed in the context of the Coordinated Regional Climate

Downscaling Experiment Africa domain with a spatial resolution equal to 0.44◦ x 0.44◦ in blue

and CORDEX-0.22◦ in orange. Thin lines display single ensemble members, thick lines display

ensemble means. Y-axis on each panel depicts: (a) PRCPTOT (total annual precipitation), (b)

Rx1Day (annual maximum daily precipitation), (c) R10mm (annual number of days with daily

precipitation >10 mm), (d) R20mm (annual number of days with daily precipitation >20 mm).
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Figure 2.4.11: Trends for monthly precipitation for the period 1986-2005 [mm d−1 per 20 years]

calculated using Sens Slope. Rows indicate the ensemble mean of trends produced by each ensem-

ble member.
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Figure 2.4.12: Number of ensemble members yielding statistically significant results for monthly

precipitation trends based on the Mann-Kendall test (a=0.05).
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Figure 2.4.13: Number of ensemble members displaying increasing or decreasing trends for each

ensemble.
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2.5 Discussion and conclusions

The analysis of the SD among the different observational products highlights the fact that precipitation

assessment requires consultation of multiple (gauge-based, satellite and reanalysis) products. If this is

not possible, then it is highly recommended that the spatial distribution and frequency of reporting of

the underlying station data is examined, for each respective precipitation product in use. This should be

also regarded in cases when gauge-based or satellite products are utilized for model evaluation pur-

poses. Moreover, satellite products that merge with rain gauges should not be considered independent

from gauge-based products that exploit similar gauge-networks. In addition, it is noted that SD in the

CORDEX0.44 ensemble is considerably lower than in the CMIP5/6 ensembles, supplying evidence that

the CORDEX0.44 set of simulations provide more constrained results and can thus be considered to

be a suitable dataset for climate impact assessment studies over SAF. However, that is not entirely the

case for the CORDEX0.22 ensemble, which although it displays SD values smaller to that of CMIP5/6, it

still yields SD values higher than that of CORDEX0.44.

Concerning the annual cycle of precipitation, it is noted that although the seasonality is captured

reasonably by both the CMIP and CORDEX-Africa ensembles, still, there are considerable differences

between them. More specifically, it is concluded that the CORDEX0.44 ensemble exhibits smaller en-

semble spread for all months of the rainy season compared to the driving GCMs (CMIP5). In addition,

the strong wet bias over SAF in the CMIP5 ensemble (Munday and Washington (2017)) is considerably

reduced in the CORDEX0.44 ensemble. This bias is still evident in CMIP6. A plethora of references in

the literature (Reason and Jagadheesha (2005); Lyon and Mason (2009); Crétat et al. (2019); Munday and

Washington (2017); Howard and Washington (2018)) have highlighted the importance of the AL pressure

system in modulating precipitation over SAF. It is noted that the strength of the AL as assessed in the cur-

rent study was simulated to be weaker in the CORDEX0.44 than in the CORDEX0.22 ensemble. This may

partly explain why precipitation in the CORDEX0.44 ensemble is reduced, relative to the CORDEX0.22

ensemble. However, there is need for a more in-depth dynamical analysis of the simulation of the AL

in the CORDEX-Africa ensemble (both CORDEX0.44 and CORDEX0.22) and its impact on modulating

precipitation seasonality and patterns over SAF.

The use of the four ETCCDI indices demonstrated that the CORDEX-Africa ensemble yields results

that are in closer agreement to the observational data, compared to CMIP5/6 ensembles. It is, neverthe-

less, noticed that the improvement in the CORDEX-Africa ensemble is most evident when the ensemble

mean is used. This highlights the fact that the ensemble mean performance is improved, relative to the

performance of individual models (Nikulin et al. (2012)). For this reason, it is advisable that climate im-

pact studies employ multi-model ensemble means, as a method of obtaining the consensus climatic

information emanating from various models (Duan et al. (2019)). In addition, it is highlighted that in all

indices the ensemble means of CMIP5/6 and CORDEX-Africa were not able to reproduce the interan-

nual variability that was seen in the observational ensemble. This remark is in agreement with the fact

that the task of reproducing precipitation variability across various time-scales by the CMIP5 ensemble

is known to present challenges (Dieppois et al. (2019)), that inevitably cascade into the CORDEX-Africa

simulations that are forced with CMIP5 GCMs (Dosio et al. (2015)). Lastly, even though the CORDEX-

Africa ensembles reduce precipitation amounts over SAF, their use in drought-related impact studies
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should take into consideration that still, they yield larger precipitation amounts than the observational

data, which might eventually lead to underestimation of drought risk.

Precipitation trends during the rainy season displayed high spatial variability depending on the month.

All observed (gauge-based and satellite) trends display substantial spatial agreement. The precipitation

trends obtained by the CMIP5/6, and CORDEX0.44/0.22 ensembles, did not display consistency with

the trends obtained from the observational datasets. This is not entirely unexpected, due to the role

of internal variability compared to external forcing in recent decades (Pierce et al. (2009)), unlike tem-

perature trends which have been shown to have a good agreement between the CORDEX-Africa (at

0.44◦ degrees of spatial resolution) and CMIP5 ensembles with observed temperature trends (Dosio

and Panitz (2016); Warnatzsch and Reay (2019)). Nonetheless, it is noted that the trend signal between

CORDEX0.44 and CORDEX0.22 is consistent, with CORDEX0.22 in general enhancing the CORDEX0.44

precipitation trends.

In conclusion, while CORDEX0.44 displays marked improvement over coarser resolution products,

there are still further improvements to be made. More specifically, since the wet bias in RCM simula-

tions persists (although considerably reduced relative to GCMs), it is necessary that precipitation over

southern Africa is no longer assessed based on bulk descriptive statistics, but that there will be a shift

towards process-based evaluation, where the dynamical and thermodynamical characteristics of spe-

cific atmospheric features are investigated more thoroughly in the CORDEX-Africa simulations. For this

reason, it is imperative that all institutes submitting RCM simulations in data repositories such as the

Earth System Grid Federation or the Copernicus Climate Data Store, provide model output data on mul-

tiple pressure levels, so that a fair comparison with the CMIP community would be possible. In addition,

since the climate of southern Africa is highly coupled with the moisture transport coming from the ad-

jacent oceans, it is necessary that the next generation of RCM simulations within CORDEX-Africa are

performed coupled with ocean models. Lastly, since convection over southern Africa has a strong ther-

mal component during specific months of the year (Oct-Nov), it is necessary that the land-atmosphere

coupling processes within each RCM are examined in more detail, with coordinated efforts such as the

LUCAS Flagship Pilot Study https://ms.hereon.de/cordexfpslucas/index.php.en, as performed in the

Euro-CORDEX domain. In the world of regional climate modelling community, the 0.44◦ resolution of

CORDEX-Africa is no longer state of the art and ensemble efforts are now approaching convection per-

mitting grid-spacing (i.e., <4 km) in some parts of the world (Ban et al. (2021); Pichelli et al. (2021)). We

also note, that increasing effort should be made with regards to understanding the improvements made

from CORDEX0.44 simulations to CORDEX0.22. Although higher resolution is a desired target in the cli-

mate modelling community due to the more realistic representation of processes that it offers, still it

should not be used as a panacea. In the current work, certain weaknesses in the CORDEX0.22 ensem-

ble were identified, that should be addressed before the community populates further its simulation

matrix. The next generation ensembles for Africa will hopefully provide insight and improvements to

the challenges described here.

A key aspect in regional climate modelling is related to the impact that global climate models exert

on regional simulations, when GCMs are used as lateral boundary conditions for the RCM simulations.

Based on the location over which an RCM is applied and the atmospheric processes that are at play, the

lateral boundary conditions may obscure the signature of an RCM, or vice versa. This topic, focusing
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over southern Africa, is addressed in the next chapter.
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3 The impact of lateral boundary forcing in the
CORDEX-Africa ensemble over southern Africa

This chapter investigates the impact that the driving Global Circulation Models exert on Regional Cli-

mate Model simulations, performed within CORDEX-Africa for historical and future projections, con-

cerning precipitation during the rainy season over Southern Africa. This chapter has been sumbitted to

Geoscientific Model Development (GMD) Journal and is currently under review:

Karypidou, M. C., Sobolowski, S. P., Katragkou, E., Sangelantoni, L., and Nikulin, G.: The impact of lat-

eral boundary forcing in the CORDEX-Africa ensemble over southern Africa, Geosci. Model Dev. Discuss.

[preprint], https://doi.org/10.5194/gmd-2021-348, in review, 2022.

3.1 Introduction

The region of southern Africa (SAF) is among the most exposed climate change hotspots (Diffenbaugh

and Giorgi (2012)), and is projected to experience severe impacts on multiple economical and societal

sectors (Conway et al. (2015); Masipa (2017); Shew et al. (2020)). Poverty, food insecurity and high levels of

malnutrition (Misselhorn and Hendriks (2017)) render SAF a region particularly vulnerable to the impacts

of climate change (Casale et al. (2010); Luan et al. (2013); Wolski et al. (2020)). In addition, the population’s

reliance on rain-fed agriculture makes strategic planning necessary, as it aims to mitigate the impact of

climate change on local communities.

Global climate models (GCM) participating in the Coupled Model Intercomparison Project Phase

5 (CMIP5) (Taylor et al. (2012)) project a significant decline in annual precipitation over SAF (IPCC and

Stocker (2013)), with the most pronounced changes projected under representative concentration path-

way 8.5 (RCP8.5) (Sillmann et al. (2013)). This reduction is also identified in the regional climate model

(RCM) simulations performed in the context of the Coordinated Regional Climate Downscaling Exper-

iment (CORDEX) – Africa domain (Nikulin et al. (2012); Giorgi and Gutowski (2015)). More specifically

according to CORDEX-Africa simulations, annual precipitation is expected to decline by up to 50% by

the end of the 21st century (Pinto et al. (2018)), while duration of dry spells is projected to increase (Dosio

et al. (2019)). Despite this, extreme rain events are expected to increase in frequency and intensity (Pinto

et al. (2016); Abiodun et al. (2019)). Nevertheless, for a global warming level of 2 ◦C, certain parts of SAF

(northern Angola, Zambia, northern Mozambique and eastern South Africa) are projected to experience

precipitation increase during specific times of the year (Maúre et al. (2018)). The question of whether or
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not RCMs produce demonstrable added value relative to their driving GCMs, has often fueled debate

between the RCM and GCM modelling communities (Lloyd et al. (2020)). The outcome of the debate

is not binary. The literature provides ample evidence that there is indeed evidence of added value in

RCMs, but it is dependent on the region examined, on the season and the climate mechanisms that are

at play (Feser et al. (2011); Luca et al. (2016)). RCM ensembles such as those participating in CORDEX-

Africa endeavor to provide added value, by dynamically downscaling historical and scenario simulations

originating from coarse resolution GCMs (Dosio et al. (2019)). The added value in RCM simulations arises

as a result of their higher horizontal resolution (<50 km), which makes it possible for atmospheric waves

and synoptic scale disturbances to be represented in a more realistic manner. An additional aspect

that further contributes towards this end, is the more accurate representation of land surface charac-

teristics (topography, land use etc.) in RCMs (Di Luca et al. (2013)). Moreover, the physics of an RCM

can be targeted for processes specific to the region it is being run for, giving it a local advantage over

GCMs that may have had their physics developed for global applications. Nevertheless, RCMs also are

accompanied by a set of model deficiencies of their own that affect the final output of the downscaled

data (Boberg and Christensen (2012)). In Sørland et al. (2018) it is reported that although RCM biases are

affected by the driving GCMs, these biases are not additive, a result that counters the common “cascade

of uncertainty” criticism. Still, uncertainty arising from both the driving GCM and the downscaling RCM

affect the final product, and it is important to diagnose the sources and causes of these errors (Déqué

et al. (2012)).

Attributing this uncertainty into its respective components is key for a better assessment of the reli-

ability of RCM simulations (Christensen and Kjellström (2020)). GCMs provide the lateral boundary con-

ditions to the RCMs and each RCM receives, absorbs, and modulates the received atmospheric forcing

in different ways, depending on the numerical formulations and parameterization schemes employed.

Discerning between the signal received by the GCM and the signal produced by the RCM is critical for

assessing the robustness with which different modelling systems are able to accurately reproduce ob-

served climatologies and generate reliable estimates of the expected climate change. In addition, the

manner in which an RCM responds to the atmospheric forcing provided by a GCM can be region specific

(Rana et al. (2020); Wu and Gao (2020)) (e.g., regions located in close proximity to the boundaries of the

RCM domain can be more severely affected by the driving GCMs, than regions at the center of the RCM

domain or there can be region specific response around complex topography versus lowlands). Also,

the degree to which an RCM is influenced by the driving GCM can be process specific. For instance,

when there is a strong large-scale circulation signal that is introduced to an RCM domain (e.g. advec-

tive mid-latitude storms), it is quite likely that the RCM will be able to reproduce the information that

is received at its lateral boundaries. If, however, the large-scale forcing is weak, then the atmospheric

conditions simulated within the RCM domain are more dependent on the dynamic and thermodynamic

processes employed by the RCM (e.g. convective thunderstorms).

The aim of this work is to assess whether it is the RCMs or their driving GCMs that dominate monthly

precipitation climatology, monthly precipitation bias and climate change signal over SAF. The region-

specific characteristics of this question are taken into account, by analyzing SAF and three subregions,

namely southeastern Angola, Mozambique and South Africa. The different atmospheric processes that

are in play over each region are also taken into account, by analyzing monthly climatologies. Precip-
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itation over SAF results from various atmospheric processes that are highly variable during the rainy

season (Oct-Mar), so by performing the analysis on a monthly basis, it is possible to indirectly study how

certain processes are reproduced by GCM and RCM simulations. In order to differentiate between the

signal emanating from the RCMs and their driving GCMs, the analysis of variance (ANOVA) in both the

GCM and the RCM ensembles is utilized (Déqué et al. (2007); Déqué et al. (2012)).

3.2 Material and methods

3.2.1 Data

The data analyzed in the current work are displayed in Table 3.2.1 and consist of RCM simulations per-

formed in the context of CORDEX-Africa, a set of simulations performed in the context of CMIP5, and the

CHIRPS satellite rainfall product (Funk et al. (2015)). More specifically, the CORDEX-Africa simulations

selected are those that were driven by more than two GCMs and for which there are runs available for

both the historical and the future period under RCP8.5. The CMIP5 GCMs selected are the ones that

were used to drive the CORDEX-Africa simulations. All RCM and GCM simulations were retrieved from

the Earth System Grid Federation (https://esgf-data.dkrz.de/projects/esgf-dkrz/). The CHIRPS

rainfall product is used for calculating precipitation biases in both the CORDEX-Africa and CMIP5 en-

sembles and was retrieved from: https://www.chc.ucsb.edu/data/chirps. CHIRPS is available at 5 km

spatial resolution and for the calculation of biases it was remapped to the coarser resolution grid using

conservative remapping. The analysis is split into two sections: the qualitative and the quantitative part.

In the qualitative part, the aim is to identify if RCMs exhibit systematic behavior relative to their driving

GCMs. For the quantitative part, the aim is to quantify the degree to which monthly precipitation cli-

matologies, biases and climate change signals are affected by the downscaled RCMs or by the GCMs

driving the RCM simulations. For this purpose, an ensemble of 19 RCM simulations driven by 10 GCMs is

employed, along with the driving GCMs that were used to provide the lateral boundary conditions to the

RCMs. For the historical simulations the period 1985-2005 is analyzed and for the projection simulations,

the period 2065-2095 under RCP8.5 is selected. All CORDEX-Africa simulations are available at 50 km

horizontal resolution, while the horizontal resolution for the driving GCMs is provided in Table 3.2.2.
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Table 3.2.1: Input RCM and GCM simulations used. The CORDEX-Africa simulations are given

in the columns. The CMIP5 GCMs used as driving fields are given in the rows.

CCLM4-8-17.v1 RCA4.v1 REMO2009.v1

CanESM2 ✓

CNRM-CM5 ✓ ✓

EC-EARTH ✓ ✓ ✓

HadGEM2-ES ✓ ✓ ✓

MIROC5 ✓ ✓

MPI-ESM-LR ✓ ✓ ✓

IPSL-CM5A-LR ✓

IPSL-CM5A-MR ✓

CSIRO-Mk3-6-0 ✓

GFDL-ESM2M ✓

NorESM1-M ✓

Table 3.2.2: Horizontal resolution of the CMIP5 GCMs used as driving fields in the CORDEX-

Africa simulations.

GCMs Latitude Res. Longitude Res. References

CanESM2 2.7906◦ 2.8125◦ (CCCma (2017))

CNRM-CM5 1.40008◦ 1.40625◦ (Voldoire et al. (2013))

CSIRO-Mk3-6-0 1.8653◦ 1.875◦ (Jeffrey et al. (2013))

EC-EARTH 1.1215◦ 1.125◦ (Hazeleger et al. (2010))

GFDL-ESM-2M 2.0225◦ 2.5◦ (Dunne et al. (2012))

HadGEM2-ES 1.25◦ 1.875◦ (Collins et al. (2011))

IPSL-CM5A-MR 1.2676◦ 2.5◦ (Dufresne et al. (2013))

IPSL-CM5A-LR 1.894737◦ 3.75◦

MIROC5 1.4008◦ 1.40625◦ (Watanabe et al. (2010))

MPI-ESM-LR 1.8653◦ 1.875◦ (Giorgetta et al. (2013))

NorESM1-M 1.894737◦ 2.5◦ (Bentsen et al. (2013))

3.2.2 Methods

The study region and subregions considered are depicted in Fig. 3.2.1. The subregions are selected

based on particular phenomena and processes that are of importance for the seasonal cycle of pre-

cipitation. More specifically, Region A encompasses the entire SAF region and is defined as the area

extending from 10 ◦E to 42 ◦E and from 10 ◦S to 35 ◦S. Region B was selected to capture the main re-

gion of interest with regards to the Angola Low (AL) pressure system (Howard and Washington (2018))

and covers the area extending from 14 ◦E to 25 ◦E and from 11 ◦S to 19 ◦S. Region C covers the eastern

coastline, Mozambique and surrounding countries and extends from 31 ◦E to 41 ◦E and from 10 ◦S to 28
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◦S. Lastly, Region D is selected, which covers much of South Africa and extends from 15 ◦E to 33 ◦E and

from 26 ◦S to 35 ◦S.

Figure 3.2.1: Study region and subregions over southern Africa.

One of the primary synoptic scale features controlling precipitation over SAF is the Angola Low (AL)

pressure system (Reason and Jagadheesha (2005); Lyon and Mason (2007); Crétat et al. (2019); Munday

and Washington (2017); Howard and Washington (2018)), which has a distinct seasonal cycle throughout

the rainy season (Oct-Mar). This motivates its selection as a subregion for the current study. The AL

exhibits heat low characteristics during Oct-Nov and tropical low characteristics during Dec-Jan-Feb

(DJF) (Howard and Washington (2018)). This suggests that during Oct-Nov, since precipitation is ther-

mally induced and thus tightly dependent on land-atmosphere interactions, it will be the RCMs that are

dominant in controlling precipitation processes. As the rainy season progresses, the AL changes to a

tropical low pressure system and its formation is controlled by the large-scale circulation that is char-

acterized by easterly winds from the Indian Ocean that enter SAF via the Mozambique channel. Since

precipitation during DJF is caused by transient low-pressure systems, it is hypothesized that the impact

of the driving GCM fields during DJF is enhanced.

In addition, the wider area of Mozambique is a region where the majority of tropical cyclones/de-

pressions make landfall over continental SAF. The occurrence of transient low-pressure systems is en-

hanced during the core of the rainy season (DJF) and thus it is imperative to identify whether the impact

of the driving GCMs is dominant during DJF. Also, since according to Muthige et al. (2018), the number of

landfalling tropical cyclones under RCP8.5 is expected to decline in the future, it is examined whether

the impact of the driving GCMs to the RCM simulations will be altered under future conditions. Hence,
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Region C is used as a region indicative of the landfalling tropical cyclones/depressions. Lastly, the

area encompassing South Africa (Region D) is also investigated, due to its strong land-ocean gradients,

complex topography and strong seasonal variations in rainfall zones.

3.2.2.1 Monthly precipitation climatology and bias

In order to assess whether or not the RCMs improve the monthly precipitation climatologies relative to

their driving GCMs, a method initially described in Kerkhoff et al. (2015) and later employed by Sørland

et al. (2018) is currently utilized, which displays in a scatterplot form the RCM increment as a function of

the GCM bias. More specifically, the RCM increment is described as the difference of each RCM simula-

tion from its driving GCM (RCM-GCM). The RCM increment is plotted against the GCM bias (GCM-OBS).

This plot displays whether or not the RCM increment counteracts the GCM bias. If the RCM increment

reduces the GCM bias, then points are expected to lie along the y = −x line (negative correlation). On

the contrary, if the RCM increment increases the GCM bias, then points are expected to lie along the

y = x line (positive correlation). If the RCM increment and the GCM bias are independent, then points

are expected to be scattered randomly.

3.2.2.2 Climate change signal

The climate change signal (CCS) is identified as the monthly mean difference between the future period

(2065-2095) minus the historical period (1985-2005). As an exploratory method of inspecting the differ-

ences between each RCM simulation from its respective driving (GCM) for monthly precipitation during

both the historical and the future period, the downscaled precipitation field (RCMDRI ) is subtracted

from its driving (DRI) GCM, as in Eq. 3.2.2.2:

DIFF = RCMDRI −DRI

If DIFF>0, then we assume that the RCM enhances precipitation, relative to its driving GCM, while if

DIFF<0 then we assume that the RCM reduces precipitation, relative to its driving GCM. This method is

employed in the qualitative part of the analysis.

3.2.2.3 Analysis of variance

Additionally, ANOVA decomposition (Déqué et al. (2007); Déqué et al. (2012)) is employed, in order to

understand whether it is the RCMs or their respective driving GCMs that are responsible for controlling

precipitation during the historical (1985-2005) period and the future period (2065-2095). For this purpose,

two quantities are used, namely the “inter-RCM” variance and the “inter-GCM” variance, as in (Déqué et al.

(2012)). More specifically, the “inter-RCM variance” is the variance between all the RCM simulations that

are driven by the same GCM. Subsequently, all variances obtained for all driving GCMs are averaged.

RCMvar =
1

NRCM

∑

RCMj

(Pij − Pj)
2

The quantity Pij is the monthly precipitation obtained from all RCMs (j) that were driven by the same

GCM (i). The quantity Pj is the mean monthly precipitation obtained by all RCMs (j) that share a common

driving GCM (i). As a final step, the average of all variances is calculated.
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InterRCMvar =

∑
GCMI

N

Similarly, the “inter-GCM” variance describes the variance between all the GCMs that were used to

drive a single RCM and then averaged over all the variances obtained for all driven RCMs.

GCMvar =
1

NGCM

∑

GCMj

(Pij − Pj)
2

Likewise, the average of all variances is calculated.

InterGCMvar =

∑
RCMI

N

Both “inter-RCM” and “inter-GCM” variances are normalized by the total variance obtained for all

months, as in Vautard et al. (2020), so that all values, both for historical and projection runs and RCM

and GCM simulations are comparable.

3.3 Results

The October and January precipitation climatologies for the period 1985-2005 are displayed in Fig. 3.3.1

- Fig. 3.3.2 and Fig. 3.3.3 - Fig. 3.3.4, respectively. October and January climatologies are used, since

these two months can be considered representative of the distinctive processes controlling precipita-

tion over SAF. The use of seasonal means is preferred, since the temporal averaging of precipitation

often obscures attributes that are better identified on a monthly basis. More specifically, October is

used as it is the month that heralds the onset of the rainy season and is often associated with weak

precipitation and convective processes that are mainly due to excess surface heating. Also, it is during

October that the most intense formations of the heat low expression of the AL are observed. Likewise,

January is used as it represents the core of the rainy season (DJF), with very strong large-scale precip-

itation, mainly from the southeastern (SE) part of SAF, through transient synoptic scale low pressure

systems.

As displayed in Fig. 3.3.1- Fig. 3.3.2, precipitation during October occurs in the northwestern (NW)

part and the SE part of SAF. Precipitation in the NW part is associated with the southward migration of

the rainband (Nicholson (2018)), while precipitation over the SE part is associated with an early forma-

tion of the tropical temperate troughs (TTTs). As it is evident from Fig. 3.3.1- Fig. 3.3.2, CCLM4-8-17.v1

reduces precipitation amounts (approximately 4-5 mm/d) in both the NW and SE parts of SAF, relative

to the lateral boundary forcing it receives. On the contrary, RCA4.v1 systematically enhances precipi-

tation amounts, regardless of the driving GCM. Also, precipitation according to RCA4.v1 displays a very

localized spatial pattern with very strong spatial heterogeneity. This may be attributed to the fact that

the topography is not smoothed enough and leads to high precipitation values over grid boxes with high

elevation (Van Vooren et al. (2019)). This is particularly evident in the mountainous region over coastal

Angola. REMO2009.v1 also enhances precipitation amounts regardless of the driving GCM, however in

a much more spatially homogeneous way than RCA4.v1.

As it is shown in Fig. 3.3.3- Fig. 3.3.4, high precipitation amounts during January are observed over

the northern and eastern regions of SAF. During January, differences among the driving GCMs become
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more pronounced, however, all models agree on the dry conditions observed over the southwestern

(SW) part of SAF. With regards to the downscaled products, CCLM4-8-17.v1 produces high precipitation

amounts over the central part of northern SAF but displays varying amounts of precipitation over the

coastal parts, depending on the driving GCM. RCA4.v1 downscales precipitation in a very localized pat-

tern and enhances precipitation over areas with steep terrain. Also, precipitation over the lake Malawi

region is particularly enhanced, regardless of the driving GCM. REMO2009.v1 displays similar precipita-

tion amounts to its driving GCMs, however it enhances precipitation over the coastal part of Angola and

Mozambique and yields excess precipitation over lake Malawi, when it is driven by HadGEM2-ES and

IPSL.

In Fig. 3.3.5-3.3.6 the monthly precipitation bias for October over SAF is shown. Biases are calculated

using the CHIRPS satellite rainfall product as a reference. With the exception of IPSL-CM5A (LR/MR)

and CanESM2, all other GCMs display a consistent wet bias that ranges from 0.1 – 30 mm/d (in isolated

areas), with most values over SAF falling 0.1-3 mm/d. Overall, the same pattern generally holds for

RCA4.v1 and REMO2009.v1, while CCLM4-7-18.v1 displays a systematic dry bias that reaches 2 mm/d,

when forced with EC-EARTH, MPI-ESM-LR and HadGEM2-ES. More specifically, concerning RCA4.v1,

the region where the highest wet bias is observed is over Region B (the Angola Low region) and over

the NW parts of coastal Angola. The dry bias regions in RCA4.v1 are identified over the northeastern

(NE) and southern parts of SAF and they rarely exceed -1.5 mm/d.

The monthly precipitation biases for January over SAF are shown in Fig. 3.3.7-3.3.8. There is a pre-

vailing wet bias identified in almost all GCMs that typically reaches 3 - 3.5 mm/d, however, in MIROC5,

NorESM and GFDL-ESM2M the biases exceed 5 mm/d over a major part of SAF. Another feature that

systematically appears in GCMs is a dry bias over the NE part of SAF. This bias pattern is also identified

in almost all RCMs with a systematic wet bias over central and western SAF and a region of dry bias

in the NE part. More specifically, in RCA4.v1 and REMO2009.v1, there is a dry bias over the NE and the

southern coast of SAF, while in CCLM4-7-18.v1 the dry bias over the eastern region extends inland to

cover almost the whole of Mozambique. Another interesting feature is identified around the Angolan

coast, where wet biases exceed 5 mm/d, while over an adjacent region there is a strip of dry biases

that reaches 2 mm/d. Considering the abrupt increase in elevation and the steep escarpment over

the coastal Angola-Namibia region, this is possibly caused by local circulation driving excess moisture

transport from the Atlantic Ocean and overly aggressive orographically triggered precipitation on the

windward side of the topography (wet bias strip), that leads to dry conditions in the lee side (dry bias

strip) (Howard and Washington (2018)). It is noted that the wet bias over the coastal region is identified

in most of the RCA4.v1 simulations and in all REM฀2009.v1 simulations, however, the dry bias in the lee

side is seen in CCLM4-7.18.v1 only.

A more detailed look into specific subregions over SAF where certain climatological features and

processes are at play, can help gain a more in-depth insight of how the precipitation biases are dis-

tributed during each month of the rainy season and whether or not the RCMs display any improvement

relative to their driving GCMs. For this reason, we plot the RCM increments (RCM-GCM) as a function

of the GCM biases (GCM-OBS). The results for October over SAF and the 3 subregions are displayed

in Fig. 3.3.9. In general, all points are identified close to the y=-x line, hence there is a tendency that

RCMs systematically counteract GCM biases. There are nonetheless substantial differences between
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the four regions. For instance, over Region A (SAF region) the IPSL-MR GCM has a wet bias equal to

almost 1 mm/day, which is counteracted by RCA by an increment of -0.4 mm/month. Other RCA sim-

ulations when driven by HadGEM2-ES, CNRM-CM5 or EC-EARTH, display an RCM increment similar to

that of the GCM bias, hence RCMs mitigate the GCM bias. Over Region B (Angola Low region) most

of the RCMs display an RCM increment that is nearly equal to the GCM bias. Similar conclusions are

drawn for Regions C and D also. The RCM increments as a function of the GCM biases for January are

shown in Fig. 3.3.10. For all regions except Region D (South Africa) points are lying closely to the y=-x

line, hence overall, RCM increments counteract the GCM biases. In general, although precipitation in

RCMs is strongly dependent on the driving GCMs, the RCM increments are anticorrelated to the GCM

biases.

In Fig. 3.3.11 the mean analysis of variance of all RCMs driven by the same GCM and of all GCMs

driving the same RCM is shown. Values are spatially averaged for southern Africa and the 3 subregions

examined (land pixels only) and refer to the period 1985-2005. In Region A, monthly precipitation dur-

ing October and November is dominated by the RCMs, while during Jan-Mar, it is the GCMs that play a

dominant role in formulating precipitation over SAF. This is indicative of the impact that RCMs exert on

the formulation of precipitation during Oct-Nov-Dec and the fact that the contribution from the GCMs

becomes dominant during Jan-Feb-Mar. The fact that the contribution of RCMs during Oct-Nov-Dec

dominates can be attributed to the fact that precipitation during these months is the result of regional

processes that are largely dependent on the coupling between the surface and the atmosphere. The

land-atmosphere coupling is a characteristic resolved by the RCMs, through mechanisms described in

land surface models, planetary boundary layer schemes, convection schemes etc., making the contribu-

tion of the large scale drivers from the GCM less important. However, during Jan-Feb-Mar we observe

that the contribution from the RCMs is reduced, and it is the GCMs that control the monthly precipitation

variability. This can be attributed to the fact that during Jan-Feb-Mar it is the large-scale circulation that

modulates precipitation over SAF and the GCMs control the transient synoptic scale systems that enter

SAF. In Region B, the pattern is similar, however, October and November precipitation are closer to the

diagonal, indicating an almost equal contribution by both RCMs and GCMs. Also, Dec-Feb move closer

to the diagonal, nevertheless, precipitation during March is mainly formulated by GCMs. In Region C,

October remains equally influenced by both RCMs and GCMs, however November and December are

dominated by the influence of the RCMs. In Region D, precipitation for all months except October is

influenced by GCMs.

In Fig. 3.3.12-3.3.13 the climate change signal for October precipitation over SAF is depicted. All GCMs

agree that October precipitation will decline by approximately 2 mm/d over the regions that experience

precipitation during this period, namely the NW and SE parts of SAF. In addition, some GCMs display a

minor precipitation increase (0 - 0.5 mm/d) in the SW part of SAF, while some others display a slightly

larger (1.5 mm/d) precipitation increase over the eastern parts of South Africa. Moreover, it is seen that

the precipitation change signal is replicated by almost all the downscaling RCMs, nevertheless, there

are some considerable differences between the RCMs and their driving GCM. More specifically, RCA4.v1

in almost all simulations, displays a larger reduction of the precipitation change signal relative to its

driving GCM, both in magnitude and in spatial extent. Precipitation changes in CCLM4-8-17.v1 seem to

follow closely the driving GCMs, with a severe exception when CNRM-CM5 is used (the NW part of SAF
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experiences precipitation decline almost 4 mm/d larger than in the driving GCM). The case for when

CCLM4-8-17.v1 is driven by CNRM-CM5 may be partly caused by the fact that the historical simulation

had erroneously used lateral boundary conditions from a different simulation member of CNRM-CM5

(Vautard et al. (2020)). In REMO2009.v1, a precipitation decline region is identified in the NW part of SAF

and a minor precipitation increase over eastern South Africa is identified. This pattern for REMO2009.v1

appears to be consistent, regardless of the driving GCM, which could be partly explained by the fact

that precipitation during October is thermally driven, and thus the impact of the driving GCMs is not

dominant. The precipitation increase in the SE part of SAF is seen over a localized region and could be

associated with an increase in the precipitation caused by the Tropical Temperate Troughs (TTTs) (Ratna

et al. (2013);Macron et al. (2014);Shongwe et al. (2014)).

In Fig. 3.3.14 - Fig. 3.3.15 the climate change signal for precipitation during January is displayed. The

precipitation change displays a very strong regional heterogeneity. It is also observed that although

there is a strong precipitation change signal in all driving GCMs, not all RCMs downscale the signal uni-

formly. It is also notable that, even among the GCMs, there are substantial differences in the spatial

extent and sign of the change. Nevertheless, there are some features that appear in most of the simu-

lations. For instance, almost all GCMs project drying conditions over the SW part of SAF, especially the

coastal zone. The precipitation decline is equal to -1 mm/d. This could be explained by a consistent

increase in frequency of the Benguela Coastal Low-Level Jet events (Lima et al. (2019); Reboita et al.

(2019)), causing oceanic upwelling and a subsequent reduction in precipitation. In addition, there is a

subset of GCMs that identify a severe precipitation decline over the Angola region that reaches -5 mm/d.

Furthermore, in many GCMs a region of precipitation increase is identified, extending from central SAF

towards SE SAF. This is particularly identifiable in HadGEM2-ES, and the RCM simulations forced by it.

In Fig. 3.3.16 the spatial average of the RCMDRI – DRI difference (DIFF) is shown for the whole of

SAF (land pixels only). If DIFF>0, it indicates that the RCMs enhance precipitation relative to their driving

GCM, while if DIFF<0 then RCMs reduce precipitation relative to their driving GCM. As it is shown, DIFF

values for October are symmetric around zero and do not exceed the range (-1) – 1 mm/d, either for the

historical or the future period. Almost symmetric are the DIFF values for November also, however, their

spread increases, reaching values that range (-2) – 2 mm/d. In both months, CCLM4-7-18.v1 always re-

duces precipitation amounts relative to the lateral boundary forcing it receives, regardless of the driving

GCM or the period examined. During December, the precipitation reduction in all RCMs becomes more

pronounced and reaches values equal to -3 mm/d. In January, only 1 RCM enhances precipitation ( 0.5

mm/d) with all the rest displaying precipitation reduction. During February and March, some positive

DIFF values re-appear for some simulations. Overall, there is a strong linear relationship between DIFF

in 1985-2005 and 2065-2095, which further implies that if an RCM is drier than its driving GCM during

the historical period, then it will retain this attribute during the future period also. Nonetheless, we high-

light that RCMs preserve precipitation change signal generated by the GCMs. Considering that one

primary shortcoming of the GCMs over SAF is their wet bias and that RCMs systematically reduce this

bias, we gain increased confidence that RCMs can be reliably used for future projections with regards

to precipitation change.

In Fig. 3.3.17 the spatial average of the precipitation change signal from RCMs and their driving

GCMs relative to 1985-2005 for SAF and the 3 subregions is displayed. Concerning Region A, all models
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during October identify a precipitation reduction at the end of the 21st century that can reach -0.9 mm/d.

The precipitation decline signal is also identified during November, indicating a later onset of the rainy

season over SAF, as it has already been shown for CMIP5 (Dunning et al. (2018)). During December

and January there is a variability in the spatial averages of the change signal that ranges from -0.8 to 0.8

mm/d. A similar pattern is also seen for February and March. The distribution of the ensemble members

for both RCMs and GCMs in Regions B and C is similar to that of Region A, however in Regions B and C

precipitation change values display a considerably larger spread. In Region D the climate change signal

is symmetric around 0 for all months, except March.

The impact the RCMs and GCMs on monthly precipitation for the period 2065-2095 under RCP8.5

is shown in Fig. 3.3.18. Regions A and B show a similar behavior as in the historical period, however,

in Region C, precipitation during March is more strongly dominated by GCMs. The same observation

holds also for Region D. In general, regional processes continue to dominate contributions to variability

during Oct-Nov, while large scale features dominate during Dec-Mar.
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Figure 3.3.1: Monthly precipitation climatologies (mm/d) during October for the period 1985-

2005. First column (from the left) displays precipitation from the driving GCMs and columns 2-4

display the downscaled precipitation output from RCA4.v1, CCLM4-8-17.v1 and REMO2009.v1.
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Figure 3.3.2: Continued.
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Figure 3.3.3: Monthly precipitation climatologies (mm/d) during January for the period 1985-

2005. First column (from the left) displays precipitation from the driving GCMs and columns 2-4

display the downscaled precipitation output from RCA4.v1, CCLM4-8-17.v1 and REMO2009.v1.
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Figure 3.3.4: Continued.
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Figure 3.3.5: Monthly precipitation bias (model CHIRPS in mm/d) during October for the period

1985-2005. First column (from the left) displays the biases in the driving GCMs and columns 2-4

display the biases in the downscaled precipitation output according to RCA4.v1, CCLM4-8-17.v1

and REMO2009.v1.
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Figure 3.3.6: Continued.
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Figure 3.3.7: Monthly precipitation bias (model CHIRPS in mm/d) during January for the period

1985-2005. First column (from the left) displays the biases in the driving GCMs and columns 2-4

display the biases in the downscaled precipitation output according to RCA4.v1, CCLM4-8-17.v1

and REMO2009.v1.
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Figure 3.3.8: Continued.
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Figure 3.3.9: Scatterplots of the RCM increment (RCM-GCM) for precipitation (mm/day) as a

function of the GCM bias (GCM-OBS) for October. Colors indicate the driving GCM and shapes

indicate the downscaling RCMs. The four panels indicate spatial averages over southern Africa

(Region A), the Angola Low region (Region B), the Mozambique region (Region C) and South

Africa region (Region D).
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Figure 3.3.10: Scatterplots of the RCM increment (RCM-GCM) for precipitation (mm/day) as a

function of the GCM bias (GCM-OBS) for January. Colors indicate the driving GCM and shapes

indicate the downscaling RCMs. The four panels indicate spatial averages over southern Africa

(Region A), the Angola Low region (Region B), the Mozambique region (Region C) and South

Africa region (Region D).
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Figure 3.3.11: Analysis of variance for monthly precipitation during 1985-2005 for southern Africa

(Region A) and the 3 sub-regions examined, namely Region B (Angola region), Region C (Mozam-

bique region) and Region D (South Africa region). The x and y-axis display standardized precip-

itation variances.
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Figure 3.3.12: Monthly precipitation change (future present in mm/d) during October for the

period 2065-2095 relative to 1985-2005. First column (from the left) displays precipitation change

from the driving GCMs used and columns 2-4 display the downscaled products according to

RCA4.v1, CCLM4-8-17.v1 and REMO2009.v1.
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Figure 3.3.13: Continued.
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Figure 3.3.14: Monthly precipitation change (future present in mm/d) during January for the

period 2065-2095 relative to 1985-2005. First column (from the left) displays precipitation change

from the driving GCMs used and columns 2-4 display the downscaled products according to

RCA4.v1, CCLM4-8-17.v1 and REMO2009.v1.
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Figure 3.3.15: Continued.
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Figure 3.3.16: Monthly RCMDRI DRI spatial averages over southern Africa for the historical

period (1985-2005) on the x-axis and the future period (2065-2095) under RCP8.5 on the y-axis.
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Figure 3.3.17: Spatial average of the precipitation change signal (mm/d) from RCMs and their

driving GCMs relative to 1985-2005 for southern Africa and the 3 sub-regions examined.
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Figure 3.3.18: Analysis of variance for monthly precipitation during 2065-2095 for southern Africa

(Region A) and the 3 sub-regions examined, namely Region B (Angola region), Region C (Mozam-

bique region) and Region D (South Africa region). The x and y-axis display standardized precip-

itation variances.
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3.4 Discussion and conclusions

In this work we investigated whether it is the RCMs or the driving GCMs that control the monthly precip-

itation variability, monthly precipitation biases and the climate change signal over southern Africa and

how these relationships vary from month-to-month through the rainy season. Towards this end, we use

an ensemble of 19 RCM simulations performed in the context of CORDEX-Africa and their driving GCMs.

According to the literature (Munday and Washington (2018)), precipitation in the CMIP5 simulations is

characterized by a systematic wet bias over southern Africa. In the CORDEX-Africa RCM simulations

there is also a persistent wet bias, especially during the core of the rainy season (DJF), however, it is of

smaller magnitude and of smaller spatial extent in the RCMs than the GCMs. It is found that all RCMs

reduce monthly precipitation compared to their driving GCMs for both historical (1985-2005) and future

period (2065-2095) under RCP8.5.

Over Region B, which encompasses Angola Low (AL) activity, the months with the largest biases

are found to be November and March. November is the month during which there is a transition of the

AL from a heat low phase to a tropical low system, and March indicates the end of the rainy season.

Hence, precipitation during the transition months is challenging for both RCMs and GCMs. Over Region

C, representing the wider area of Mozambique, the bias signal is reversed and after January most of

the models display a dry bias. Over South Africa (Region D), the majority of models display a consistent

wet bias for all months of the rainy season. All models (CMIP5 and CORDEX-Africa) display an intense

dry bias in the NE part of SAF, which can be related to the misrepresentation of the moisture transport

entering the region from the Indian Ocean (Munday and Washington (2018)). In general, although RCMs

display an improvement of precipitation biases relative to their driving GCMs, still some bias patterns

persist even in RCMs, calling for a process-based evaluation of specific climatological features such

as the formulation of the Angola Low and the transport of moisture from the NE part of SAF towards

central SAF.

More specifically, we found that CCLM4-7-18.v1 produces the smallest bias when the whole of

SAF is examined, however, it displays a systematic dry bias over Region C (greater Mozambique re-

gion), hence, CCLM4-7-18.v1 should be used with caution over eastern SAF, especially if it is exploited

within drought-related climate services. Concerning RCA4.v1, we find a very regionally heterogeneous

-almost pixelated- spatial pattern for precipitation, which can be attributed to the sharp topography

used (Van Vooren et al. (2019)). RCA4.v1, due to the large size of its ensemble, is optimal for analyzing

its behavior under different driving GCMs. In general, we find that RCA4.v1 is more prone to follow the

signal received from the driving GCMs, contrary to what is observed for CCLM4-7-18.v1. REMO2009.v1

presents a compromise between the behaviors of RCA4.v1 and CCLM4-7-18.v1.

It is highly recommended that when RCM simulations are used for the whole of SAF or a subregion

thereof, the spread and statistical properties of all available RCMs and their driving GCMs should be ex-

amined and an ensemble of RCMs should be employed based on their ability to reproduce key climatic

features of the region of interest. Increasing evidence is provided that not all models are fit for con-

structing an ensemble mean (or median) for all regions (Her et al. (2019); Raju and Kumar (2020); Tebaldi

and Knutti (2007)). Lastly, a very important aspect when the calculation and characterization of biases

is discussed for GCMs and RCMs, is that biases are assessed based on a satellite or gauge-based prod-
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uct, which are often erroneously regarded as “the ground truth” (Harrison et al. (2019); Alexander et al.

(2020)). Of course, the climate community is bound to work with the state-of-the-science products that

are available, however, biases and errors in the “observational datasets” should be kept in sight when

the bias of climate models is discussed. In this work we use the CHIRPS precipitation product, as it has

been shown to outperform other satellite precipitation products (Toté et al. (2015); Ayehu et al. (2018);

Dinku et al. (2018)).

Concerning the climate change signal, there is a strong agreement among all GCMs and RCMs

that precipitation during October will decrease by (-0.1) – (-1) mm/d, a fact which is associated with a

projected later onset of the rainy season, which is further associated by a northward shift of the tropical

rain belt (Dunning et al. (2018)). For the rest of the months, the results are variable, indicating the need

for a multi-model approach, when climate change impacts are assessed. A feature that is identified in

some GCMs and is transferred to the downscaling RCMs, is a precipitation increase that extends from

the central SAF region towards the southeast. This result is consistent with previous work that shows an

increase in frequency of landfalling cyclones along the eastern seaboard of SAF (Muthige et al. (2018)).

Since tropical cyclones are a particular cause of severe flooding events over the region of Mozambique,

there is an urgent need for planning and mitigation strategies over the region.

Lastly, concerning precipitation variability and whether it is the RCMs or the driving GCMs that dom-

inate monthly precipitation, we find that, as expected, over the whole of SAF (Region A), October and

November are dominated by RCMs, while during Dec-Mar it is the GCMs that mainly formulate the pre-

cipitation climatologies. This is explained by the fact that after December there is a strong large-scale

forcing, which is provided to the RCMs by the lateral boundary conditions given through the GCMs. The

results for the historical period are comparable to that for future projections.
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4 Southern Hemisphere upper-troposphere jet
stream

4.1 Introduction

The meridional temperature gradient caused by the differential warming between the tropics and the

poles is responsible for the existence of a baroclinic zone at mid-latitudes in both hemispheres (Thomp-

son and Woodworth (2014)). The transport of momentum and energy from the tropics towards the poles,

under the influence of the Coriolis force, produces fast moving atmospheric currents in the upper tro-

posphere, the jet streams (Li and Wettstein (2012)). In light of the anthropogenic warming observed

during the last decades (IPCC and Stocker (2013)) and the poleward expansion of the tropics (Staten

et al. (2018); Maher et al. (2020); Yang et al. (2020)), a crucial question has emerged with regards to how

this temperature gradient will change (Yang et al. (2020)) and what further implications will this have on

jet streams, storm tracks and weather regimes on both hemispheres. Jet stream characteristics display

variable attributes between the two hemispheres Manney and Hegglin (2018).

In the Northern Hemisphere (NH), the disentangling of the climate change signal from the internal

variability noise, poses severe challenges in determining whether the jet has strengthened and whether

it has shifted polewards (Barnes and Screen (2015)). The fast warming rate of the Arctic, compared to

warming observed over lower latitudes has been termed as Arctic Amplification (Previdi et al. (2021);

Rantanen et al. (2022)). Arctic amplification (Cohen et al. (2014)) has caused the weakening of the merid-

ional temperature gradient between the tropics and the pole in lower troposphere. This mechanism

alone would shift the jet equatorward (Woollings and Blackburn (2012); Pena-Ortiz et al. (2013)), as it has

been simulated during summer by climate models (Barnes and Simpson (2017)). Nonetheless, the tem-

perature gradient of the upper troposphere between the tropics and the Arctic has increased, a fact that

would cause a poleward jet shift. Therefore, the aforementioned competing forces are in a tug-of-war

and the question of which force has historically dominated the jet shift is not fully answered. However,

since competing forces act on different pressure levels in the troposphere, it was found that a unique

signature of the climate change impact on the NH jet is a robust increase of its wind shear (Lee et al.

(2019)). More specifically, no increase of wind speed in the North Atlantic sector of the jet was identified,

however, vertical wind shear increased by 15% during the last four decades (Lee et al. (2019)).

The dominant process over the Southern Hemisphere (SH) controlling the position and intensity of

the jet stream is ozone depletion in the lower stratosphere – upper troposphere of Antarctica (Thompson
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et al. (2011); Dhomse et al. (2019)), which is particularly evident during summer. The reported poleward

shift of the jet was found to be 2◦ polewards during the end of the 20th century (Rivière (2011); Pena-Ortiz

et al. (2013); Karpechko (2020)). In addition, the increase of long-lived greenhouse gases (LLGHGs) in the

tropics that warm the middle and upper tropical troposphere have contributed significantly (Steiner et al.

(2020)) in enhancing the temperature gradient between the tropics and the pole (Rotstayn et al. (2013)).

This pattern (increase in LLGHGs over the tropics and ozone depletion over the Antarctica) steers the

poleward migration of the jet and favors the occurrence of the positive phase of the South Annular Mode

(SAM) (Thompson and Wallace (2000); Kushner et al. (2001); Swart et al. (2015)), which further causes

temperature increase over Antarctica in the lower troposphere also (Clem et al. (2020)). Consequently,

the wind speed of the jet has also increased during the last decades (Gallego et al. (2005); Pena-Ortiz

et al. (2013)). Nonetheless, an aspect that until now has not been examined for the SH jet yet, is the

change (if any) in its vertical wind shear.

The aim of this chapter is to tackle the question with regards to whether wind shear of the SH jet

stream has increased during the last decades, using a reanalysis product, and to further investigate the

degree to which vertical wind shear in the jet stream can be attributed to the thermal wind balance.

4.2 Data and Methods

This work is performed using the ERA5 reanalysis product Hersbach et al. (2020) on a 0.25◦ x 0.25◦

horizontal spatial resolution. Data are retrieved from the Copernicus Climate Data Store for the period

1950-2021. Mean monthly temperature is retrieved for 200, 250, 300, 400, 500, 600, 700, 850, 925 and

1000 hPa, while mean monthly zonal wind component is retrieved on 200, 250, and 300 hPa. All variables

are obtained and analyzed for the SH (1 – 90 ◦S and 180 ◦W to 180 ◦E).

The jet stream is identified as the zonal wind component at 250 hPa, where mean annual eastward

wind speed exceeds 20 m/s. Other studies have used the threshold of 30 m/s (Gallego et al. (2005);

Pena-Ortiz et al. (2013)), however they considered daily wind speed fields. Here, the threshold of 20

m/s corresponds to the 90th percentile of the distribution of annual 250 hPa zonal wind values. In

addition, the jet stream is identified into its subtropical jet (STJ) and polar jet (PJ) counterparts, based

on the latitude on which they occur, which in general is an acceptable compromise for the SH. More

specifically, when jet structures are identified between 1 ◦S to 40 ◦S then this is termed as STJ, while

when they are identified from 40 ◦S to 90 ◦S, then this is considered as PJ (Gallego et al. (2005); Pena-

Ortiz et al. (2013)).

Wind shear at 250 hPa is calculated using two different approaches. The first approach to calculate

Wind shear is by employing centered vertical finite differences between 200 and 300 hPa, according to

Eq. 4.2, using mean annual zonal wind speed, following Lee et al. (2019) and is expressed as m/s per

100 hPa.

WindShear = U200 − U300

The second approach to calculate wind shear at 250 hPa is by using the thermal wind balance, as

shown in Eq. 4.2, in accordance to Wallace and Hobbs (2006):
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−
∂u

∂p
= −

R

f ∗ p
∗
∂T
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in which p is atmospheric pressure, R is the specific gas constant for dry air (R 0฀.286), f is the Coriolis

parameter, u is the zonal wind speed and T is temperature at 250 hPa. The left side of Eq. 4.2 indicates

wind shear as a function of pressure, while the right side indicates the meridional temperature gradient.

Trends are calculated using Theil-Sen’s slope (Sen (1968); Theil (1992)) and statistical significance is

assessed using the Mann-Kendall test (Mann (1945); Kendall (1948)).

4.3 Results

In Fig. 4.3.1 the annual temperature trends (K per decade) in ERA5 for the period 1950-2021 at each

pressure level are shown. Trends are calculated using Sen’s slope. It is evident that the upper tropo-

sphere (200 and 250 hPa) displays the largest warming difference between the tropics and Antarctica.

Temperature trends over the tropics and part of the extra-tropics ( 30 ◦S) increase with a rate of 0.2 - 0.3

K/decade at 200 and 250 hPa, while the region from 60 ◦S and polewards is dominated by decreasing

trends that reach -0.3 to -0.1 K/decade, for 200 and 250 hPa, respectively. Statistical significance is

examined for a=0.05. At 300 hPa increasing trends are observed across the whole SH, ranging from 0.1

to 0.25 K/decade, with an exception for Antarctica where weak and not statistically significant trends

are displayed. At 400 and 500 hPa increasing trends are observed throughout the whole SH, while at

600 hPa, isolated areas of temperature increase exceeding 0.3 K/decade are observed over Antarctica.

These regions become more pronounced closer to the surface.

In Fig. 4.3.2 the density plots of annual temperature (K) for five climatological periods in ERA5 and for

three pressure levels are shown. Spatial averages over the original ERA mesh are calculated across the

tropical – extratropical region (1 - 40 ◦S) (Fig. 4.3.2a) and across the higher latitude region (40 ◦S – 80 ◦S)

(Fig. 4.3.2b) for the upper troposphere (200, 250, and 300 hPa). For both regions and for all pressure levels

there is a clear shift of the calculated densities towards higher temperature values, moving from the

1951–1980 climatology towards the most recent climatology (1991–2020). During the latter climatology

there is also an observed stretching of the tails of the distributions, indicative of extreme events. There is,

however, an exception for 200 hPa in Fig. 4.3.2b, where the distribution of the latter climatology displays

an identifiable shrinkage and shift towards lower temperatures.

In Fig. 4.3.3a, the mean annual zonal wind speed at 250 hPa (m/s) for the period 1950–2021 is dis-

played. Maximum wind speeds indicative of the jet stream are observed between 20 ◦S and 60 ◦S. The

STJ identified equatorward of 40 ◦S displays maximum speed values over Australia and the western

Pacific, reaching 36 m/s. These regions are also characterized by the descending branch of the Hadley

cell. Poleward of 40 ◦S, maxima of zonal wind speeds are identified over the southwestern Indian Ocean.

As shown in Fig. 4.3.3b, statistically significant increasing trends of wind speed are identified between

latitudes 40 ◦S to 60 ◦S ranging from 0.2 to 0.65 m/s per decade. Maximum increasing trends are al-

most collocated with the PJ jet core region. Across latitudes 20 ◦S there is also a secondary region of

increasing trends identified, which is however of smaller magnitude. Vertical wind shear at 250 hPa cal-

culated from the difference between 200 and 300 hPa is displayed in Fig. 4.3.3c. High wind shear values

are observed between 20 ◦S to 40 ◦S, indicating that the STJ is highly sheared. Wind shear poleward
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Figure 4.3.1: Annual temperature trends (K per decade) in ERA5 for the period 1950-2021 at

each pressure level. Trends are calculated using Sens slope. Statistical significance is assessed

using the Mann-Kendall test. Non-statistically significant trends are indicated by dots (a=0.05).

of 40 ◦S is considerably weaker. In Fig. 4.3.3d, wind shear trends are displayed. In general, wind shear

trends are weak and for the largest extent of the SH not statistically significant, however, over a region

extending from the central Indian Ocean towards western Australia wind shear trends exceeding 0.6

m/s/100 hPa per decade are observed.

In Fig. 4.3.4 time series of annual zonal wind speed and vertical wind shear at 250 hPa are shown,

for the period 1950–2021 and averaged over selected regions of interest. Concerning wind shear (Fig.

4.3.4a), there is a statistically significant increase in all regions (with an exception for Region A and C, in

which although shear is increasing, it is not statistically significant), ranging from 1.56 to 5.69 m/s/100

hPa per decade. The largest wind shear increase (5.69 m/s/100 hPa per decade) is observed over

the southern Indian Ocean, while statistically significant increasing trends are also identified over the

southeastern Atlantic Ocean. In general, both the STJ (Region G) and PJ (Region F) have become more

sheared during the last seven decades, however, vertical wind shear increase is more severe in the STJ

(3.25 m/s/100 hPa per decade). Concerning wind speed (Fig. 4.3.4b), over almost all the subregions

examined a decreasing trend is identified, which is statistically significant only over Region E (southern
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Figure 4.3.2: Density plots of annual temperature (K) for five climatological periods (1951-1980,

1961-1990, 1971-2000, 1981-2010, 1991-2020) in ERA5 and for three pressure levels: 200, 250 and

300 hPa. Spatial averages over a) from 1 to 40 ◦S and from 180 ◦E to 180 ◦W and b) from 40 to

80 ◦S and from 180 ◦E to 180 ◦W.

Indian Ocean). Overall, robust increasing wind speed is identified over Region F, implying that during

the last seven decades the PJ has strengthened, with a rate 3.9 m/s per decade.

In Fig. 4.3.5 wind shear at 250 hPa calculated from the zonal wind fields at 200 and 300 hPa (Fig.

4.3.5a), along with wind shear calculated from thermal wind balance (Fig. 4.3.5c). As shown, wind shear

calculated using the thermal wind balance displays very similar spatial patterns across the whole SH

(compared to vertical wind shear calculated directly from observations at 200 and 300 hPa). More specif-

ically, maximum vertical wind shear values are identified over latitudes ranging from 20 ◦S to 40 ◦S, indi-

cating a strongly sheared STJ. Within this range of latitudes, local wind shear maxima are identified over

the western Pacific, over a tilted region extending from central Pacific towards South America, and over

the Indian Ocean and Australia. The spatial pattern of the trends of wind shear calculated from thermal

wind balance (Fig. 4.3.5d) is very similar to the ones calculated from the zonal wind at 200 and 300 hPa.
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Figure 4.3.3: a) Mean annual zonal wind speed at 250 hPa (m/s), b) trend for mean annual zonal

wind speed at 250 hPa (m/s per decade), c) mean annual wind shear of zonal wind at 250 hPa

((m/s)/100 hPa), d) trend for mean annual wind shear of the zonal wind at 250 hPa ((m/s)/100

hPa per decade). Data used: ERA5 for the period 1950 - 2021. Statistical significance is assessed

using the Mann-Kendall test. Non-statistically significant trends are indicated by dots (a=0.05).
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Figure 4.3.4: Time series of mean annual zonal wind attributes at 250 hPa in ERA5 for the period

1950-2021. a) Spatial average of vertical wind shear ((m/s)/100 hPa), b) spatial average of zonal

wind speed (m/s). Spatial averaged are calculated the 6 boxes shown in panel c, d) Mann-Kendall

tau per region asterisk indicates statistically significant trends (a=0.05).
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Figure 4.3.5: a) Mean annual wind shear of zonal wind at 250 hPa ((m/s)/100 hPa), b) trend

for mean annual wind shear of the zonal wind at 250 hPa ((m/s)/100 hPa per decade), c) mean

annual wind shear of zonal wind at 250 hPa ((m/s)/100 hPa) calculated from thermal wind

balance, d) trend for mean annual wind shear of the zonal wind at 250 hPa ((m/s)/100 hPa

per decade) calculated from thermal wind balance. Data used: ERA5 for the period 1950 - 2021.

Statistical significance is assessed using the Mann-Kendall test. Non-statistically significant trends

are indicated by dots (a=0.05).
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4.4 Discussion

In this work the question in concern is whether wind shear over the SH in the upper-level jet stream

has changed over the last seven decades, according to the ERA5 reanalysis product. Additionally, wind

speed trends are also examined. It is found that the wind speed of the PJ is increasing with a rate of

3.9 m/s per decade. Maximum wind speed trends are identified over the southern Indian Ocean. Wind

shear is increasing in both the STJ and the PJ, however, wind shear trends in the STJ are larger (3.25

m/s/100 hPa per decade). Wind shear can be attributed to the temperature gradient between the

tropics and the pole, which is verified by the fact that when wind shear is calculated using the thermal

wind balance, its spatial pattern and magnitude is very similar to when wind shear is calculated from

the zonal wind fields at 200 and 300 hPa.

The robust declining temperature trends in the lower stratosphere - upper troposphere (200 hPa)

over Antarctica are associated to the radiative cooling caused by ozone depletion (Bandoro et al. (2014)),

while the near surface (700 – 1000 hPa) increasing trends are associated to a severe cyclonic anomaly

over the western Pacific, in combination with a positive SAM phase (Clem et al. (2020)). Ozone depletion

over Antarctica was found to exhibit a great impact on the circulation of the SH, mainly by favoring the

occurrence of positive SAM events. Positive SAM was linked to warming over mainland regions of the

SH, such as southern Africa (Manatsa et al. (2013)). Most notably, the enhancement of positive SAM was

found to be correlated with the strengthening of a semi-permanent low-pressure system, the Angola

Low pressure system (Munday and Washington (2017); Howard and Washington (2018)), which is a key

atmospheric feature controlling the re-distribution of low-level moisture over SAF. Variability in strength,

location and waviness of the STJ over the south-east Atlantic and south-west Indian Oceans severely

affect the occurrence of tropical temperature troughs (TTTs) over southeastern SAF (Vigaud et al. (2012);

Macron et al. (2014)). It is noted that precipitation over SAF is approximately to 40% attributed to the

occurrence of TTTs (Macron et al. (2014)).

A further question to be tackled is how is the jet stream simulated in regional climate model sim-

ulations over Africa and how are their attributes associated to regional precipitation. This question is

addressed in the following chapter.
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5 Dynamical aspects of the rainy season
climatology over southern Africa in the
CORDEX-Africa ensemble

5.1 Introduction

Southern Africa (SAF) is a region whose societal and economic prosperity is highly coupled with pre-

cipitation variability (Hoell et al. (2021)). The timing of rainfall onset and cessation is a key attribute for

successful agricultural yield (Sazib et al. (2020)), adequate hydropower supply (Conway et al. (2015)),

and sufficient water for hygiene and sanitation (Winter et al. (2021)). In this context, access to “Clean Wa-

ter and Sanitation” is indexed as the 6th Goal of the Sustainable Development Goals set by the United

Nations (https://sdgs.un.org/goals). Therefore, precipitation is justifiably listed among the Essential

Climatic Variables (ECVs), as defined by the Global Climate Observing System (GCOS) project (Bojinski

et al. (2014)), operating under the auspices of the World Meteorological Organization (WMO). Nonethe-

less, accurate estimates of precipitation over SAF present a non-trivial challenge. Scarcity of observed

precipitation data over the region, pose a severe difficulty in the construction process of homogeneous

high-resolution rainfall products (Le Coz and van de Giesen (2020)).

Precipitation as simulated by the Global Climate Models (GCMs) participating in the Coupled Model

Intercomparison Project Phase 5 (CMIP5) ensemble Taylor et al. (2012), displayed a systematic wet bias

over SAF. This bias is caused by the excess moisture inflow towards mainland areas, originating primarily

from the tropical Indian Ocean and entering SAF through Tanzania (Munday and Washington (2018)).

Due to the coarse resolution of CMIP5 GCMs, high elevation areas over Tanzania are misrepresented

and moisture flux from the tropical Indian Ocean enters central SAF unhindered. The same wet bias

persists also in the CMIP6 ensemble (Tian and Dong (2020)). A substantial improvement with regards

to precipitation was achieved by the Coordinated Regional Downscaling Experiment – Africa (CORDEX-

Africa) set of simulations (Giorgi and Gutowski (2015); Jacob et al. (2020)), which was partly attributed

to the increased spatial resolution of the Regional Climate Models (RCMs) involved (Karypidou et al.

(2022a)). More specifically, it was diagnosed that in the CORDEX-Africa ensemble, low-level moisture

fluxes entering SAF from the tropical Indian Ocean during December-January-February (DJF), are forced

to recurve around northeast SAF and are navigated towards northern Madagascar. Still, a wet bias was

nevertheless also present in the CORDEX-Africa ensemble, but it was of smaller magnitude than that

observed in the CMIP5 ensemble.

81

https://sdgs.un.org/goals


Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

Precipitation regimes over southern Africa are highly correlated with sea surface conditions both

with the adjacent Atlantic and Indian Oceans and the more remote Pacific Ocean (Maidment et al. (2015);

Pomposi et al. (2018)). The dominant mode of interannual precipitation variability over SAF is associated

with the El Nino – Southern Oscillation (ENSO) (Reason and Jagadheesha (2005)), with the La Nina phase

being associated with wet conditions over the subcontinent (Giannini et al. (2008)). Another significant

mode of interannual variability is the Indian Ocean Dipole (IOD), associating SST differences between

the east and the west Indian Ocean with the moisture that is advected towards SAF (Polonsky and Torbin-

sky (2021)). More specifically, when SSTs over the western Indian Ocean are warmer than those over its

eastern counterpart, moisture fluxes towards eastern SAF are enhanced (Reason (2001)). A complimen-

tary dipole between the south-west and the north-west Indian ฀cean results to excess DJF precipitation

over SAF, when SSTs over the south-west Indian Ocean are larger than SSTs over the north-west Indian

Ocean (Washington and Preston (2006)).

Over the southern Atlantic Ocean, a semi-permanent high pressure (SAHP) system plays a significant

role in navigating the cold ocean upwelling currents along SAF’s western coast and inhibiting convection

during DJF (Desbiolles et al. (2020)). Over the Indian Ocean, the Mascarene high (MH) pressure system is

key for moisture transport towards SAF (Xulu et al. (2020)). Climatic conditions over the southeastern part

of the subcontinent are significantly influenced by the Agulhas Current (AC), which is characterized as

the strongest western boundary current of the southern hemisphere. The AC has been associated with

a co-located rainband of precipitation, which is reinforced by enhanced latent heat fluxes, through the

evaporation of sea water (Njouodo et al. (2018)). Over SAF, a dominant semi-permanent low-pressure

system responsible for the distribution of moisture over the subcontinent is the Angola low (AL) pressure

system (Munday and Washington (2017)), located over southeast Angola. The AL has solely heat low

characteristics during the early rainy season (Oct-Nov: ON), while during DJF it is characterized as the

climatological mean of transient low-pressure systems (Howard and Washington (2018)). The AL has

been found to exert a significant impact on the severity of ENSO over SAF (Reason and Jagadheesha

(2005)).

Although a significant number of studies has been performed within CORDEX-Africa with respect

to evaluating key climatological variables (Nikulin et al. (2012); Kalognomou et al. (2013); Shongwe et al.

(2014); Favre et al. (2016)) and assessing future projections (Maúre et al. (2018); Tang et al. (2019); Dosio

et al. (2021)), there is still need to investigate the dynamical processes controlling precipitation climatol-

ogy over SAF in more detail. One of the reasons hindering certain types of dynamical analysis within

CORDEX-Africa is that variables available on vertical pressure levels are limited. In this work, the aim

is to utilize the whole set of the CORDEX-Africa variables available on pressure levels, in order to get a

more comprehensive overview of the simulated climate by each RCM for the historical simulations, and

how the story each RCM narrates corresponds to the precipitation climatology during the rainy season

of the period 1986-2005.

5.2 Data

In this work 26 RCM simulations are utilized, performed within CORDEX-Africa, with a 0.44◦ x 0.44◦ hor-

izontal spatial resolution (Table 5.2.1). Historical runs for the period 1986-2005 are exploited and the
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focus is placed on the rainy season over SAF, extending from October until March. All variables are ana-

lyzed for the early rainy season (ON) and for the core rainy season (DJF). The region in concern extends

from 0 – 44 ◦S and from -24 to 59 ◦E, enclosing the southern hemisphere extent of the CORDEX-Africa

domain. It is noted that more than half of the total grid points within the analyzed region are ocean

grids points located over sea. Although CORDEX-Africa simulations are not coupled with ocean mod-

els, these grid points located over sea are preserved for visual inspection purposes. All simulations are

retrieved from the Earth System Grid Federation (https://esgf-data.dkrz.de/projects/esgf-dkrz/).

The downloaded files contain monthly values and the analyzed variables are the following: precipita-

tion (pr), convective precipitation (prc), outgoing longwave radiation (OLR) at the top of the atmosphere

(rlut), u and v wind components at 200 hPa, 500 hPa and 850 hPa (u200, u500, u850, v200, v500, v850),

temperature at 200 hPa, 500 hPa and 850 hPa (ta200, ta500, ta850), sea level pressure (psl), specific

humidity at 850 hPa (hus850), and geopotential height at 200 hPa and 500 hPa (zg200, zg500). Addi-

tionally, vertical velocity is retrieved from the ERA5 reanalysis dataset (Hersbach et al. (2020)), in order

to identify regions with ascending motion over SAF. Moreover, the zonal wind component is obtained

in order to investigate vertical zonal wind profiles. ERA5 data are retrieved from Copernicus Climate

Data Store (https://cds.climate.copernicus.eu/#!/home). Vertical cross sections are plotted using

data from the following pressure levels: 850, 800, 750, 700, 650, 600, 550, 500, 450, 400, 350, 300, 250,

200 and 150 hPa.
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Table 5.2.1: Regional climate model simulations participating in the Coordinated Regional Cli-

mate Downscaling Experiment (CORDEX) Africa ensemble used in the current analysis, with a

horizontal spatial resolution equal to 0.44◦ (CORDEX0.44). Data are retrieved from the Earth

System Grid Federation (https://esgf-data.dkrz.de/projects/esgf-dkrz/).

RCM Driving GCMs Institute References

CCLM4-8-17.v1 CNRM-CM5 CLMcom

EC-EARTH

HadGEM2-ES

MPI-ESM-LR CNRM-CM5 COSMO (2020)

HIRHAM5.v2 EC-EARTH DMI Christensen et al. (2007)

RACMO22T.v1 EC-EARTH KNMI van Meijgaard et al. (2008)

EC-EARTH

HadGEM2-ES

RCA4.v1 CanESM2 SHMI Samuelsson et al. (2015)

CNRM-CM5

CSIRO-Mk3-6-0

EC-EARTH

IPSL-CM5A-MR

HadGEM2-ES

MPI-ESM-LR

NorESM1-M

GFDL-ESM2M

REMO2009.v1 EC-EARTH MPI - CSC Jacob et al. (2012)

MPI-ESM-LR MPI - CSC

PSL-CM5A-MR GERICS

MIROC5 GERICS

HadGEM2-ES GERICS

GFDL-ESM2G GERICS

CRCM5.v1 CanESM2 CCCma Scinocca et al. (2016)

MPI-ESM-LR

SHMI: Swedish Meteorological and Hydrological Institute, CLMcom: Climate Limited-area Mod-

elling Community, DMI: Danish Meteorological Institute, KNMI: Royal Netherlands Meteorolog-

ical Institute, MPI-CSC: Max Planck Institut and Climate Service Center Germany, Helmholtz-

Zentrum Geesthacht, GERICS: Climate Service Center Germany, CCCma: Canadian Centre for

Climate Modelling and Analysis
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5.3 Methods

Starting from the large-scale atmospheric features influencing precipitation over SAF, the focus is placed

on the position and intensity of the Subtropical Jet (STJ) identified at 200 hPa. STJ is seen as a current

of fast-moving air circumnavigating the southern hemisphere (Gallego et al. (2005)), acquiring its max-

imum intensity ( 45 m/s) during winter months (June-July-August: JJA), while during summer months

(December-January-February: DJF) it is observed to be at its weakest phase (Nakamura and Shimpo

(2004)). The reason for that being that during winter months the temperature difference between trop-

ical and polar regions is maximized, enhanced by the fact that convection in the tropics navigates the

circulation through divergent outflow towards the southern pole (Gillett et al. (2021)). The mean latitude

for STJ during JJA is 26 ◦S, while during DJF it migrates to higher latitudes ( 32 ◦S) (Gallego et al. (2005)).

In this work, in order to identify STJ, the zonal component of wind at 200 hPa is used.

A lower-level jet (LLJ) that has received significant research attention for its influence on weather

systems over western and eastern Africa is the African Easterly Jet (AEJ). Nonetheless, the southern

branch of AEJ (AEJ-S) has been relatively neglected, despite its severe impact on precipitation over

central and southern Africa (Kuete et al. (2020)). AEJ-S is particularly active during Sep-Oct-Nov (SON)

and is identified at 500-600 hPa as an easterly flowing current of air ranging over latitudes between

5 – 15 ◦S (Nicholson and Grist (2003)). AEJ-S is a thermal wind (Nicholson and Grist (2003); Adebiyi

and Zuidema (2016)) caused by the continental temperature gradient created between tropical Africa

dominated by deep moist convective systems and the thermal heat low system residing over southern

Angola and the Kalahari area (Munday and Washington (2017); Howard and Washington (2018)). Similarly

to its northern counterpart (Wu et al. (2009)), AEJ-S is also characterized by strong vertical wind shear

and therefore strong (weak) AEJ-S events are associated with decreased (increased) precipitation over

southern Africa. In this work we identify AEJ-S using easterly moving zonal wind at 500 hPa.

Vorticity is a quantity describing the measure of spin of an air mass in the atmosphere and is a key

variable in diagnosing cyclonic activity (in the southern hemisphere negative vorticity values indicate

clockwise/cyclonic rotation) (Holton (2004)). When vorticity is examined as a sum of its shear and cur-

vature components, is described by Equation 5.3 and is termed as relative vorticity. Here, the vertical

component of vorticity is used and is calculated at 850 hPa, in order to identify the AL pressure system.

ζ =
∂v

∂x
−

∂u

∂y

For planetary vorticity in which the Coriolis parameter (f ) is also considered, absolute vorticity is

given in Equation 5.3. Absolute vorticity describes the spin of an air mass due to the rotation of the

Earth, along with its shear and curvature components.

ξ =
∂v

∂x
−

∂u

∂y
+ f

The advection of vorticity is used as a strong indication of areas of vertical motion (Holton (2004)).

In the southern hemisphere, negative vorticity advection (NVA) intensifying with height, corresponds to

regions of rising motion. Vorticity advection is usually examined at 500 hPa, since 500 hPa is considered

to be the non-divergence level. Relative vorticity advection is given in Equation 5.3 and absolute vorticity

advection is given in Equation 5.3. Both quantities are calculated at 500 hPa.
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V Aζ = −ū∇ζ

V Aξ = −ū∇ξ

A significant process influencing climatic regimes over SAF is the inflow of moisture from the Atlantic

and the Indian Oceans towards the mainland subcontinent. With the purpose to identify moisture fluxes,

moisture flux divergence (MFD) is calculated at 850 hPa, which allows the investigation of low-level

moisture circulation. For the calculation of MFD the u and v wind components and specific humidity (q)

at 850 hPa are utilized. MFD is calculated using Equation 5.3. MFD at middle troposphere has been found

to correlate strongly with precipitation (maximum correlation was identified at 700 hPa) and is a quantity

that could be successfully used to constrain the results of climate models (Creese and Washington

(2016)).

MFD =
∂(qu)

∂x
+

∂(qv)

∂y

Potential temperature at 850 hPa is calculated using Poisson’s equation, as given in Equation 5.3. T0

is potential temperature, P0 is the reference pressure level (1000 hPa) and P is the pressure surface in

concern (850 hPa).

T0 = T (
P0

P
)0.286

5.4 Results

5.4.1 Precipitation climatology

October heralds the onset of the rainy season over SAF. In Fig. 5.4.1 the vertical velocity (Pa/s) profiles

during ON from ERA5 are shown. As displayed in Fig. 5.4.1a, upward motion extending up to 200 hPa

is observed in latitudes ranging from 5 to 15 ◦S. South of 30 ◦S, air is descending throughout the tropo-

spheric column. Similarly, in Fig. 5.4.1b there is strong upward motion up to 15 ◦S, however, a secondary

area of upward motion is also identified at 27 ◦S. The deep ascending cell is associated with the tropical

rain band, which during October begins its southward migration (Nicholson (2009); Nicholson (2018)).

The secondary area of rising air at 27 ◦S in Fig. 5.4.1b is associated with strong moisture convergence

entering SAF from the southwest Indian Ocean (Munday and Washington (2018)). The area of intense

upward motion is also identified in Fig. 5.4.1c, centered over longitudes at 20 ◦E. An intense circulation

cell is seen at longitudes 30 – 35 ◦E, associated with local scale convection induced by lake Malawi

(Nicholson et al. (2014); Koseki and Mooney (2019)). Rising motion seen in Fig. 5.4.1c is caused by strong

surface convergence (Munday and Washington (2018)). In Fig. 5.4.2 vertical cross-sections of vertical

velocity for DJF are displayed. As shown, ascending motions dominate the largest part of SAF and the

rain band identified in Fig. 5.4.1a and Fig. 5.4.1b for ON, has migrated southwards during DJF (Fig. 5.4.2a

and Fig. 5.4.2b).

Monthly precipitation climatology for ON during 1986-2005 is shown in Fig. 5.4.3, expressed in mm

(monthly totals are averaged for ON). Overlayed on precipitation climatologies are contours of minimum
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Figure 5.4.1: Vertical cross-sections of vertical velocity (Pa/s) in ERA5 over SAF for October-

November during the period 1986-2005. Negative values indicate ascending upward motion.

values of OLR (rlut) in W/m2. OLR has been used in satellite rainfall estimate algorithms as a predic-

tor variable for rainfall (Xie and Arkin (1998);?) and is treated as a proxy for deep convection (Gu and

Zhang (2002)). Minimum OLR contour is set at 160 W/m2, maximum contour is set at 260 W/m2 and an

increment of 20 W/m2 is used.

As seen in Fig. 5.4.3, during ON simulated precipitation amounts >180 mm are limited to the north-

west part of SAF and do not extend to latitudes beyond 10 ◦S. In general, REMO2009 simulations yield

the highest precipitation amounts (>350 mm), while RACMO22T simulations yield the lowest precipita-

tion amounts. RCA precipitation climatologies differ based on the driving GCM. A feature that is present

in all RCA simulations is that there is a very spatially heterogeneous distribution of precipitation, which

over certain regions, appears to be pixelated. This issue has been ascribed to the abrupt elevation

dataset employed by RCA simulations (Van Vooren et al. (2019)). In almost all RCMs, eastern Congo

experiences little to no precipitation, a fact which is caused by the divergence of low-level moisture

fluxes coming from the Indian ocean (Washington et al. (2013)). In general, it is observed that areas with

high precipitation amounts are collocated with areas of low OLR, indicating that precipitation over SAF

is mainly caused by mesoscale convective systems (Hartman (2021)). Monthly precipitation climatology

for DJF during 1986-2005 is shown in Fig. 5.4.4 and displays a distinct southwards migration of the rain
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Figure 5.4.2: Vertical cross-sections of vertical velocity (Pa/s) in ERA5 over SAF for Dec-Jan-Feb

during the period 1986-2005. Negative values indicate ascending upward motion.

band in all RCMs. RACMO22T still appears to be the driest among all models and the pixelated pat-

tern in RCA enhances. As expected, high precipitation areas overlap with low OLR regions, indicating

precipitation to originate from convective mechanisms.

5.4.2 Subtropical Jet at 200 hPa and African Easterly Jet at 500 hPa southern

branch

Vertical cross sections for mean monthly zonal wind speed (u component) from ERA5 during 1986-2005

are shown in Fig. 5.4.5. During DJFM, the STJ and the Polar Jet (PJ) are almost merged. STJ is identified

between 25 – 30 ◦S and the PJ core is identified between 45 – 50 ◦S. In April and May STJ migrates 5◦

northwards and the two jets become distinct. During JJA, STJ has its maximum intensity (37 m/s) and

is distinct from the PJ, with its core being identified at 26 ◦S. During SON, STJ starts to weaken and as

it moves southwards merges with the PJ. The AEJ-s is identified at 600 - 700 hPa between latitudes 5

– 10 ◦S and its climatological maximum intensity is observed during Sep - Oct. Nonetheless, during all

months there is a considerable easterly wind present over these latitudes at middle troposphere.

Zonal wind speed fields at 200 hPa as simulated in each RCM of the CORDEX-Africa ensemble for

ON during 1986-2005 is depicted in Fig. 5.4.6. As shown, high speeds (>20 m/s) indicative of STJ are
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observed south of 20 ◦S and extend southwards over the whole CORDEX-Africa domain. It is noted that

common zonal wind patterns exist between simulations driven by the same GCM. In general, CCLM4

produces very steep temperature meridional gradients of temperature between low and high latitude

regions and therefore simulates the strongest wind speeds. RCA4 in general simulates very smooth tem-

perature gradients and RACMO22T and REMO2009 simulate varying temperature gradients based on

the driving GCM. Geopotential height at 200 hPa displays a smooth transition up to 25 ◦S and becomes

more abrupt moving southwards. Zonal wind speed at 200 hPa for DJF is displayed in Fig. 5.4.7. During

DJF, STJ has moved southwards and high wind speeds (>20 m/s) are identified below 30 ◦S. Circulation

from 27 ◦S and below is almost entirely westerly, however, at 10 ◦S there is a systematic easterly flow

that navigates southwards at 5◦E and joins the STJ at 27 ◦S. The easterly flow is particularly strong in

RCM simulations driven by HadGEM2-ES, MPI-ESM-LR and CNRM. CCLM4 persists in simulating steep

temperature and geopotential height gradients at 200 hPa.

Zonal wind speed at 500 hPa for ON during 1986-2005 for the CORDEX-Africa ensemble is depicted

in Fig. 5.4.8. Negative values indicate the easterly (westward) movement. As it is shown, easterly winds

are observed from the Equator until 17 ◦S and this band of westwards moving air is considered to be

indicative of the southern branch of the African Easterly Jet (AEJ-S). As shown, the spatial structure

and wind speed magnitude of AEJ-S is dictated by the driving GCMs. Zonal wind speed at 500 hPa

for DJF during 1986-2005 is displayed in Fig. 5.4.9. During DJF, the AEJ-S extends southwards ( 20 ◦S),

its structure is less distinct and displays significant breaks, especially over the northeastern part of SAF.

The structure of AEJ-S is relatively well maintained in RACMO22T simulations during DJF, a fact that may

partly explain the decreased precipitation amounts in RACMO22T runs.

5.4.3 Absolute and relative vorticity advection at 500 hPa

Absolute vorticity advection at 500 hPa for ON during 1986-2004 is depicted in Fig. 5.4.10. A common

feature identified in all RCMs is an elongated region of NVA starting from the west coast of southern

Africa at 25 ◦S and extending towards southeast until 40 ◦S. These elongated regions of NVA can be

associated with the formation of Tropical Temperate Troughs (TTTs) (Hart et al. (2010)), which are mainly

identified as regions of ascending motion to the east of the large-scale trough. In general, the length of

these elongated NVA regions depends on the driving GCM. West to these regions over the southeast

Atlantic Ocean, there is a region of PVA, consistent in most RCMs. The southwest coast of SAF is a region

of strong upwelling of the cold Benguela current, which generally inhibits convection over southwest

SAF. In most RCA4 simulations a consistent region of strong NVA is identified at 5 ◦S and 15 ◦S. This

region can be associated with the rising motion of atmospheric air observed over Malawi. A weaker

NVA region is observed over the Angola region. Absolute vorticity advection at 500 hPa for DJF during

1986-2004 is depicted in Fig. 5.4.11. The elongated NVA region is reduced compared to ON, however,

NVA regions are more widespread for all RCMs over the largest part of SAF.

Relative vorticity advection at 500 hPa for ON during 1986-2004 is depicted in Fig. 5.4.12. As in

absolute vorticity advection, there is an elongated region of NVA, located over southwest SAF, followed

by an intense region of PVA at southeast SAF at 40 ◦E. Vorticity advection over central SAF and over the

Angola region is very weak, with a slight tendency for negative values over selected runs (those driven

by CanESM2, CSIRO, MPI-ESM-LR and NorESM1). Relative vorticity advection at 500 hPa for DJF during
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1986-2004 is depicted in Fig. 5.4.13. The two most prominent features remain NVA over South Africa

and PVA at 40 ◦E, nonetheless weak NVA over the Angola region becomes more distinct, in almost all

simulations.

5.4.4 Moisture flux divergence at 850 hPa

Moisture flux divergence at 850 hPa for ON during 1986-2005 is shown in Fig. 5.4.14, expressed in kg

kg−1 m s−1. Negative values indicate regions of moisture convergence. As shown, easterly winds from

the Indian Ocean at 15 ◦S recurve systematically over northeast Madagascar, creating moisture diver-

gence at the northeast coast of SAF. Recurvature is particularly strong for CRCM5 and in general for

RCA4 runs, although deviations are observed based on the driving GCM. Strong convergence is identi-

fied over the Malawi region, with RACMO22T and CCLM4 displaying the strongest convergence values

(>-1.5-e7 kg kg−1 m s−1). Moisture fluxes entering SAF from northeast move inland and cause further

moisture convergence over central SAF. At 25 ◦S, there is a weaker recurvature over southeast Mada-

gascar. Fluxes weaken as they cross the Mozambique Channel but are enhanced over coastal Mozam-

bique and eastern South Africa. More specifically, strong divergence is observed at the windward side

of the Drakensberg mountains and strong convergence is observed at the leeward side. The same

convergence-divergence pattern is systematically observed over eastern-to-western Madagascar. A

distinct moisture convergence pattern is identified over the Angola region, stretching from 11 – 19 ◦S,

and 10 – 22 ◦E. In general, CCLM4, REMO2009 and CRCM5 display the strongest convergence over

the Angola region, indicating a strong AL system. RACMO22T which was identified as the driest model

simulates the weakest AL during ON.

Moisture flux divergence at 850 hPa for DJF during 1986-2005 is shown in Fig. 5.4.15. During DJF

circulation over northeast SAF is reversed, with moisture fluxes entering from the north and performing

a recurvature towards the east of Madagascar. This is a systematic feature in all RCMs and is related

to the moisture flux originating from the tropical Indian Ocean, that is directed towards SAF from the

northeast. However, since the low-level atmospheric flow encounters the mountains of Tanzania, it

is forced to recurve around north Madagascar. This is a feature attributed to the spatial resolution of

the CORDEX-Africa ensemble and it was identified as a significant advancement of the CORDEX-Africa

relative to CMIP5, resolving to a considerable degree the issue of wet bias seen in CMIP5 and CMIP6

ensembles (?). During DJF, moisture convergence over the Angola region is enhanced and substantial

moisture fluxes enter SAF from the Atlantic Ocean at 10 ◦S. This specific area over the Atlantic Ocean is

where the warm Angola ocean current converges with the cold Benguela current (Koseki and Mooney

(2019)), which significantly affects the strength of the AL pressure system (Desbiolles et al. (2020)). For

all RCMs and for both seasons (ON, DJF) moisture fluxes from the Congo Basin are particularly weak.

5.4.5 Relative vorticity climatology at 850 hPa

Cyclonic relative vorticity (ζ<0) at 850 hPa for ON during 1986-2005 is shown in Fig. 5.4.16 expressed

in s−1. In general, relative vorticity examined at the lower troposphere displays strong association with

topography, due to the low-level drag effect and the gravity waves that are caused by high topographic

features (Hartung et al. (2020)). Although ζ shows strong spatial heterogeneity across SAF, certain fea-
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tures are common in all RCMs. For instance, southern Madagascar is a region of strong cyclonic vorticity,

associated with the track of tropical low pressure systems moving towards continental SAF (Mavume

et al. (2009); Nash et al. (2015)). In addition, the region between Lake Malawi and the Katanga Plateau is

also a region of strong cyclonic vorticity, associated with low-level convergence. Another region of high

cyclonic vorticity is identified along the mountain range located over southwest SAF and lastly, intense

cyclonic motion is identified over eastern Angola, enclosed by the region between 11 – 19 ◦S, and 10 –

22 ◦E.

Cyclonic relative vorticity for DJF is shown in 5.4.17. During DJF the vorticity field is enhanced and

continues to display strong association with elevation. The prominent region of strong and extended

cyclonic vorticity over eastern Angola persists. Heat lows during the beginning of the rainy season

(ON) tend to remain confined within the eastern Angola region and tropical lows during the core of

the rainy season (DJF) tend to linger over the same region and to display a semi-stationary behavior

that is unexpected for tropical low pressure systems (Ramsay (2017); Howard and Washington (2018)).

Therefore, the vorticity field over the Angola region is of particularly interest, because of the anchoring

process for both heat lows and for transient low-pressure systems (Howard and Washington (2018)).

In Fig. 5.4.18 the ensemble mean of cyclonic relative vorticity for the CORDEX-Africa ensemble is

shown for ON (Fig. 5.4.18a) and for DJF (Fig. 5.4.18b) and is overlayed on the elevation map of the

region. For both seasons (ON, DJF) there is a prominent area of cyclonic relative vorticity identified over

Angola. From vorticity theory it is known that when a vortex stretches, its relative vorticity increases

(Holton (2004)). Over the Angola region shown in Fig. 5.4.18, cyclonic vorticity increases over areas with

steep terrain where high slopes are identified, implying that when a rotating air mass crosses a region

of abrupt elevational change, topography imposes a “mechanical” stretch to the vortex, increasing its

cyclonic vorticity. As shown in Howard and Washington (2018), the stretching term calculated from the

vorticity budget equation is dominant over the region, explaining why tropical lows linger around the

Angola region. The calculation of the stretching term was not possible for the CORDEX-Africa ensemble,

since the vertical component of wind is not available.

5.4.6 Potential temperature at 850 hPa and sea level pressure

Potential temperature at 850 hPa (theta850 in K) and sea level pressure (slp in hPa) for ON are shown in

Fig. 5.4.19. In all models a region of high theta850 values is observed between 15 – 20 ◦S and centered

at 20 ◦E, corresponding to the region of maximum heating (Munday and Washington (2017)) and desig-

nating the region where the AL is mainly identified (Howard and Washington (2018)). The region of high

theta850 values over Angola is collocated with minimum pressures, indicating the existence of a ther-

mally induced low pressure system. Most RCMs place a closed contour of 1010 hPa over the maximum

heating area. It is noted that RACMO22T which was identified as the least rainy RCM, simulates slightly

higher pressures over the Angola region (1012 hPa), while CRCM5 driven by CanESM2 simulates the

lowest pressure fields (1008 hPa) and highest potential temperature values (>316 K). REMO2009 which

was identified as the wettest RCM, when driven by EC-EARTH (r12i1p1), HadGEM2-ES and IPSL-LR, sim-

ulated low pressures (1010 hPa) over a large part of the subcontinent, compared to the other RCMs in

which 1010 hPa is a closed contour confined over Angola. It is also noted that in REMO2009 runs, the

southern Atlantic Ocean high pressure (SAHP) system is simulated relatively weaker than in the rest of
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the RCMs. In addition, we highlight the fact that common spatial patterns, especially for slp, are iden-

tified between simulations performed using the same RCM, regardless of the driving GCM, a fact that

indicates that during ON, atmospheric processes are highly coupled to surface heating and therefore

the impact of the RCM overcomes that of the driving GCM (?). For instance, all RCA4 simulations with an

exception for two, locate the 1010 hPa closed contour between 10 – 20 ◦S, corresponding to a region of

intense dry convection.

The same variables but for DJF are shown in Fig. 5.4.20. During DJF increased theta850 values are

more widespread over the whole SAF, however, high values have migrated southwards to latitudes be-

tween 20 – 30 ◦S. Nonetheless, low slp values are identified approximately at their previous position (15

– 20 ◦S), indicating that low pressure systems over the Angola region are no longer of thermal cause,

but that there is a dynamical driver at play (Munday and Washington (2017)). It is noted that the driest

model identified (RACMO22T) simulates relatively higher pressures (1012 hPa) over the whole of SAF,

compared to the other RCMs. Another consistent feature in most simulations is the low pressure region

identified over the Mozambique channel, located between Madagascar and Mozambique. This closed

contour, typically at 1008 hPa, corresponds to the climatological average of tropical low pressure sys-

tems moving from the southwest Indian Ocean and making landfall over continental SAF (Fitchett and

Grab (2014)). In general, all RCMs simulate a weakened SAHP during DJF, relative to ON. Although RCMs

are not coupled with an ocean model and therefore this feature is solely coming from the driving GCM,

it indicates that the offshore southerly winds over southwest SAF are also weakened.
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Figure 5.4.3: Monthly precipitation climatology for October-November during the period 1986-

2005 (monthly totals are averaged for ON). Red contours indicate outgoing longwave radiation in

W/m2. Minimum OLR contour is set at 160 W/m2, maximum contour is set at 260 W/m2 and

an increment of 20 W/m2 is used.
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Figure 5.4.4: Monthly precipitation climatology for Dec-Jan-Feb during the period 1986-2005

(monthly totals are averaged for DJF). Red contours indicate outgoing longwave radiation in

W/m2. Minimum OLR contour is set at 160 W/m2, maximum contour is set at 260 W/m2 and

an increment of 20 W/m2 is used.
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Figure 5.4.5: Vertical cross-sections of mean monthly zonal wind speed (u component) in ERA5

over SAF during the period 1986-2005. Positive values indicate eastward wind and negative values

indicate westward wind. The cross section is taken for longitude 23.75◦. STJ: Subtropical jet, PJ:

Polar jet, AEJ-s: African easterly jet southern branch.
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Figure 5.4.6: Filled colored contours indicate zonal wind (u component) at 200 hPa for October-

November, which is indicative of the subtropical jet stream moving eastwards. Wind arrows are

calculated using both u and v wind components. Units are m/s. Red isolines indicate temperature

at 200 hPa in K. Yellow isolines indicate geopotential height at 200 hPa in m. Plotted fields are

calculated using mean monthly values for the period 1986-2005 and were afterwards averaged for

ON.
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Figure 5.4.7: Filled colored contours indicate zonal wind (u component) at 200 hPa for December-

January-February, which is indicative of the subtropical jet stream moving eastwards. Wind

arrows are calculated using both u and v wind components. Units are m/s. Red isolines indicate

temperature at 200 hPa in K. Yellow isolines indicate geopotential height at 200 hPa in m. Plotted

fields are calculated using mean monthly values for the period 1986-2005 and were afterwards

averaged for DJF.
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Figure 5.4.8: Filled colored contours indicate zonal wind (u component) at 500 hPa for October-

November, which is indicative of the southern branch of the African Easterly Jet moving westwards.

Wind arrows are calculated using both u and v wind components. Units are m/s. Red isolines

indicate temperature at 500 hPa in K. Yellow isolines indicate geopotential height at 500 hPa in

meters. Plotted fields are calculated using mean monthly values for the period 1986-2005 and are

afterwards averaged for .
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Figure 5.4.9: Filled colored contours indicate zonal wind (u component) at 500 hPa for December-

January-February, which is indicative of the southern branch of the African Easterly Jet moving

westwards. Wind arrows are calculated using both u and v wind components. Units are m/s. Red

isolines indicate temperature at 500 hPa in K. Yellow isolines indicate geopotential height at 500

hPa in meters. Plotted fields are calculated using mean monthly values for the period 1986-2005

and are afterwards averaged for DJF.
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Figure 5.4.10: Absolute vorticity advection at 500 hPa in s−2 for October-November in colored

contours. Arrows indicate wind direction at 500 hPa. Plotted fields are calculated using mean

monthly values for the period 1986-2005.
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Figure 5.4.11: Absolute vorticity advection at 500 hPa in s−2 for December-January-February in

colored contours. Arrows indicate wind direction at 500 hPa. Plotted fields are calculated using

mean monthly values for the period 1986-2005.
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Figure 5.4.12: Relative vorticity advection at 500 hPa in s2 for October-November in colored

contours. Arrows indicate wind direction at 500 hPa. Plotted fields are calculated using mean

monthly values for the period 1986-2005.
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Figure 5.4.13: Relative vorticity advection at 500 hPa in s2 for December-January-February in

colored contours. Arrows indicate wind direction at 500 hPa. Plotted fields are calculated using

mean monthly values for the period 1986-2005.
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Figure 5.4.14: Moisture flux divergence at 850 hPa for October-November. Green areas indicate

divergence, purple areas indicate convergence. Arrows are calculated as the product of u and

v wind components and specific humidity at 850 hPa. Plotted fields are calculated using mean

monthly values for the period 1986-2005 and are averaged for ON. Units are kg kg−1 m s−1.
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Figure 5.4.15: Moisture flux divergence at 850 hPa for December-January-February. Green areas

indicate divergence, purple areas indicate convergence. Arrows are calculated as the product of

u and v wind components and specific humidity at 850 hPa. Plotted fields are calculated using

mean monthly values for the period 1986-2005 and are averaged for DJF. Units are kg kg−1 m

s−1.
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Figure 5.4.16: Mean relative vorticity for October-November during 1986-2005 in s−1. Only

negative vorticity values are plotted, which are indicative of cyclonic rotation.
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Figure 5.4.17: Mean relative vorticity for December-January-February during 1986-2005 in s−1.

Only negative vorticity values are plotted, which are indicative of cyclonic rotation.
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Figure 5.4.18: Ensemble mean cyclonic relative vorticity (ζ<0) for all CORDEX-Africa ensemble

models overlayed on the elevation map of southern Africa. A) October-November. B) December-

January-February.
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Figure 5.4.19: Potential temperature at 850 hPa for October-November (K). Blue isolines indicate

sea level pressure (hPa).
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Figure 5.4.20: Potential temperature at 850 hPa for December-January-February (K). Blue iso-

lines indicate sea level pressure (hPa).
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5.5 Discussion

In this work certain key dynamical aspects of the observed precipitation climatology within the CORDEX-

Africa domain are presented. Moreover, it is discussed how these features relate to the observed precipi-

tation climatology for the early (ON) and for the core (DJF) rainy season. More specifically, it is concluded

that the simulation of the STJ and of AEJ-S presents considerable challenges for the CORDEX-Africa

ensemble. This observation was also found for the high resolution CORDEX-CORE set of simulations

(Tamoffo et al. (2021)). Relative and absolute vorticity advection (negative values) are particularly strong

over southern Africa. Over central SAF and over the Angola region, NVA is relatively weak. It is noted

that a key variable providing insight to precipitation climatology over SAF is moisture flux divergence at

850 hPa. In general, models with strong moisture convergence yield more precipitation. Lastly, relative

vorticity at 850 hPa, provides further insight with regards to convective regions over SAF.

Another key remark is that the topography over the Angola region is key for enhancing AL events, by

imposing a mechanical stretch on the vortex of both heat lows (ON) and transient low-pressure systems

(DJF). Taking into consideration the impact that topography exerts on the vorticity fields over the Angola

region, it would be beneficial to conduct numerical model experiments and test this assumption. The

impact that topography exerts over other parts of SAF, such as the Drakensberg mountains (Koseki and

Demissie (2018)) or the mountains over South Africa (Abba Omar and Abiodun (2021)) has been exam-

ined using idealized experiments in which topographical features are either altered or removed. If the

assumption that vorticity over the Angola region is enhanced due to topography is correct, then ideal-

ized simulations in which topography over Angola is completely removed would result to a decreasing

depth of the climatological profile of the AL pressure system, making transient low pressure systems

to no longer linger over the Angola region (Howard and Washington (2018)).

The famously known phrase from George E. P. Box, that “Essentially, all models are wrong, but

some are useful” (Box (1979)), should function as a baseline navigator in the endeavors of the climate

research community to improve state-of-the-art modeling systems. Currently, there are two main re-

search directions with respect to the advancement of climate models, namely the increase in horizontal

resolution (Haarsma et al. (2016); Giorgi (2019)) and the implementation of machine learning techniques,

used instead or supplementary to parameterization schemes (Chantry et al. (2021); Watson-Parris (2021)).

Increasing the horizontal spatial resolution is key for the furthering of the ability of climate models to

accurately represent atmospheric processes and successful paradigms of such endeavors are ample

(Feser et al. (2011); Giorgi and Gutowski (2015); Rummukainen (2016); Jacob et al. (2020)). Nonetheless,

an increase in horizontal spatial resolution should be accompanied by an increase in understanding

of scale-dependent mechanisms and processes. In addition, machine learning techniques have re-

cently been used as an attempt to emulate parameterization schemes in climate models (O’Gorman

and Dwyer (2018)) or to learn from big data and high resolution datasets, omitting the necessity for a

theory or a process to be explicitly described in the model (Brenowitz and Bretherton (2019)). This fact

has been simultaneously characterized as both an advantage and a disadvantage in machine learn-

ing techniques (Brenowitz et al. (2020); Watt-Meyer et al. (2021)). Nonetheless, the development of at-

mospheric sciences has traditionally relied on the balanced development of observations, theory and

modeling (Emanuel (2020)). The unequivocal advancement of computing capabilities has significantly
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catalyzed the improvement of climate models, still, a side effect of this advancement is that the other

two counterparts, observations and theory, are not equally developed (Emanuel (2020)).

Further advancements for the improved modeling of the climate over SAF would require a holistic

approach, in which observations, theory and modeling are equally developed. With regards to obser-

vations, coordinated endeavors with the purpose to perform field experiments have been made in the

past for other African regions. Such initiatives as the HAPEX-Sahel project focusing over the Sahel re-

gion (Goutorbe et al. (1994); Goutorbe et al. (1997)), the DACCIWA (Knippertz et al. (2015)) and the AMMA

projects (Redelsperger et al. (2006)) focusing over West Africa, and the FENNEC project focusing over

the Sahara (Ryder et al. (2013); Ryder et al. (2015)) offered substantial insight with regards to specific

processes and mechanisms. In this context we highlight that field experiments over southern Africa are

necessary (Creese and Washington (2016); Ryoo et al. (2021)), so that key questions are resolved and

the knowledge gained, would efficiently help to constrain model results. This need is especially timely,

in light of the endeavor performed within CORDEX-CORE and the new generation of CORDEX-Africa

simulations performed using CMIP6 GCMs.
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6 Convection sensitivity during rainy season over
southern Africa: an investigation of the impact of
the cumulus scheme on precipitation using WRF

6.1 Introduction

Convection processes over southern Africa (SAF) involve the close interaction of local scale features

with large/global scale forcing. Local scale atmospheric features over SAF are either directly caused

or indirectly enhanced by the highly heterogeneous surface characteristics, such as the existence of

high elevation and complex topography, the existence of lakes and open water bodies and a mosaic of

multiple land uses and land covers. Therefore, the representative modeling of specific climatic features

over SAF becomes a complex endeavor and the level of complexity varies based on the subregion

examined, the length of the assessed period and the dynamic forcing that majorly contributes to the

occurrence of a specific weather event or to a distinct climatic feature, depending on the temporal

scale of the analysis. According to the literature, a key attribute affecting the accuracy of the simulated

climate is the spatial horizontal resolution of the climate model employed (Nikulin et al. (2012); Dosio

et al. (2019) Munday and Washington (2018)), with higher resolution – regional climate models presenting

the capacity to alleviate systematic biases (Dosio et al. (2021); Karypidou et al. (2022b)) and improve the

representation of specific processes (Pinto et al. (2018); Stratton et al. (2018)). The use of higher resolution

models provides a valuable tool for a more in-depth study of convective processes and their impact on

precipitation.

One of the first works involving the Weather Research and Forecasting (WRF) model (Skamarock

et al. (2021)) over SAF that utilized a multi-member WRF ensemble, highlighted the fact that although

specific large-scale rain-bearing atmospheric features were generally well reproduced, certain incon-

sistencies among ensemble members concerning specific morphological features at the margins of

the large-scale forcing, resulted to large variations in precipitation amount among ensemble members

(Crétat et al. (2011)). The strong effect of the cumulus scheme on seasonal rainfall amount was high-

lighted by (Crétat et al. (2012)), who found that although Kain-Fritsch and Betts-Miller-Janjic schemes

overestimated precipitation, they should be preferred to Grell-Devenyi, which in combination to the

Mellor-Yamada-Janjic planetary boundary layer, should be avoided when summer climatic conditions

are simulated over SAF. Later WRF simulations highlighted the impact that sea surface temperate (SST)
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exerts on climatic conditions over SAF (Ratnam et al. (2012)) and over the Angola Low (AL) pressure sys-

tem in particular (Desbiolles et al. (2020)). SSTs and surface conditions over the Indian Ocean were also

found to exert a strong impact on convection over SAF, mainly through their effect on tropical temper-

ate troughs (Vigaud et al. (2012)), while coupling with a simple mixed layer ocean model with WRF was

found to substantially improve the simulated precipitation over SAF (relative to using prescribed SSTs)

(Ratnam et al. (2013)).

More specifically, convection processes over SAF are shown to be strongly influenced by the cumu-

lus scheme used (Crétat et al. (2012); Meroni et al. (2021)). Some of the first WRF simulations over SAF

(Boulard et al. (2013); Ratnam et al. (2012)) employed the Kain-Fritsch cumulus scheme (Kain (2004)),

which has been reported to overestimate precipitation amounts and number of rainy days in convec-

tion sensitivity studies (Crétat et al. (2012); Pohl et al. (2014)). More recent studies using WRF over SAF

(Moalafhi et al. (2017b); Moalafhi et al. (2017a); Koseki and Mooney (2019)) employ the Betts-Miller-Janjic

(Janjić (1994)), which displays more accurately the spatial and temporal precipitation patterns. The WRF

experiments over SAF using the New-Tiedtke (or over a region containing SAF) are rather limited (SUN

and BI (2019); Bopape et al. (2021); Meroni et al. (2021); Mulovhedzi et al. (2021)). Although the existing

literature provides some insight into which cumulus schemes could be considered optimal, it should be

highlighted that simulation set-ups that would successfully replicate certain climatic features, do not

necessarily replicate specific weather events (Meroni et al. (2021)), even over the same region.

An additional issue related to convection is the question regarding the absence of a cumulus param-

eterization scheme and the ability of very high-resolution models to numerically resolve convection. In

RCM experiments diurnal cycle and the maximum convection intensity is simulated approximately 2-3

hours earlier than observed. This deficiency has been resolved by convection permitting simulations

(CPS) for other parts of Africa (Parker et al. (2005); Pearson et al. (2014)), however CPS simulations have

shown little to negligible improvement over SAF (Pohl et al. (2014)). More specifically, CPS experiments

over a region in South Africa (Keat et al. (2019)) showed that CPS experiments at 1.5 km horizontal spatial

resolution overestimated the number of large storms (compared to radar observations) and their asso-

ciated rain rate and also, simulated a tendency for large storm cells to merge and therefore become

long-lived in the atmospheric environment. In addition, CPS displayed a systematic tendency in the

evolution of convective parcels according to which, storms reached their maximum intensity 15 min-

utes after their initiation, while the observed time in the radar data varied from 10 to 30 minutes (storm

maximum intensity after initiation). Moreover, CPS displayed a systematic lack of small storms, a fact

attributed to the inability of CPS to simulate small-scale storm triggering processes (e. g. cold pools).

Overall, CPS simulated convection 2 hours prior to the observed time (according to radar). Based on

Keat et al. (2019), the challenges of CPS simulations to provide an accurate estimation of the initiation

time and life-cycle of convection, could be attributed to the fact that numerical models lack Convection

Inhibition (CIN) profiles and that the contribution of subgrid mixing parameters may be more important

than previously estimated. On the contrary, Stein et al. (2019) reported an improvement in the diurnal

cycle and spatial pattern of precipitation over a region in southern Africa, however, they highlighted that

further investigations on individual convective clouds should be performed, focusing on process-based

evaluation, rather than space and time averaged statistics.

Individual extreme rainfall events assessed during the period 1981-2016 over the southeast part
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of SAF identified a specific extreme precipitation event during January 2013 as the most severe event

throughout the climatology (Rapolaki et al. (2019)). More specifically, during 11-21 January 2013 extreme

precipitation occurred at the southeast part of SAF, with accumulated precipitation during the 10-day

period exceeding 200 mm (Manhique et al. (2011)). According to Wiston and Mphale (2019), the excess

precipitation amounts were caused by Mesoscale Convective Systems (MCS) that were more severe

during the period 15-20 January 2013. This event claimed the lives of 100 people and caused the dis-

placement of 200.000 (Manhique et al. (2011)). According to Rapolaki et al. (2021), the extreme event

during 11-21 January 2013 had multiple moisture sources, with the most severe being the Mozambique

Channel.

Considering that convection sensitivity studies using a high resolution domain and multiple cumulus

schemes over SAF are limited and taking into consideration that the rainy season during 2012-2013 was

dominated by transient tropical low pressure systems, it is deemed imperative to investigate how differ-

ent cumulus parameterization schemes impact the October-November-December 2012 and January-

February (2013) rainy season (henceforth: 2012-2013 rainy season). In addition, the extreme rain event

during January 2013 is examined. The focus is placed during the period 15-20 January 2013, according

to (Wiston and Mphale (2019)). Therefore, the goal of this work is to:

1. Use a regional climate model to simulate precipitation patterns over southern Africa, during the

early rainy season (ON 2012) and core rainy season (Dec 2012 – Jan-Feb 2013) and during an ex-

treme rain event (15-20 January 2013).

2. Validate the ability of the model to simulate accurately precipitation amounts and attribute po-

tential model inconsistencies to processes.

3. Examine the sensitivity of model convective schemes, precipitation, and related dynamical pro-

cesses.

6.2 Data and methods

6.2.1 Weather Research and Forecast (WRF) model

In this work, the WRF nonhydrostatic version 4.3.3 (Skamarock et al. (2021)) with the Advanced Research

(ARW) dynamic solver is employed. The simulation domain shown as Fig. 6.2.1, extends from 2.66596
◦S to 34.5717 ◦S (235 north - south grid points) and from 1.62366 ◦E to 54.7784 ◦E (356 west - east grid

points), having a horizontal spatial resolution equal to 15 x 15 km (dx, dy = 15000). No nested domain

is used and the map projection with the least distortion over the study domain is found to be Lambert.

Lateral boundary conditions are obtained from ERA5 (Hersbach et al. (2020)) every six hours and they are

provided at 38 vertical levels (num_metgrid_levels) and at four soil levels (num_metgrid_soil_levels). In

total 50 vertical levels are used (e_vert). The top level (p_top) is set at 20 hPa. SSTs are provided every six

hours (sst_update1, sstskin1). Based on its horizontal spatial resolution, the model is integrated every 90

seconds (6dx). The lateral boundary nudging is performed across 10 grid points and the relaxation zone

employs nine grid points. The exponential multiplier for relaxation is set to 0.33. The spin-up time of the

model starts at July 1st 2012 and lasts until September 30th 2012. In total four sensitivity experiments

are performed.
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Figure 6.2.1: WRF domain and some of the key climatic features controlling precipitation clima-

tology over southern Africa.

More specifically, all WRF runs parameterize short- and longwave radiation exploiting the RRTMG ra-

diation scheme (Iacono et al. (2008)) which is called every 15 minutes. The aerosol option 2 (aer_opt = 2)

is used, which incorporates daily total atmospheric optical depth at 550 nm data. This information

is retrieved from the Copernicus atmospheric Monitoring Service (). The MYNN surface layer option

(sf_sfclay_physics = 5) and planetary boundary layer (bl_pbl_physics5) are used (Nakanishi and Niino

(2006)) and the latter is called in every timestep. All WRF simulations are coupled with Noah-MP (Niu

et al. (2011)) land surface model, employing four soil layers and the default USGS surface characteris-

tics are used. Microphysical properties are parameterized using the Thompson scheme (mp_physics8).

The sensitivity experiments are conducted using the cumulus scheme for which four different cumulus

parameterization options are employed. The schemes used are Kain-Fritsch (KF) (Kain (2004)), Betts-

Miller-Janjic (Janjić (1994)), the New-Tiedtke (NT) (Zhang and Wang (2017)) and the Grell-Freitas (GF)

(Grell and Freitas (2014)). All cumulus schemes are called in every timestep.

KF is a mass-flux scheme, based on the assumption that convection is a means of removing the

convective available potential energy (CAPE) from an air parcel. In order for convection to be initiated,

CAPE must be positive. The examination of CAPE is performed at each atmospheric level and also,

entrainment (detrainment) of the environmental (updraft) air can occur at each atmospheric level. The

BMJ scheme is based on reference atmospheric profiles that aim to simulate the atmospheric conditions

0https://atmosphere.copernicus.eu/
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after a deep convective event. Convection initiation in the GF scheme also requires positive CAPE values,

but in contrary to KF, GF handles the whole atmospheric column as a single deep convection region.

Lastly, NT is also a mass-flux scheme and it also employs a CAPE closure in order to detect convection,

but additionally, shallow convection is affected by surface evaporation.

6.2.2 Domain Selection

Before finalizing the region that would be used as the simulation domain for all WRF experiments, three

types of domains are examined, shown in Fig. 6.2.2. ”Domain 0” is the control domain, ”Domain Minus”

is defined as ”Domain 0” reduced by five grid points on all sides and lastly, ”Domain Plus” containing

Madagascar is also examined. The grid attributes of each domain are given in Table 6.2.1. All three

simulations are run for December 2012, using the same WRF configuration. After comparing all three

domain simulations with ERA5 for a series of atmospheric variables, both at the surface and at specific

pressure levels, ”Domain Plus” is selected as the optimal domain. An additional sensitivity run is per-

formed, in which ”Domain Plus” is shifted to its east, in order to secure that the choice of its western -

eastern boundaries are proper (not shown - ref_x parameter changed).

Figure 6.2.2: WRF domains examined over southern Africa.
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Table 6.2.1: Grid attributes for the sensitivity runs on the domain.

Grid attributes Domain Minus Domain 0 Domain Plus

e_we 243 253 356

e_sn 181 191 235

dx 15000 15000 15000

dy 15000 15000 15000

ref_lat -16.256 -16.256 -19.411

ref_lon 25.046 25.046 28.201

truelat1 -16.256 -16.256 -19.411

truelat2 0 0 0

stand_lon 25.046 25.046 28.201

ref_x 121.5 126.5 178.0

ref_y 90.5 95.5 117.5

6.2.3 Sensitivity on the Spin-up time and Noah-MP parameters

A major modeling choice affecting the accuracy of a simulation is the length of its spin-up time, that

allows the RCM to reach an equilibrium state, especially with regards to soil parameters such as soil

moisture and soil temperature. In this work, four spin-up time lengths are assessed with respect to soil

temperature (TSLB) and soil moisture (SMOIS) observed in the four soil layers of the land surface model

used (Noah-MP). The sensitivity runs employ four identical simulations, differing only in the length of

their spin-up time. The first sensitivity has an one month spin-up time (Spinup-1) and starts on the 1st of

September 2012. The second sensitivity has a three months spin-up time (Spinup-3) and starts on the

1st of July 2012. The third sensitivity has a six months spin-up time (Spinup-6) and starts on the 1st of

April 2012. Lastly, the fourth sensitivity has a nine months spin-up time (Spinup-9) and starts on the 1st

of January 2012. All runs last up until the 1st of January 2013 (Table 6.2.2).

Table 6.2.2: The spin-up sensitivity simulations performed.

Name Spin-up Start End

Spinup-1 1 mn 1 Sep 2012 1 Jan 2013

Spinup-3 3 mn 1 Jul 2012 1 Jan 2013

Spinup-6 6 mn 1 Apr 2012 1 Jan 2013

Spinup-9 9 mn 1 Jan 2012 1 Jan 2013

In addition to the spin-up time sensitivity experiments, four more runs are performed, testing the

sensitivity of the Noah-MP land surface model to certain parameters. The four additional Noah-MP

sensitivity experiments are shown in Table 6.2.3. The results of both set of runs (Spin-up time and Noah-

MP) are analysed over the whole SAF domain and over specific locations of interest (Fig. 6.2.3, Fig. 6.2.4).

As a result, the three months spin-up time (Spinup-3) is selected as the optimal, starting on the 1st of

July 2012. The one month spin-up time (Spinup-1) is found to be too short, not allowing WRF to reach an
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equilibrium state with regards to soil temperature and soil moisture. On the contrary, the longer spin-up

time lengths (Spinup-6 and Spinup-9) are found to be overly computationally expensive, being prone

to accumulating unnecessary model errors. In addition, Noah-MP is selected using the ”CONTROL”

parameters, as shown in Table 6.2.3, as the altered parameters had a weak effect on soil temperature

and soil moisture.

Table 6.2.3: Sensitivity simulations for NOAH-MP for the Spinup-9 runs.

Name CONTROL SAF1 SAF2 SAF3 SAF4

OPT_SFC 1 1 1 1 1

DVEG 4 4 4 4 4

OPT_CRS 1 1 1 1 1

OPT_BTR 1 1 1 1 2

OPT_RUN 2 1 1 2 2

OPT_FRZ 1 1 1 1 1

OPT_INF 1 1 2 1 1

OPT_RAD 3 3 3 3 3

OPT_ALB 2 2 2 2 2

OPT_SNF 1 1 1 1 1

OPT_TBOT 2 2 2 2 2

OPT_STC 1 1 1 1 1

OPT_GLA 1 1 1 1 1

OPT_RSF 1 1 1 1 1

OPT_SOIL 1 1 1 1

OPT_PEDO 1 1 1 1

OPT_CROP 0 0 0 0
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Soil temperature per layer in Noah-MP for lon=17 and lat=-27
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Spinup3

Spinup6

Spinup9

Figure 6.2.3: Soil temperature timeseries over DRY lon=20.33 and lat=-23.86.
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Soil moisture per layer in Noah-MP for lon=17 and lat=-27
SAF1

SAF2

SAF3

SAF4
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Spinup9

Figure 6.2.4: Soil moisture timeseries over DRY lon=20.33 and lat=-23.86.
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6.2.4 Sensitivity of the model’s performance in ARIS

Moreover, WRF.v4.2.2 is examined for its performance in ARIS HPC (https://hpc.grnet.gr/https://hpc.grnet.gr/),

using 20 MPI tasks per compute node. The model is run for 24 hours (start: 2012-12-01:00:00:00 end:

2012-12-02:00:00:00). In all simulations ”Domain Plus” over southern Africa is used (356 x 235 x 50). The

variable ”time” used is the ”WRF execution time” shown in the .out file of the sbatch job script. All de-

composition runs performed are shown in Table 6.2.4. Following the benchmarking analysis shown in

Fig. 6.2.5, 12 nodes are used in all WRF experiments, using a 15 x 16 decomposition of the domain.

Table 6.2.4: Sensitivity of the model’s performance in ARIS.

Nodes Cores Time Decomposition

2 40 1139 5x8

4 80 858 8x10

6 120 709 10x12

8 160 606 10x16

10 200 560 10x20

12 240 564 15x16

14 280 532 14x20

16 320 519 16x20

18 360 503 18x20

20 400 498 20x20

22 440 493 20x22

Figure 6.2.5: WRF execution time in ARIS for 1-day runs given in seconds (y-axis), per number

of cores used.
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6.2.5 Satellite and reanalysis data

The data used for comparison with the WRF simulations are listed in Table 6.2.5 below. The datasets

were selected based on their spatial resolution.

Table 6.2.5: Satellite and reanalysis datasets used.

Dataset Resolution Type Period Reference

MSWEP 0.1◦ Satellite 1979-present (Beck et al. (2019))

TAMSAT.v3 0.0375◦ Satellite 1983-present (Tarnavsky et al. (2014))

CHIRPS.v2 0.05◦ Satellite 1981-present (Funk et al. (2015))

ERA5 0.28125◦ Reanalysis 1979-present (Hersbach et al. (2020))

6.3 Results

6.3.1 Rainy season analysis

Total precipitation amounts are shown in Fig. 6.3.1 for the early rainy season (ON – Fig. 6.3.1a) and for

the core rainy season (DJF – Fig. 6.3.1b). During ON, the tropical rainband migrates southwards, as maxi-

mum solar heating and moisture advection from the surrounding Oceans and the Congo Basin, provide

the necessary thermodynamic conditions for convection over northern SAF (Hart et al. (2013); Hart et al.

(2019)). Tropical convection is largely dependent on the moist static energy available to an air parcel,

hence, regions of high precipitation amounts coincide with high moist static energy (Nie et al. (2010);

Hart et al. (2019)). As shown, high total precipitation amounts (>700 mm) during ON are observed at the

northwest part of SAF, confined to the north of 15 ◦S and to the west of 30 ◦E, indicating the region to

the northwest of the Congo Air Boundary (CAB) (Howard and Washington (2019)). This feature is identi-

fied in all WRF simulations and to a lesser degree in satellite products (CHIRPS, MSWEP, TAMSAT) and

reanalysis (ERA5). Although all simulations identify the regional precipitation pattern, there are consid-

erable differences between them. More specifically, the KF and GF experiments simulate larger total

precipitation amounts, compared to the BMJ and NT simulations. In the satellite products, CHIRPS and

MSWEP yield similar results, while TAMSAT yields considerably smaller precipitation amounts. ERA5

also, displays relatively smaller precipitation amounts, nonetheless there are regions of localized high

precipitation amounts, mainly in the greater vicinity of lake Malawi. A secondary region of precipitation

activity (<600 mm) is identified at the eastern part of South Africa. The main rain bearing mechanisms

at that region involve the warm SSTs caused by the Agulhas Current (Njouodo et al. (2018)) and the exis-

tence of the Drakensberg mountains that function as a barrier to the moisture advection from the Indian

Ocean and cause orographic lifting (Koseki and Demissie (2018)). As seen in Fig. 6.3.1a, the KF and the

GF simulations yield the highest precipitation amounts over eastern South Africa ( 600 mm). From the

satellite products, MSWEP also yields similar precipitation amounts.

Total precipitation amounts for DJF are displayed in Fig. 6.3.1b. As shown, large precipitation amounts

extend on a northwest to southeast zone, north of 20 ◦S, which is indicative of the South Indian Ocean
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Convergence Zone (SIOCZ) (Lazenby et al. (2016)). During DJF the CAB has broken (Howard and Wash-

ington (2019)), allowing moisture from the Congo Basin to enter SAF. As shown, high precipitation amounts

are observed for KF (>2400 mm – cumulative precipitation for DJF), followed by GF. The BMJ and the

NT simulations display results with a very similar spatial pattern, with NT yielding overall less precipita-

tion than BMJ. From the satellite products, CHIRPS and MSWEP yield remarkably similar results, both

from the aspect of precipitation magnitude, but also from the aspect of the spatial pattern of total pre-

cipitation. TAMSAT and ERA5 yield total precipitation <1400 mm. An observation with regards to the

KF simulation consistent for both seasons (ON, DJF) is that precipitation follows very closely the spatial

pattern of orography.

Kain-Fritsch Betts-Miller-Janjic Grell-Freitas New-Tiedtke

CHIRPS MSWEP TAMSAT ERA5
(mm)

a)

Kain-Fritsch Betts-Miller-Janjic Grell-Freitas New-Tiedtke

CHIRPS MSWEP TAMSAT ERA5 (mm)

b)

Figure 6.3.1: Total precipitation (mm) amounts. a) Cumulative precipitation for October-

November 2012, b) Cumulative precipitation during December 2012 January-February 2013.

In Fig. 6.3.2 the spatial average of daily precipitation during the rainy season is shown, for the largest

part of mainland SAF (Fig. 6.3.2a) and for the Angola region, which is the main area over which the An-

gola Low pressure system is identified (Fig. 6.3.2b). The regions over which the spatial averaging has

taken place is shown at the bottom right of each panel. For the greater part of SAF (Fig. 6.3.2a) all sim-

ulations display a similar behavior for the most part of October, until the end of October during which

the KF and GF simulations display almost double precipitation amounts, compared to the other WRF

simulations and the satellite products. This behavior is seen also during the second half of November.

From December and onward, the various spikes and peaks in the timeseries are mostly observed for
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the KF and GF simulations. The BMJ and NT simulations are followed closely by the satellite products.

In general, NT simulates the lowest precipitation amounts. The variability of daily precipitation is con-

siderably larger when the Angola region is examined (Fig. 6.3.2 b). The spikes in the timeseries are also

dominated by KF and GF simulations, nonetheless, the lowest precipitation amounts are seen for the

KF simulation.

Betts-Miller-Janjic
Grell-Freitas
Kain-Fritsch
New-Tiedtke

a)

b)

OBS Data

Figure 6.3.2: Spatial average of daily precipitation during the rainy season for the largest part of

mainland SAF (a) and (b) for the Angola region. The regions over which the spatial averaging

has taken place is shown at the bottom right of each panel.

The Pearson temporal correlations for the aforementioned timeseries are shown in Fig. 6.3.3. Cor-

relations across SAF are shown in Fig. 6.3.3a. The smallest correlations identified (0.66 - 0.69) across

SAF are between all WRF simulations and TAMSAT. The highest correlation (0.91) is identified for the NT

simulation and ERA5, which is not surprising since ERA5 uses the NT scheme. However, a strong cor-
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relation (0.9) is also identified between NT and MSWEP. In general, ERA5 and MSWEP display equally

strong correlations with all WRF simulations, however, this is rather expected for ERA5, since it is used

to provide lateral boundary conditions in all runs. CHIRPS displays moderately strong correlations (0.72

- 0.76) and TAMSAT follows last. In general, NT displays the strongest correlation with all datasets (0.67

– 0.91), the BMJ follows second (0.89 – 0.66) and the GF and KF simulations follow last. When the focus

is placed over the Angola region (Fig. 6.3.3b), the correlations are more variable ranging from 0.12 to

0.73. More specifically, KF displays the lowest correlations (0.12 – 0.25) with all datasets. The highest

correlations are identified for GF, with the NT following closely. The BMJ simulation displays moderately

strong correlations (0.41 – 0.67). From the satellite rainfall products, the MSWEP displays the strongest

correlations with all WRF runs.

a) b)

Figure 6.3.3: Pearson correlation of the spatial average of daily precipitation during the rainy

season for the largest part of mainland SAF (a) and (b) for the Angola region. The regions over

which the timeseries are correlated is shown at the bottom of each panel.

Specific humidity at 850 hPa (in kg/kg) over the study region is shown in Fig. 6.3.4, for ON (Fig.

6.3.4a) and for DJF (Fig. 6.3.4b). During the onset of the rainy season (ON) low-level atmospheric mois-

ture is mostly confined to the northwest of SAF, confined within CAB (indicated in red in Fig. 6.3.4a). As

shown, the KF and NT simulations display the largest amounts of specific humidity (>0.014 kg/kg) at

the northwest part of SAF, which can be attributed either to excess moisture advection from the Congo

Basin and the Atlantic Ocean though the circulation of the Angola Low pressure system, or to the ex-

istence of a very strong CAB that would prohibit the diffusion of moisture towards the southeast (or to

the co-occurrence of both). Another distinct pattern identified in all simulations is the dry conditions

observed at the southwest part of SAF, which is caused by the Benguela upwelling system, which is an

eastern boundary system, invoking cool SST conditions (Lamont et al. (2018)) that generally favor the

formation of shallow stratocumulus clouds and inhibit the development of deep convection. However,

since the current WRF simulations do not exploit a coupled ocean model it would be problematic to
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draw any further conclusions concerning the impact of oceanic conditions on mainland SAF. Specific

humidity during DJF is shown in Fig. 6.3.4b. As displayed, moisture has migrated southwards, following

the collapse of CAB, which during DJF has been replaced by SIOCZ. However, there are considerable

differences in the spatial structure of high specific humidity patterns across the four simulations. More

specifically, KF displays high specific humidity values (>0.014 kg/kg) over a region between 20 – 30 ◦E

and 10 ◦S, extending towards the southeast, forming a clear tilt, indicative of the SIOCZ. The NT run

displays a more extended region of high humidity values. The region of high humidity is placed more

westwards in the GF run, while in BMJ, although located at the north - central part of SAF, high specific

humidity is of smaller magnitude.

Moisture fluxes and moisture flux divergence (MFD) at 850 hPa is displayed in Fig. 6.3.5, for ON (Fig.

6.3.5a) and for DJF (Fig. 6.3.5b). As observed for ON, all simulations display a moisture inflow from the

Atlantic Ocean and the Congo Basin, though the rotation of the AL pressure system and the influx of

moisture from the monsoon region at the northeastern part of SAF. The air masses entering SAF con-

verge forming CAB, which is essentially a discontinuity surface caused by the different thermodynamic

characteristics of the converging air masses. These features are present in all simulations, however with

variable intensity. More specifically, as seen in Fig. 6.3.5a, the KF simulation imports considerably larger

amounts of moisture from the Atlantic Ocean and the Congo Basin, compared to the other experiments,

causing strong convergence fields and a strong CAB. On the contrary, GF simulates weak moisture trans-

port from the Atlantic Ocean and the Congo Basin. The BMJ and NT simulations show a more moderate

behavior of moisture fluxes. During DJF (Fig. 6.3.5b) the moisture fluxes from the Atlantic Ocean and

the Congo Basin are maintained, however, the northeastern monsoon is weakened and instead, there

is an easterly flow entering SAF from the southeastern part, following the rotation of the South Indian

Ocean High Pressure system (or Mascarene High) (Xulu et al. (2020)). Across all simulations, KF displays

the strongest moisture flux convergence.

One of the primary characteristics of heat low pressure systems is that they are strongly coupled with

land temperatures and their formation occurs over areas with increased surface heating. Over SAF and

particularly over the greater Angola region, heat lows are present during Oct - Nov. As it is shown in Fig.

6.3.6a, maximum heating areas at 850 hPa in all simulations are identified at approximately 20 ◦S and are

stronger in the KF and BMJ simulations (316 K), while in GF and NT maximum heating ranges between

312 - 314 K. In addition, maximum heating areas are collocated with minimum geopotential height at

850 hPa, indicating the presence of a thermally induced convective process. Geopotential height at

850 hPa is lowest (1490 m) in KF. The same variables but for DJF are shown in Fig. 6.3.6b. During DJF, all

simulations display a southward migration of the maximum heating area to approximately 25 ◦S, with an

exception for KF that displays a southward extension of the maximum heating area. Low geopotential

heights for KF and BMJ have not migrated southwards but linger at 20 ◦S, indicating that during DJF

there is convection over the Angola region, which nonetheless, in not wholly attributable to thermal

heating. For DJF also, KF simulates the lowest geopotential height fields.

Static stability profiles for ON are displayed in Fig. 6.3.7. As shown, low stability values, indicating

areas over which the dry air is prone to uplift, are usually identified up to 700 hPa and in some cases

reach up to 500 hPa. The cross section across latitudes (at 20.00 and 24.25 ◦E – CROSS 1 and CROSS

2 respectively), display a region of low static stability between 10 and 30 ◦S. The cross section across
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longitudes (at 11.25 and 23.75 ◦S – CROSS 3 and CROSS 4 respectively) identify also regions of low static

stability, which are indicative of the AL pressure system, that during ON is at its heat low phase. The

results for DJF are very similar (not shown), with the difference that they display a clear southward mi-

gration of the low static stability values, indicative of the southward migration of the maximum heating

area over the Kalahari region. The vertical profiles of cyclonic relative vorticity are displayed in Fig. 6.3.8.

As indicated, regions of high cyclonic vorticity correspond to areas over which the AL is active during

DJF, with high negative vorticity being present up to 400 hPa.

6.3.2 Intense rain event: 15-20 January 2013

Total precipitation amount during the intense rain event in concern (15-20 January 2013) is shown in

Fig. 6.3.9a. All satellite and reanalysis products display high precipitation amounts exceeding 300 mm

(cumulative over the 6-day period) over a region extending from the south of Mozambique at approxi-

mately 25 ◦S towards mainland SAF. This elongated region of high precipitation amount appears more

intensely in MSWEP and ERA5. The WRF simulations display rather diverse results, with an exception

for simulation using the NT and BMJ schemes. The NT scheme displays high precipitation amounts

over the region identified in the satellite and reanalysis products, however, precipitation amounts are of

smaller magnitude and shifted by approximately 2◦ more mainland. The agreement of the NT scheme

with ERA5 can be attributed to the fact that ERA5 also employs the NT scheme for its cumulus param-

eterization. KF also displays high precipitation amounts over southern Mozambique, nonetheless, the

high precipitation zone is shifted southwards and extends on a west to east orientation. GF does not

replicate any distinct precipitation activity over southern Mozambique. The distinction of convective

(RAINC) and non-convective (RAINNC) precipitation for the WRF simulations is displayed in Fig. 6.3.9b

and Fig. 6.3.9c, respectively. Starting from the NT simulation, it becomes evident that precipitation ac-

tivity over the region in concern (red box in Fig. 6.3.9), is almost entirely classified as convective. For

the rest of the simulations, over the regions that experienced the highest precipitation amounts, rain-

fall was mainly classified as large-scale non-convective, indicating that the atmospheric conditions for

the convection trigger were not satisfied. This can partly explain the reason why they were not able

to reproduce the spatial pattern of the high precipitation event, as yielded by the NT scheme and the

satellite and reanalysis products. This is particularly evident in the BMJ simulation.

A more detailed aspect concerning the diurnal cycle of precipitation during the period 15-20 Jan-

uary 2013 is displayed in Fig. 6.3.10. Timeseries depict cumulative precipitation within the region 15 –

30 ◦S and 25 – 35 ◦E (area sum of all pixels), using hourly outputs from the four WRF sensitivity simu-

lations. ERA5 is also used for comparison. The satellite products did not provide hourly outputs and

therefore were not included. Data are used in their original grid resolution (Fig. 6.3.10a). As shown, all

WRF runs overestimate hourly precipitation compared to ERA5. Of particular interest is the simulation

employing KF, which after 17/1 produces extremely high precipitation amounts. Timeseries extracted

from the remapped WRF simulations to the ERA5 grid are shown in (Fig. 6.3.10b). As displayed, when

WRF simulations are remapped (using conservative remapping) to the coarser ERA5 grid, precipitation

amounts display a considerably smaller divergence from ERA5. As shown, ERA5 displays more abrupt

peaks, indicating precipitation maxima during the day, that precede maximum from WRF simulations

by 2 or 3 hours (for 15/1 at 12:00 UTC, 16/1 at 12:00 UTC, 17/1 at 12:00 UTC). ฀n 18/1 and at 12:00 UTC cu-
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mulative precipitation amounts within the area of interest are almost double in ERA5, compared to the

WRF simulations, with an exception for KF, which displays even higher precipitation amounts that keep

increasing for the next 12 hours. During 19/1 there are two maxima observed in ERA5, the first occurring

at 12 UTC and the second at 23:00 UTC. All WRF simulations display a considerable difference in repli-

cating these two intense events during 19/1. After performing a temporal Pearson correlation between

ERA5 and each WRF simulation separately (144 temporal entries resulting from hourly outputs for the

6-day period), the simulation which ranked first was BMJ (r=0.87), NT ranked second (r=0.81), GF ranked

third (r=0.52) and KF ranked last (r=0.35).

Vertical velocity (omega) calculated for the intense rain event period (averaged during 15-20 Jan-

uary 2013) for a region dissecting the area in concern 15 – 30 ◦S and 25 – 35 ◦E is shown in Fig. 6.3.11.

The region over which the cross-section is plotted is shown on the map at the bottom of Fig. 6.3.11.

Omega values are given in Pa/s with negative (positive) values indicating upward (downward) motion.

As shown, all simulations display overall prevailing upward motion over the region, however, negative

omega values are more severe in the experiments employing the BMJ and NT schemes. In the latter,

upward motion is even more intense. CAPE and CIN values averaged during the period 15-20 January

2013 are shown in Fig. 6.3.12 (values are given in J/kg). As shown, KF and NT display the highest CAPE

values, exceeding 900 J/kg. BMJ displays substantially smaller CAPE values, especially over mainland

SAF. CIN values are high at the south and south-west coast of SAF in all simulations.

The synoptic state during the intense rain event (15-20 January 2013) is depicted in Fig. 6.3.13. As

shown, at 850 hPa there is a strong current of air moving from the southeast of Madagascar (at 25 ◦S),

which at 30 ◦S curves eastwards, before crossing the Mozambique Channel. An exception to that is

the simulation employing the KF scheme. At 500 hPa, there is a strong westerly flow south of 25 ◦S in

all simulations. Nonetheless, in the simulation employing the KF scheme, at 20 ◦E the strong westerly

flow moves equatorward forming a meander that reaches 20 ◦S and then moves again poleward. As ob-

served for the KF simulation, the region over which the meandering occurs coincides with an extended

region of warming (contour of 328 K). This region of localized warming is present in the BMJ and GF

simulations also, however in KF it obtains a considerably larger extend. The strong wind current (9 m/s)

at 500 hPa in the KF simulation moving southeast towards the southern coast of Mozambique can be

considered as a cause of vertical wind shear, prohibiting the vertical development of convective sys-

tems. At 200 hPa there is a strong westerly flow located between 25-30 ◦S reaching 22 m/s, indicative

of the subtropical jet stream. At 200 hPa also, KF displays the largest warming (in comparison to the

rest of the simulations).

As shown in Fig. 6.3.14, the KF simulation is considerably wetter (compared to the rest of the sim-

ulations) over the lower troposphere (until 700 hPa) over the continental part of SAF. In addition, the

westerly wind current at the upper troposphere (200 hPa) indicating the subtropical jet stream is more

severe with regards to magnitude and extent in the BMJ and NT simulations and considerably weaker

in the KF simulation, as shown in Fig. 6.3.15. The vertical profiles of potential temperature at 25 ◦S and

across all longitudes are depicted in Fig. 6.3.16. As shown, all simulations (except of KF) display a distinct

bend of the isotherms at 20 ◦E, which is indicative of the heat low phase of the Angola Low pressure

system that during January has already migrated polewards.

In Fig. 6.3.17 the moisture flux divergence at 850 hPa for the intense rain event is displayed. As shown
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there is a strong cyclonic activity over the Angola region, with moisture entering SAF from the northwest

SAF at 5-10 ◦S, associated with transport from the Atlantic Ocean. The moisture follows a clockwise

trajectory and converges with additional moisture entering SAF from the Indian Ocean. Strongest low-

level convergence is identified in the NT simulation, coinciding with the region of high precipitation

amounts observed during the intense rain event.
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Figure 6.3.4: Specific humidity at 850 hPa (kg/kg) for ON (a) and for DJF (b).
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a)

b)

CAB

Figure 6.3.5: Moisture flux divergence at 850 hPa (kg kg−1 m s−1) for ON (a) and for DJF (b).
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a)

b)

Figure 6.3.6: Potential temperature at 850 hPa (in K) shown with filled contours and geopotential

height in contours (in m) for ON (a) and for DJF (b), for the four simulations performed.
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Figure 6.3.9: Total precipitation during the period 15-20 January 2013. a) Total precipitation

in all simulations, satellite and reanalysis products, b) Convective precipitation (RAINC) in all

WRF simulations, c) Large-scale non-convective precipitation (RAINNC) in all WRF simulations.

All panels display cumulative precipitation in mm for the period 15-20 January 2013.
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Figure 6.3.10: Hourly precipitation accumulated for all grid boxes defined within the area of

interest 15 30 ◦S and 25 35 ◦E (area sum of all pixels) for the intense rain event during 15-20

January 2013. a) WRF simulation and ERA5 in their original grid, b) WRF simulations remapped

to the grid of ERA5 (using conservative remapping).
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Figure 6.3.11: Hourly precipitation accumulated for all grid boxes defined within the area of

interest 15 30 ◦S and 25 35 ◦E (area sum of all pixels) for the intense rain event during 15-20

January 2013. a) WRF simulation and ERA5 in their original grid, b) WRF simulations remapped

to the grid of ERA5 (using conservative remapping).
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Figure 6.3.12: omega cross sections in Pa/s, averaged over the intense rain event period (15-20

January 2013).
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Figure 6.3.13: Wind speed (m/s) vectors and filled contours with potential temperature contours

overlaid for the intense rain event (15-20 January 2013).
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Figure 6.3.14: Specific humidity cross section (kg/kg) at 25 ◦S for the intense rain event (15-20

January 2013).
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Figure 6.3.15: U wind cross section (m/s) at 25 ◦S for the intense rain event (15-20 January 2013).
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Figure 6.3.16: Potential temperature cross section at 25 ◦S for the intense rain event (15-20

January 2013).
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Figure 6.3.17: omega cross sections in Pa/s, averaged over the intense rain event period (15-20

January 2013).
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6.4 Discussion

According to the literature, a cumulus scheme that may be suitable for climatic applications simulating

conditions over a longer time period may not be optimal for short-time weather applications. In this

work, the BMJ and NT schemes were found to more accurately simulate precipitation amounts dur-

ing both the whole 2012-2013 rainy season and during the intense rain event (15-20 January 2013). More

specifically during the whole rainy season, the daily timeseries of the BMJ and NT runs followed closely

the satellite products and reanalysis, while KF and GF displayed systematic spikes, which were indica-

tive of considerable overestimation in the daily precipitation amount. This was also consistent over the

Angola region.

Also, when the intense rain event during 15-20 January 2013 was examined, simulations employing

BMJ and NT schemes performed considerably close to ERA5 and the satellite products, while simula-

tions using KF and GF displayed a different evolution in the total amount of precipitation that occurred

within the area of interest, during the examined period (15-20 January 2013). However, it is noteworthy

that this finding cannot be used as “evaluation” of the WRF simulations, since ERA5 was used as forcing

field in all WRF experiments. It is also noteworthy, that although BMJ was the simulation performing

closest to ERA5, when precipitation over the area in concern (15 – 30 ◦S and 25 – 35 ◦E – southern

Mozambique) was classified into convective and non-convective for all WRF runs, BMJ was found to

yield large-scale non-convective precipitation. BMJ and NT simulations displayed also the more intense

and extended upward movement over the region in concern. In general, KF was found to produce ex-

cess rainfall and simulate strong low-level moisture converge over the Angola region. Also, the fact that

overall BMJ performed satisfactorily, could be explained by the fact that the vertical atmospheric pro-

files on which the scheme is based, were calibrated over the tropical atmosphere, in order to optimally

simulate deep convection.

Considering the fact that CPS have been shown to improve the simulation of convection in other

parts of Africa, it is essential to investigate why such conclusions are not consistent with what has already

been observed over regions of southern Africa (Keat et al. (2019)), over which the body of literature

is considerably smaller compared to West Africa. Therefore, although higher resolution is shown to

systematically provide more representative simulations of climatic conditions, it should not be used as

a panacea on its own, but should be assessed on very local scales and focusing on specific phenomena.

144



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

7 Conclusions

7.1 Concluding remarks

In Chapter 2, precipitation climatology during the rainy season for the period 1986-2005 over southern

African was examined, using the CORDEX-Africa, CMIP5 and CMIP6 ensembles. For the evaluation of

all model ensembles, gridded observational data (CRU, UDEL, PREC/L, GPCC, CPC), reanalysis data

(ERA5), and satellite data (ARC, CMAP, GPCP, CHIRPS, TAMSAT, PERSIANN) were used. In addition, an

assessment of the uncertainty of the observational data was carried out. The results showed that re-

gional climate simulations significantly improve monthly precipitation amounts in the southern African

region (CORDEX-0.44), relative to global climate models from which they obtain lateral boundary con-

ditions (CMIP5). Moreover, the higher spatial resolution of the CORDEX-Africa ensemble allows the

more accurate representation of topography, compared to that in the coarse resolution global climate

models. This results to the low-tropospheric moisture inflow from the tropical Indian Ocean being cor-

rectly blocked by the mountains in the Tanzania region and hindering it to progress towards the central

southern African region, as is erroneously the case in the CMIP5 cluster ensemble. In addition, satellite

estimates of rainfall over southern Africa (with an exception for the country of South Africa) were found

to be highly uncertain, as they strongly depend on the network of rain gauges available.

In Chapter 3, an investigation was carried out concerning the impact of the lateral boundary condi-

tions in the simulations of the CORDEX - Africa ensemble. The influence of the lateral boundary con-

ditions on the regional simulations was relatively stronger during the months of Dec-Jan-Feb, when

precipitation is mainly due to synoptic-scale systems entering the study region from the east and south-

east. During DJF, synoptic-scale systems are steered by the mean atmospheric flow, while this effect

was found to be weaker during Oct-Nov (early rainy season), as precipitation during these months is

mainly due to thermal forcing. Convection due to thermal forcing is a result of land-atmosphere inter-

actions that depend on the physical parameterization schemes of each respective regional model. In

all months, and for the various subregions considered, the regional models systematically reduce the

precipitation bias, relative to the driving global models.

In Chapter 4, the jet stream over the Southern Hemisphere was studied, with the aim to investigate

the planetary-scale flow in the upper troposphere. Using annual data from reanalysis data (ERA5), the

vertical wind shear of the jet stream was examined for the period 1950-2021, using zonal wind fields in

the upper troposphere, and also using temperature data. The use of temperature data contributed to
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the discussion of the effect of the thermal wind balance on the vertical wind shear of the jet stream. The

study of the vertical wind shear of the jet stream, especially over the areas of maximum intensity (jet

core), is performed because wind shear affects the surface atmospheric conditions in a manner opposite

to that observed in the corresponding regions of the jet stream. Due to mass continuity, regions of the

jet stream over which strong convergence (divergence) is observed, results in divergence (convergence)

in the lower troposphere. The contribution of the thermal wind balance to the vertical wind shear of the

jet stream over the Southern Hemisphere is considered important and in agreement to what has been

shown in the literature for the Northern Hemisphere.

In Chapter 5, the analysis of the dynamical processes of the atmosphere in the CORDEX - Africa

ensembles were discussed in relation to their effect on the simulated precipitation amounts during the

rainy season. Moisture convergence at the surface significantly affects the amounts of precipitation in

the wider Angola region, with the combination of moisture inflow from the southern Atlantic, from the

southern Indian Ocean and the existence of cyclonic vorticity over the Angola region, co-formulating

the conditions for the development of the Angola Low pressure system, which subsequently affects the

amounts of precipitation observed in the region. The development of cyclonic vorticity in the Angola

region is significantly influenced by the region’s strong and sharply changing orography.

In Chapter 6, sensitivity experiments were performed using the WRF model, examining the impact

of the cumulus parameterization scheme on several aspects of the southern Africa precipitation regime.

The simulations showed that precipitation is significantly affected by the cumulus parameterization

scheme and the results were consistent regardless of the study period (2012 - 2013 rainy season and

intense rain event during the period 15-20 January 2013). More specifically, the Betts - Miller - Janjic

and New - Tiedtke schemes produced the more realistic results (compared to satellite precipitation

products and ERA5 reanalysis data) for the entire study period (rainy season 2012-2013), but also for the

intense precipitation event, over south-eastern South Africa. The Kain - Fritsch scheme displayed an

overestimation of precipitation throughout the study period.

7.2 Future Work

In Chapter 2, the CORDEX0.44 ensemble was found to substantially improve precipitation over southern

Africa compared to the CMIP5 GCMs, however, this was not the case for the even higher resolution

CORDEX0.22 ensemble (CORDEX-CORE). This observation testifies for the fact that higher resolution

alone should not be considered as a panacea for the improvement of performance of an RCM. This

may partly be caused by the fact that higher resolution simulations may reveal model deficiencies that

were obscured in coarser resolution RCM simulations. Therefore, it would be necessary to examine in

more detail all simulations participating CORDEX-CORE, before this ensemble is further populated by

simulations from other Institutes and RCMs.

With respect to Chapter 4, it would be necessary to examine the sensitivity of the analysis to cer-

tain research choices, concerning the analysed timeseries, the input datasets, and their characteristics.

More specifically, with regards to the Southern Hemisphere jet stream, it is imperative to consider in

more detail the role that the ozone exerts on the stratospheric warming over Antarctica. Ozone deple-

tion during the decades from 1960s to approximately the end of 1990s, resulted to the cooling of the
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stratosphere over Antarctica. However, following the drastic regulations proposed through the Montreal

Protocol in 1987, stratospheric ozone levels over Antarctica have been observed to gradually recover.

Therefore, one important topic to consider, is that the analysis described in Chapter 4 is repeated using

two timeseries, one employing data before 2000 and one by employing data after 2000. The year 2000

is used as an indicator year within the timeseries for ozone recovery. Moreover, an additional work that

should be performed is related to the fact that the reanalysis datasets do not incorporate satellite data

before the 1980s, which is very likely to reduce their accuracy. Here, the analysis described in Chapter 4

utilized annual data from 1950 to 2021. For this reason it would be necessary to further repeat the anal-

ysis using two timeseries, one for the period 1950-1980 (pre-satellite era) and one by employing data

for the period 1980-2021 (post satellite era). In addition, the stratospheric warming as a result of ozone

depletion displays a strong seasonal cycle. For this reason it would be imperative to repeat the analysis

described in Chapter 4 using seasonal data, instead of annual. Moreover, the analysis should also be

performed using other reanalysis products, besides ERA5, to account for the uncertainty introduced

due to the dataset used. Additionally, the sensitivity of the calculation of the thermal wind balance

should be examined with respect to the spatial resolution of the input dataset. This can be examined

with a series of sensitivity tests in which ERA5 is remapped to coarser resolution grids. Lastly, it would

be necessary to expand the analysis of Lee et al. (2019) for the whole Northern Hemisphere also (and

not just the northern Atlantic sector). In this way, a fair comparison between findings concerning wind

speed and wind shear trends between the two hemispheres could be performed.

In Chapter 5 and concerning the dynamical analysis in the CORDEX-Africa ensemble, certain con-

clusions are drawn about the impact of topography on relative vorticity over the Angola region. This

statement could be experimentally verified or refuted using a series of sensitivity experiment in WRF.

The sensitivity experiments would be concerned with removing or reducing elevation from over the

Angola region and examine the impact of these changes on the relative vorticity field. Moreover, the

analysis performed in Chapter 5 using the historical simulations of the CORDEX-Africa ensemble could

be also performed for the future under RCP8.5, in order to investigate how the atmospheric dynamics

will change over the study region, and how the changes in dynamics correspond to future changes in

precipitation.

Concerning the work about the cumulus sensitivity experiments over SAF described in Chapter 6,

future work towards understanding more aspects of convection processes over southern Africa, would

involve the use of the New Simplified Arakawa Schubert (NSAS) scheme, whose convection trigger

function is tied to the large-scale dynamics. Further insights could also be gained from an analysis of

precipitation in terms of frequency of occurrence (testing the cumulus scheme’s ability to trigger pre-

cipitation) and the intensity of precipitation when it does occur (testing the schemes ability to correctly

determine the amount of moisture to remove from the atmosphere and deliver as precipitation). Lastly,

convective processes over southern Africa could be more in depth analyzed through a Convection Per-

mitting Simulation at very high resolution.
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