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Abstract: Climate change is a significant concern impacting food security, agricultural reform, disease
transmission, and disruption to human, plant, and animal ecosystems, along with a host of additional
consequences, ultimately affecting the quality of life and the livelihoods of the global population.
African-based research aims to better understand the impact of climate change on nature and on
different aspects of humanity, as well as improve forecasting for greater economic potential. However,
researchers often encounter various challenges and obstacles. Here, we conducted a bibliographic
analysis and interpretation of relevant climate change peer-reviewed research articles related to
the African continent. From this analysis, challenges associated with climate change modelling in
Africa were identified. Primarily, the lack of an extensive observational network and technological
limitations hinder modelling efforts. Additionally, an apparent pull of scientists away from African
institutions to institutions further afield was observed. Novel solutions to these challenges are
proffered. Finally, we highlight how the German Deutscher Akademischer Austauschdienst (DAAD)
Climate Research for Alumni and Postdocs in Africa (climapAfrica) program is contributing towards
resolving these challenges.

Keywords: climate change modelling; challenges; Africa; solutions; Climate Research for Alumni
and Postdocs in Africa (climapAfrica)

1. Introduction

Climate variability and change are driven by internal and external factors, including
natural and anthropogenic forcings dominated by greenhouse gas (GHG) emissions. The
long-term continuous emissions of GHGs have contributed to the increase in global warm-
ing, which currently constitutes a serious global challenge and affects many aspects of life,
including food security, disease transmission, quality of life, and all economic sectors [1,2].
The scientific evidence indicates increasing risks of serious and irreversible impacts of
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climate change in business-as-usual pathways associated with GHG emissions [3] There-
fore, it is crucial to implement policies to increase mitigation and resilience capacities,
especially where populational vulnerability to future climate change is high; for instance,
the strong dependence of African countries on rain-fed agriculture is significantly linked to
their economic potential and growth. The uncertainty of climate change with respect to
not only rainfall distribution and magnitude, but also rising temperatures adds stress to
crop production [4]. These activities also require high-energy inputs possibly hindering
global goals for reducing GHG emissions. Successful adaptation requires the necessary
quantification of the magnitude of impacts through targeted research objectives, for exam-
ple, research that focusses on the understanding of disease transmission processes [5,6],
thresholds of heat stress variability [7,8], fluctuations in economic situations [9], changes in
land use practices [10], plant growth processes (i.e., food crops), among others [11]. For
these purposes, modelling is usually required.

Climate change modelling and related research requires quality data with distinct spa-
tial and temporal resolutions for setup, calibration, and validation [12–20]. The resolution
required often depends on the specific objectives of the modelling task. Information at a
regional scale is highly desirable, particularly across the African continent, for practical
planning of local issues, such as rain-fed agriculture, water resources availability, and flood
management. Often, challenges in acquiring adequate data for the modelling task at hand
and the spatial distribution of the data may render certain analyses impossible; for instance,
on accounting for small geographic areas with high topographical variability, see [21–29].

The objective of this paper is to identify challenges that scientists face when mod-
elling climate change and its impacts over the African continent. We briefly discuss the
distribution of researchers generating peer-reviewed publications and the contribution
of African-based scientists to the literature over the last decade. The uncertainties, lim-
its, and challenges raised in the literature survey will be investigated in detail and some
solutions will be proposed to address these issues. We will also look at how initiatives,
such as the German Deutscher Akademischer Austauschdienst (DAAD) Climate Research
for Alumni and Postdocs in Africa (climapAfrica) program, can provide a network to
encourage intra-continental collaborations and inspire international ties. The identification
of these challenges will assist in delivering actions to address them in terms of better
understanding the impacts of climate change on nature and thus on African countries.

2. Current Issues Facing Climate Change Modelling in Africa

Many studies, including the Intergovernmental Panel on Climate Change (IPCC)
report [30], have discussed or noted the challenges of climate change modelling for past
and future scenarios. Some of the major limitations—especially in Africa—are related to
data quality, availability, and accessibility [31–33]. The paucity of data sources directly
affects research in the assessment of climatic conditions and changes, which directly impacts
livelihoods [14,34]. One of the primary sources of most climate data in Africa is a network
of weather stations, which are scattered disproportionately across the landscape. The
continent has a very low density of weather stations, with data not readily available [31].
In addition, the historical data gathered from this network span but a few decades and the
records are typically riddled with missing information, incorrect capture, and incomplete
conversion between the metric and imperial system. Moreover, most ground stations are
concentrated in or near major cities or easily accessible locations, disregarding regions
with rough or inhospitable terrain (e.g., mountains and deserts) [32]. Additionally, this
observational network may be poorly maintained and rarely serviced, mostly due to limited
investment in the respective countries’ climate infrastructures [32].

In addition to a low spatial resolution of stations, the storage of data is usually
undertaken by the relevant government branch or even by private groups, which introduces
accessibility challenges, either by legal restrictions, lack of knowledge of the pertinent
branch that hosts the data repository, and/or high access costs [32,35]. Thus, sharing of
data beyond the initial user is rather limited. Furthermore, due to low financial investment,
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the availability of the latest products and tools is minimal, leading to a lack of dissemination
of skills. Alternative options to the observation network include computational modelling,
remote sensing, and geographical information systems (GISs). Over the last few decades,
developments in geospatial techniques have aided researchers in visualizing the impacts of
climate change. Furthermore, Woldai [36] highlighted challenges that African countries are
facing with regards to the usage of earth observation data; these include poor investment in
information and communication technologies along with infrastructure, a lack of capacity
to process or use the available data, a lack of access to available data, and limited awareness
in the private and public sectors of the mini-satellites launched by some African countries,
amongst other challenges. The use of earth observation repositories for climate change
modelling requires high-resolution data (i.e., spectral, temporal, spatial, and thematic
resolution), which can be costly. In most cases, freely available earth observation data do
not have high resolution, and this limits predictions in modelling activities.

3. Materials and Methods
3.1. Data Collection: Review of Climate-Related Publications from 2011–2020

According to Harzing and Alakangas [37], Google Scholar provides greater coverage
for cross-disciplinary research outputs, although they note that the user interface may not
be suitable for bibliometric analyses. However, the inclusion of exclusionary notations
and limiting search results by year can produce refined outputs. Thus, a systematic, year-
by-year comprehensive literature survey was conducted for the period 2011–2020. Search
queries were applied to publications, by year, relating to climate change modeling in Africa
that mentioned encountering a “limitation” or “challenge”, irrespective of discipline. The
article selection criteria were as follows: “research articles on climate change modeling in
Africa”, “research articles published between year 2011 and 2020”, the keyword “climate
change”, the keyword “modeling”, the keyword “Africa”, the keyword “challenges”, and
the keyword “limitations”. Only peer-reviewed, original research publications based on a
region within the African continent were considered, excluding conference proceedings,
review articles, global perspective articles, working papers, and university theses. In all, a
total of about 10,000 articles were reviewed, based on the selection criteria detailed above.
(See Figure 1 for articles reviewed from the Google Scholar Database). It must be noted
that this literature survey was undertaken to understand the challenges and limitations
of climate research over the African continent and not as a simple systematic review of
works published during the year under investigation. Although additional portals, such as
Web of Science, could also have been utilized, the survey undertaken here is acceptably
representative of the issues faced by researchers working in Africa.

3.2. Bibliographic Analysis

The first 1000 articles for each year, as returned by the search parameters, were
individually considered to identify the challenge noted by the authors. (Comprehensive
details can be found in the Supplementary Materials, Tables S1–S11. Figure 1 shows the
PRISMA chart for the articles reviewed from the Google Scholar database. Figure 2 shows
the number of publications per year referencing a limitation or challenge. Furthermore,
beyond detailing the limitations mentioned by the authors, their affiliations were also
catalogued to assess the contribution of African-based scientists to the literature (Figure 3).
A comprehensive bibliographic analysis of the data collated was then performed.
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4. Results

Publication numbers were relatively low in the initial years of the study—a mere
14 and 15 articles listing uncertainties in their research for 2011 and 2012 (Figure 2), respec-
tively. The primary concerns for the authors were the quality and discontinuous nature of
observation records (see Mango et al. [38] and Ramadan et al. [39]), with some opting to
interpolate or infill missing data points, such as Mwale et al. [40]; in addition to the poor
spatial resolution of the available data Notter et al. [41], noted the need to implement multi-
ple avenues for data acquisition (see Tables S1–S11). In the following years, from 2013–2020,
the average number of papers increased to 54, with a low of 41 in 2014 and a high of 67 in
2017 (Figure 2). Data limitations and observation station sparsity are still a commonly cited
concern for many researchers in the years 2013–2020 (see Tables S1–S11) for a full list of
relevant publications citing this limitation). The lack of a spatially extensive, high-temporal
resolution observation network has limited the attempts to evaluate the impacts of climate
change in several societal domains when utilizing simulation outputs from Global Climate
Model (GCM), often embedded in the Coupled Model Intercomparison Project (CMIP);
as well as Regional Climate Model (RCM), carried out within the framework of the COor-
dinated Regional Climate Downscaling Experiment (CORDEX) initiative [29,33,34,42–45].
The latter authors noted that the lack of precipitation-related variables in mountainous
regions may lead to interpolation errors. This was reiterated at a more regional scale by
Ziervogel et al. [34], who argued that South Africa lacked a comprehensive national system
to provide spatially extensive climate data, further noting the difficulty and costly nature
of obtaining national data for hydrological modelling. This is one of many constraints on
modelling-related research in the areas of agriculture, biodiversity, human health, amongst
others, in South Africa [34].

Many authors state that some of the above issues have been partially overcome by
utilizing satellite-derived data and analyses; see, for instance, the works of Golian [46]
and colleagues and Tramblay et al. [17]. Although satellite-derived data come with their
own challenges—for instance, low spatial and temporal resolution and the need for cloud-
free imagery (see Mahmoud et al. [47])—unique research avenues can be followed, as
exemplified by Busayo et al. [48], who provided insights into the emerging link between
spatial planning and climate change adaptation using GIS and earth observation data
in South Africa Twumasi et al. [49] used GIS and remote sensing to map flood-induced
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risks due to changes in weather patterns in the southern African region. Inherent uncer-
tainties are associated with the accuracy of climate models because of data limitations
Novella et al. [50] attributed the inaccuracy of their African rainfall climatology model to
the unavailability of daily Global Telecommunication System (GTS) gauge reports in real
time and deficiencies in the satellite estimates associated with precipitation processes over
coastal and orographic areas.

The complexity of climate dynamics and diversity in processes over the African conti-
nent also raises issues in creating reliable model outputs, as noted by Stanzel et al. [51] when
employing an ensemble of climate projections from CORDEX simulations over west Africa.
This has led to contradictory conclusions for the same region [52]. Additionally, the compu-
tational power and time investment required to run these models is a global issue [53–57]
(e.g., CMIP and CORDEX), and can be beyond the reach of many researchers, leading to
the necessity of collaboration with international partners. Bias correction [17,58,59] is an
additional factor required in validating models; however, the reliability of the output is
dependent on the approach employed and the extent of the calibration time, which factors
may lead to questionable results, particularly for arid to semi-arid regions. As stated by
Beck et al. [32], the foremost prerequisite should be to “ . . . produce reliable estimates of
the net climate forcing over the African continent and the surrounding oceans” that are of
the same standard as other continents—a target that remains difficult to achieve.

5. Discussion
5.1. Insights Obtained from the Bibliography Analysis

The lack of capacity-building and development initiatives (human and infrastruc-
tural) in African institutions, both in the private and public sectors, is a major challenge.
Fewer research facilities have been established on the continent when it comes to climate
change research or large-scale climate change modelling research [60,61], except for South
Africa. South African researchers contribute significantly to the percentage representation
of African-based authors; for instance, 60% of African-based research published in 2013
had a South African researcher as the first author, while the same figure for 2019 was 33%
(see Supplementary Materials, 2013, 2019, spreadsheets). The quality of research conducted
and published, the high impact of the journals targeted, and the caliber of the method-
ologies adopted and data generated are considerably linked to South Africa’s research
capacity. In the later years of the review, more inter- and intra-continental collaborations
were observed; many locally based authors are included alongside their international
counterparts. In 2019 and 2020, 23% and 29% of articles included African-based researchers,
respectively, as compared to an average of 8% for the preceding years considered in this
study (see Supplementary Materials, 2019 and 2020, spreadsheets). The significance of
quality collaborations amongst African researchers and between African and foreign re-
searchers/institutions cannot be overemphasized; such collaborations have yielded—and
are still yielding—quality research results and outputs [62–64].

Furthermore, the most prominent foreign countries (i.e., those outside the African
continent) conducting and publishing on climate change modeling can be ascertained.
The United States of America is the highest contributor, producing a fifth (20.3%) of the
research publications on climate change modelling between the years 2011–2020. The
contributions of the United Kingdom are marginally lower, with a percentage of 19.2%,
and they are ranked second amongst the foreign countries. German-based authors rank
third, being responsible for 12.2% of publications (see Table S12). Overall, thirty-eight
(38) foreign countries ((USA, UK, Germany, China, Portugal, Italy, The Netherlands, France,
Spain, Greece, Brazil, Estonia, Fiji, Belgium, Australia, Sweden, Hongkong, India, Hungary,
Canada, Costa Rica, Austria, Singapore, Norway, Turkey, Lithuania, Denmark, Mexico,
Switzerland, Colombia, Ireland, Thailand, Laos, Sri Lanka, Saudi Arabia, Finland, Japan,
and Peru)) collaborated with researchers and research institutions from different African
countries. Notably, between the years 2011–2020, the United States of America, the United
Kingdom, and Germany primarily engaged in collaborations with South Africa over any
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other African country. South African researchers accounted for 22%, 36.4%, and 13.8%
of their collaborations, respectively. Other foreign countries, such as France, Norway,
Italy, Spain, Greece, The Netherlands, Hongkong, India, Hungary, Canada, Denmark,
Sri Lanka and Laos, also have higher percentages of collaborations with South African
institutions and researchers (see Table S13). Germany, Brazil, Estonia, Austria, Turkey,
Lithuania, and Peru have the highest or high number of collaborations with Nigerian
institutions and researchers. Japan, Finland, Thailand, Colombia, Switzerland, Mexico,
Sweden, Australia, Belgium, Brazil, Greece, The Netherlands, China, and the UK, have
the highest or a high number of collaborations with Kenyan institutions and researchers.
Out of the thirty-eight (38) collaborating foreign countries, South African institutions and
researchers had the highest collaborations with sixteen (16) of them. On the other hand,
China had limited cooperative engagement with local African institutions and climate
change modeling researchers, with collaborations with institutions in only six (6) African
countries, namely, Mali, Ghana, Zimbabwe, Botswana, Kenya, and Uganda, each with a
collaborative percentage of 16.667%.

The prominence of international collaborations may be due to a plethora of reasons.
Many African scientists travel overseas to conduct research and establish research collab-
orations. This can be partly explained and substantiated by the brain-drain syndrome
currently plaguing the African continent [65–73]. Many arguments have been identified
for this trend and some mentioned here as being revealed by the literature survey. The
employment opportunities, strong economies, and societal stability of developed countries
strongly influence the migration of African scientists and directly contribute to the brain
drain of the continent [65–73].

5.2. Overcoming the Challenges

Many practices can be employed to overcome the challenges detailed above. The
implementation and increase in the number of open access data repositories (for instance,
PANGAEA [74], NOAA [75], FAO [76], WorldClim [77], etc.) may be an underlying
mechanism responsible for the upward trend in locally authored publication numbers.
Particularly noteworthy would be the online availability and the open data policy of such
archives as that associated with Landsat imagery [78] coupled with the later improvement in
internet bandwidth in Africa, which may have been a fundamental cause of the exponential
increase in the number of downloads of Landsat imagery from 2013 onwards [79].

However, the dissemination of the scientific repositories within the community would
accelerate the adoption of and expand contributions to their inventories. The CORDEX-
Africa initiative [45], hosted by the University of Cape in South Africa, is central to African-
based modelling endeavors, hosting training workshops since 2011 and encouraging inter-
and intra-regional research objectives. The development of the Coupled Model Intercom-
parison Project (CMIP) and subsequent phases provides an additional avenue for data
acquisition through a standardized organization, with the curation and dissemination of
model outputs for similar simulations [80]. Advances have been made with the innovation
of open-source software, online platforms, and virtual training courses. The advent of
open-access software such as that provided by Python, R and its associated packages, and
Google Earth Engine [81], coupled with online tutorials to make coding easier to learn, read,
and debug, has lifted the financial constraints that restrict access to licensed software—a
hurdle many researchers experience in developing countries. To take GEE as an example,
the cloud-based platform hosts a wide range of geospatial datasets which are updated al-
most daily [82]. Therefore, a primary goal for African countries to become more self-reliant
in their research would be to enhance capacity-building, both human and infrastructural,
in disciplines that can contribute to addressing climate change through modelling.

5.3. Beyond the Science

Two of the greatest challenges confronting the African scientific community are the
long-standing brain drain and the lack of capacity development. Moving forward, local



Appl. Sci. 2022, 12, 7107 8 of 13

government and relevant stakeholder investment in education, research, and development
need to be prioritized. This would provide the needed computational resources, skills,
and infrastructure for researchers involved in climate change modelling and encourage
the retainment of scientists in African institutions. For example, investing in improving
the density and maintenance of the observational network in developing countries, es-
pecially sub-Saharan African (SSA) countries, would provide a valuable data source in
years to come, resulting in more accurate observational historical climate data. This would
ease and increase the emergence of impact studies, such as assessments of modelled heat
stress, modelling of diseases, economic modelling, crop modelling, etc., in such a way
as to account for small geographic units. The local availability of resources would assist
in expanding research in climate change modeling in various sectors of human society,
including infrastructural developments in the areas of ICT and the installation of advanced
satellite technologies. These developments would provide direct access to quality real-time,
high-resolution, climate-related data; thus, the spatial resolution of RCMs, for example, can
be increased to yield data for finer geographic units or provide a greater understanding of
physical processes. Accordingly, climate data are of paramount importance in capturing the
specificities of the various topographically diverse geographic units. However, an increase
in the spatial resolution of climate models is not to be achieved at the expense of superior
simulations and should be accompanied by improved data-assimilation methods. Further-
more, global, regional, and local initiatives that provide a collaborative and transparent
environment can foster research and innovation across the continent; for instance, SEACRI-
FOG [83] has developed an integrative network for long-term and sustainable cooperation
among African and European environmental research infrastructures. Additionally, the
Climate Research for Alumni and Postdocs in Africa (climapAfrica) is a research initiative
established by the German government and implemented by the Deutscher Akademischer
Austauschdienst (DAAD) in cooperation with the climate competence centers Southern
African Science Service Centre for Climate Change and Adaptive Land Management (SASS-
CAL) and West African Science Service Centre on Climate Change and Adapted Land Use
(WASCAL), with the aim of fostering application-oriented research to tackle climate change
in southern and western Africa. A priority for climapAfrica is the establishment of an
African network for collaboration and information exchange amongst African researchers
working on climate change and modelling-related projects. This has been achieved through
various means. Capacity-building is a high priority; the initiative has hosted climate
change-related online seminars with experts, training sessions, workshops, conferences,
and exchange programs, with the aim of expanding the skillsets of African early-career
scientists (ECSs), as related by the alumni and postdocs. The platform encourages indepen-
dent collaboration within the network, fostering interdisciplinary and cross-disciplinary
research. Notably, most of these existing regional and local initiatives, i.e., SASSCAL,
WASCAL, SEACRIFOG and climapAfrica, are mostly funded by non-African organizations;
therefore, there is an urgent need for African governments to invest in local scientific
talent themselves.

6. Conclusions

Research in Africa comes with many challenges; here, we have identified and ad-
dressed the uncertainties that revolve around climate change modelling and publishing
within the continent. Some challenges associated with climate change modelling research
in Africa were identified, among which were:

(i) The lack of seamless access to available data;
(ii) The low financial investment for climate change research in Africa;
(iii) The use of climate model (GCM and RCM) instrumentations, with their numerous limitations;
(iv) The challenges related to poor quality/missing data, often associated with the long-

term measurement of climatic parameters (precipitation, temperature, etc.).

We have proposed some solutions to address these challenges, emphasizing the poten-
tial contribution of initiatives such as climapAfrica to help address the data issues related
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to climate change modelling in under-studied regions, such as the African continent. The
results of this study could therefore be an important input for the elaboration of policies that
would enable the establishment in Africa of a continuous, dense, and good-quality obser-
vation network, improving access to quality data from publicly available online databases,
which would immensely contribute towards increasing the adaptation and mitigation
capacities of African populations in relation to the harmful effects of climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12147107/s1, Table S1: 2011 Climate change modeling articles
included for review from the Google Scholar Database; Table S2: 2012 Climate change modeling
articles included for review from the Google Scholar Database; Table S3: 2013 Climate change
modeling articles included for review from the Google Scholar Database; Table S4: 2014 Climate
change modeling articles included for review from the Google Scholar Database; Table S5: 2015
Climate change modeling articles included for review from the Google Scholar Database; Table S6:
2016 Climate change modeling articles included for review from the Google Scholar Database;
Table S7: 2017 Climate change modeling articles included for review from the Google Scholar
Database; Table S8: 2018 Climate change modeling articles included for review from the Google
Scholar Database; Table S9: 2019 Climate change modeling articles included for review from the
Google Scholar Database; Table S10: 2020 Climate change modeling articles included for review from
the Google Scholar Database; Table S11: Summary and Table Containing the Statistics and Analysis
of the contents of Tables S1–S10 for All Selected Climate change modeling articles included for
review from the Google Scholar Database; Table S12: Percentage and number of publication numbers
published on climate change modeling by foreign countries (i.e., outside the African continent);
Table S13: Percentage (%) rate of collaborative climate change modeling research between African
and foreign countries ((USA, UK, Germany, China, Portugal, Italy, The Netherlands, France, Spain,
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