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The Greater Horn of Africa is prone to extreme climatic conditions, thus, making climate services increasingly important in supporting decision-making processes across a range of climate sensitive sectors. This study aims to provide a comprehensive review of the recent advances, gaps and challenges in the provision of climate services over the region, for each of the components of the Global Framework for Climate Services. The study explores various milestones that have been achieved toward climate service delivery. The achievements include improvement of station network coverage, and enhancing the capacity of member states to utilize various tools in data analysis and generate routine climate products. The advancement in science, and availability of High-Performance Computing has made it possible for forecast information to be provided from nowcasting to seasonal timescales. Moreover, operationalizing of the objective forecasting method for monthly and seasonal forecasts has made it possible to translate tercile forecasts for applications models. Additionally, innovative approaches to user engagement through co-production, communication channels, user-friendly interfaces, and dissemination of climate information have also been developed. Despite the significant progress that has been made in the provision of climate services, there are still many challenges and gaps that need to be overcome in order to ensure that these services are effectively meeting the needs of users. The research of the science underpinning climate variability, capacity building and stakeholder engagement, as well as improved data management and quality control processes are some of the gaps that exist over the region. Additionally, communication and dissemination of climate information, including timely warnings and risk communication, require improvement to reach diverse user groups effectively. Addressing these challenges will require strengthened partnerships, increased investment in capacity building, enhanced collaboration between the climate information producers and stakeholders, and the development of user-friendly climate products. Bridging these gaps will foster greater resilience to climate-related hazards and disasters in the Greater Horn of Africa and support sustainable development in the region.
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1 Introduction

The economies and livelihoods of the Greater Horn of Africa (GHA) region are heavily reliant on climate-sensitive sectors such as agriculture, tourism, forestry, and water resources, making it one of the most vulnerable regions to the effects of climate change and variability (Kinyangi et al., 2009; Kogo et al., 2021; Bedasa and Bedemo, 2022). To effectively make decisions in these sectors and to increase the region's resilience to climate-related hazards, it is essential to provide timely, reliable, and actionable climate information. Most parts of the region are arid and semiarid making the populations vulnerable to changes in rainfall. For example, in the arid and semiarid regions, depressed rainfall usually leads to shortage of pasture, and limited water availability (Kebede and Taye, 2021; Mdemu, 2021; Lelenguyah et al., 2023). The three major rainy seasons in the area are the Long rains (from March to May, MAM, Figure 1A), the Short rains (from October to December, OND, Figure 1C), over the equatorial parts of the region and northern Tanzania, and the rains from June to September (JJAS, Figure 1B) over the northern parts of the region. The rainfall patterns in the region are influenced by several factors, including the north-south migration of the Inter-Tropical Convergence Zone, the Indian Ocean Dipole, and the El Nino Southern Oscillation (ENSO).


[image: Figure 1]
FIGURE 1
 Seasonal percentage contribution to total annual rainfall over the Greater Horn of Africa for the (A) March–May (B) June–September and (C) October–December seasons.


The GHA region continues to face shocks of weather and climate extremes. Over the past decades, the region has experienced numerous flooding and drought events (Bizimana and Schilling, 2010; Funk, 2012; Mwangi et al., 2014; Nicholson, 2014; Kilavi et al., 2018; Kikwasi and Mbuya, 2019; MacLeod et al., 2021a; Wainwright et al., 2021a,b; Kiptum et al., 2023). In recent years, several severe droughts have occurred over the region including the 2010/2011 drought over the Horn of Africa which affected more than 12 million people and resulted in significant loss of lives (Dutra et al., 2013; Funk et al., 2014; Mwangi et al., 2014). The 2016/2017 drought also left several millions of people facing food and water shortages (Funk et al., 2018). The 2020-2022 drought left approximately 48 million people in the region facing food and water shortages and over 11 million livestock dead (ICPAC, 2023). In addition to the drought conditions, the region has experienced numerous flooding events in the past decade including the MAM 2018, OND 2019, MAM 2020, and OND 2023 events (Kilavi et al., 2018; OCHA, 2018; Reliefweb, 2019, 2023; Chang'a et al., 2020; Wainwright et al., 2021a,b). The flooding events during OND 2019 also led to conducive conditions for the breeding of the desert locusts which subsequently led to the outbreak of desert locusts infestation that destroyed large rangeland areas (Salih et al., 2020), and exacerbated the forage shortage during the 2020 to 2022 drought event (Reliefweb, 2022; FarmAfrica, 2023).

The Early Warnings For All Initiative (EW4All) that aims at ensuring that lives and livelihoods are protected from extreme climate hazards by 2027, was formally initiated by the UN Secretary-General in November 2022 at the COP27 meeting in Sharm El-Sheikh, Egypt [(World Meteorological Organisation (WMO), 2022a)]. To achieve this and increase the region's resilience to these extreme events necessitates a rigorous stock-take on the climate services offered over the GHA. Climate services refer to the production, translation, transfer, and use of climate information and knowledge to support decision-making processes across different sectors and levels of society (Vaughan and Dessai, 2014). They are designed to help individuals, businesses, and governments make informed decisions in the face of changing weather and climate patterns. Climate services are essential for enabling communities and countries to manage risks, increase resilience, and capitalize on opportunities in a changing climate (World Meteorological Organisation, 2011). Managing climate risk is ensured by having access to the best decision-relevant climate information and having the skills to use it (Dinku, 2019).

To ensure efficient implementation of climate services, the World Meteorological Organization established the Global Framework for Climate Services (GFCS). The GFCS consists of five components which are (i) user interface platforms, (ii) Climate Services Information System, (iii) Observations and Monitoring, (iv) Research, Modeling and Prediction, and (v) Capacity Development (Hewitt et al., 2012). This study aims to provide a comprehensive review of the recent advances, gaps and challenges in the provision of climate services over the Greater Horn of Africa in each of the components of the GFCS. The study will highlight key developments in data collection and analysis, climate modeling, as well as the use of innovative tools and approaches to enhance the accessibility and usability of climate information. Additionally, the study will discuss the challenges and opportunities facing the region in the provision of climate services and provide recommendations for future research and action.



2 Advances in implementation of the components for Global Framework for Climate Services


2.1 User interface platform

Various user interface platforms (UIPs) exist over the region and these include, The Greater Horn of Africa Climate Outlook Forum (GHACOF, Ogallo et al., 2008), National Outlook Forums (Kenya Metorological Department, 2022; Teshome and Demissie, 2022; Anticipation Hub, 2023) and sub-national climate Outlook forums also known as Participatory Scenario Planning workshops [conducted in most counties in Kenya, and some regions in Somalia, Uganda, and Ethiopia, Ambani et al., 2021; World Meteorological Organisation (WMO), 2022b]. These platforms provide a leading role in creating opportunity for dialogue between countries, sectors, academia, users and producers. In addition, a sector specific UIP has been established that focuses on Agriculture and Food security; the Food Security and Nutrition Working Group (Gudoshava et al., 2022a). Furthermore, digital platforms such as the East Africa Hazards Watch allow for users to obtain area specific climate information. Further information on the East Africa Hazards watch will be discussed in Section 2.2.3.



2.2 Climate services information system

This section summarizes the advances that have been made in provision of the climate services through forecast provision, coproduction of climate services and forecast dissemination. It outlines the different products that are being provided, tools that have aided in the provision of the products, various coproduction methods and the different media channels for information dissemination.


2.2.1 Forecast generation

In forecast generation the study focuses on the advances from nowcasting timescales to seasonal timescales that have occurred at both national and regional level.


2.2.1.1 Nowcasting

Nowcasting is defined as “forecasting with local detail, by any method, over a period from the present to 6 h ahead, including a detailed description of the present weather” (World Meteorological Organisation, 2017). The availability of nowcasting forecast products has enhanced the accuracy, and timely generation of weather warnings to save lives and property (Roberts et al., 2021a,b; Youds et al., 2021). Notably, fishers, boat operators, and communities on Lake Victoria are able to access customized forecasts and warnings that advise their decisions to venture into the lake thereby significantly reducing fatalities on the lake (Roberts et al., 2021b).

Countries within the GHA are making strides toward operationalizing nowcasting beyond aviation forecasts. For instance, Uganda1 and Rwanda2 issue 6-h forecasts of precipitation, winds and temperature for various regions. In addition, Rwanda provides tracks of storms reaching to 1 h and wind shear based on the Doppler weather radar products using Thunderstorm Initiation, Tracking, and Analysis (TITAN) software to support disaster risk reduction in addition to aviation operations.

Furthermore, the FASTA app3 provides forecasted storm rainfall information for the next 2 h over East Africa (Figure 2a). FASTA utilizes Convective Rainfall Rate (CRR) and Rapidly Developing Thunderstorms (RDT) products from EUMETSAT's NoWCasting Satellite Application Facility (NWC SAF). The app builds on research carried out assessing prediction skill of nowcasting products over Eastern Africa and is freely available to Kenyan users (FASTA, 2023). A Nowcasting Catalog4 is also available through which meteorologists can access products (Figure 2b). Hill et al. (2020) demonstrated that the nowcasting products have skill at lead times of at least 1.5 h.
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FIGURE 2
 (a) FASTA app that is utilized by stakeholders to obtain real time weather information (b) NWCSAF products extracted from the Global Challenges Research Fund African SWIFT website (https://science.ncas.ac.uk/swift/resources/view/13470190).




2.2.1.2 Short range forecasts

Short range forecasts refer to weather predictions that are beyond 12 h and up to 72 h (Doblas-Reyes et al., 2003). National Meteorological and Hydrological Services (NMHSs) within the GHA region routinely issue short range weather forecasts using a wide array of tools (Lungo et al., 2020; MacLeod et al., 2021b). These include observed data from manned and automatic stations, satellite data, radiosonde data, radar data that are used in operational forecasting to validate the numerical weather prediction products from Meteo-France model of Action de Recherche Petite Echelle Grande Echelle (ARPEGE), the European Center for Medium Range Weather Forecasts (ECMWF), National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center, Meteoblue, United Kingdom Met Office (UKMO), South Africa Weather Services (SAWS), Regional Specialized Meteorological Center La Réunion-Tropical Cyclone Center among others (e.g., Lungo et al., 2020; Cafaro et al., 2021; MacLeod et al., 2021b).

Access to high resolution outputs from for example the UKMO Tropical Africa model has enabled targeted warnings to the public for example the Kenya Meteorological Department issues out warning information of heavy rainfall over informal settlements in Nairobi.5 In addition to heavy rainfall warnings NHMSs also issue advisories and warnings for strong winds, and large waves (MacLeod et al., 2021b).

During times when there is a threat of landfall from a tropical cyclone over the region, the regional climate center over the GHA (IGAD Climate Prediction and Applications Center [ICPAC]) provides the cyclone tracks on daily basis and issues warnings if there is imminent disaster (Mwanthi et al., 2019). Figure 3 is an example of the forecast information that is issued for early warning.


[image: Figure 3]
FIGURE 3
 Example of Short-range forecast products that are currently disseminated by the National Meteorological and Hydrological services and the cyclone tracks that are produced by ICPAC.




2.2.1.3 Medium range forecasts

Medium range forecasts extend from about 3 to 10 days in advance (Doblas-Reyes et al., 2003). ICPAC and the majority of the NMHSs in the GHA region downscale the forecast information dynamically to local scale by utilizing the Weather and Research Forecasting model (WRF, Skamarock et al., 2008; Case et al., 2014; Opijah et al., 2014; Lungo et al., 2020) and routinely issue out these forecasts. The capability to generate medium-range forecasts with optimal physics combinations customized for the region and at high resolution has been facilitated by the availability of High-Performance Computing systems at both regional and national levels (AFDB, 2020; WISER, 2021).

At the regional level, 10 km resolution simulations are produced at weekly timescales, while at the national level (e.g., Kenya, Rwanda, Ethiopia) the convective permitting resolution of 4 km is utilized. In tropical Africa the main contribution to daily rainfall comes from deep convective systems (Fink et al., 2017), thus, the use of the convective permitting resolution has the potential to improve the rainfall forecast (Clark et al., 2016). In addition to the weekly forecasts, 5- and 10-day forecasts are also issued by the NMHS over the region. The results of these simulations include unusually heavy rain, total amount of rain, anomalies, and mean temperature variations. Further, NHMSs produce agrometeorological, hydrometeorological, biometeorological and other specialized forecasts and bulletins that are tailored to users' needs. Example weekly products are shown in Figure 4 at the regional level.


[image: Figure 4]
FIGURE 4
 Example of the weekly WRF outputs that are produced at regional level. The example shows the total rainfall and exceptional rainfall during a particular week. Exceptional rainfall is calculated by comparing the forecast rainfall and the WRF hindcast rainfall for that particular week.




2.2.1.4 Sub-seasonal forecasts

Sub-seasonal forecasts, from 2 weeks to a season, bridge the gap between weather and seasonal forecasting (Vitart et al., 2012, 2017; Robertson et al., 2015). The sub-seasonal forecast exhibit skill over the GHA region (de Andrade et al., 2021; Endris et al., 2021; MacLeod et al., 2021a) hence their potential to be used for decision making in various sectors (White et al., 2017, 2021). In the agriculture and food security sector it was reported that the sub-seasonal forecast enhances the tactical decision making such as application of pesticides, weeding and irrigation time periods (Gudoshava et al., 2022a). Furthermore, sub-seasonal forecast products are also utilized by Kenya Meteorological Department (KMD) to improve their seasonal rainfall onset prediction (MacLeod et al., 2021b).

ICPAC and the NMHS over the region routinely provide monthly forecasts utilizing datasets derived from long-range seasonal forecasts. However, from 2019 to 2022 ICPAC and KMD were granted access to the real-time outputs of operational sub-seasonal prediction systems as part of the real-time pilot phase of S2S project (Hirons et al., 2021, 2023; Gudoshava et al., 2022a). During the real-time initiative period, forecasts were issued on weekly or biweekly timescales and provided information with a temporal resolution of the order of a week, describing average temperatures, rainfall, soil moisture, wind speed and direction, and probabilities of exceeding predefined rainfall thresholds. In this period, collaboration among operational centers, research institutions, and stakeholders resulted in the co-development of a variety of products tailored to specific user groups, including hydrology, energy, disaster risk reduction, and food security (Hirons et al., 2021; Gudoshava et al., 2022a; Visman et al., 2022). Figure 5 shows the example products that were co-produced during the S2S real time initiative.


[image: Figure 5]
FIGURE 5
 Sub-seasonal forecasts example of soil moisture that was issued out at biweekly timescales to the Food Security and Nutrition Working Group. The soil moisture datasets were obtained from ECMWF S2S forecasting system. The hindcast period in the ECMWF system is the past 20 years for example a forecast for 2022 will utilize a hindcast period of 2001 to 2021.




2.2.1.5 Seasonal forecasts

Seasonal forecasting is defined as predictions of average conditions for a particular period (e.g., 3-month period, 4 month period). The forecasts are updated monthly and largely rely on slowly changing parts of the climate system. In 2017, the WMO recommended that its designated Regional Climate Centers adopt objective seasonal forecasting methods that are based primarily on model outputs and are reproducible, traceable, and verifiable [(World Meteorological Organisation (WMO), 2020)], unlike the widely used semi-subjective methods. Prior to June to September 2019 season, ICPAC had progressively adopted a wide range of methodologies to produce objective seasonal rainfall and temperature forecast. While these methods are objective, blending of various outputs into a single consensus forecast was achieved using a semi-subjective process. The resulting forecast (and its accuracy) thus relied on the opinions and experience of the experts available during the consensus, thus making these forecasts difficult to reproduce. These subjective methods have since been replaced by an objective method based on the statistical downscaling of outputs of dynamical prediction models.

The forecast is constructed from the outputs of up to nine seasonal prediction systems each processed with three statistical calibration methods; the Canonical Correlation Analysis (CCA), logistic and linear regression. Table 1 is a summary of the forecast models that are currently utilized for objective forecasting over the region by ICPAC.


TABLE 1 Summary of the operational Global Climate models currently utilized at ICPAC and the project each model is participating in.

[image: Table 1]

The outputs from the three different techniques and the nine models are then averaged to obtain the consolidated objective forecast. An example of the seasonal forecast produced by the technique is shown in Figure 6. In comparison with the consensus forecast, the objective forecast shows a full range of the possible probabilities in each tercile category.


[image: Figure 6]
FIGURE 6
 Example of the objective forecast issued (A) vs. the previously produced consensus forecast (B). The objective forecast contains the full probability distribution legend of the three different tercile categories while the consensus forecast does not show the full probability distribution.


In addition to the seasonal probabilistic rainfall and temperature outputs that were initially issued in the Climate Outlook Forums, intra-seasonal forecasts, probabilities of exceedance, and the standardized precipitation index are also issued. The intra-seasonal forecasts include rainfall onset, maximum wet and dry spells length, and the timing of these (Figure 7).


[image: Figure 7]
FIGURE 7
 Example of Intraseasonal characteristics products that are produced before the start of the major rainfall seasons over the GHA region (A) onset, (B) probabilistic onset, (C) maximum dryspell, and (D) anomaly of maximum dry spell. Products are disseminated during the Greater Horn of Africa Climate Outlook Forum and also available from the ICPAC website.


One major advantage of utilizing the objective method is that the output datasets can be used in application models such as crop modeling, hydrology, and forage forecasts. Currently, the outputs from the seasonal forecasts are translated into seasonal water forecasts for a drainage basin (MacLeod et al., 2023). These pilot operational experimental water forecasts would soon become part of products disseminated to regional stakeholders at GHACOF. The methodology applied translates objective tercile climate probabilities into impact-relevant water balance forecasts at high spatial resolution in an efficient, transparent, and flexible way.



2.2.1.6 Evaluation tools

It is essential to continuously improve the forecasting system and monitor the performance of the real-time forecasts. Such evaluation is of key importance for identifying strengths and weaknesses of different prediction systems. It is also required for recalibration of dynamical forecasts and for parameter estimation of statistical forecast systems. ICPAC has developed an in-region R tool to evaluate the performance of the objective seasonal forecasts. The tool is based on the R verification library.

In addition to this R in-region tool, a publicaly available R package has been developed and is currently being utilized by ICPAC and NMHS over the GHA to evaluate the seasonal objective forecasts (Heinrich-Mertsching et al., 2023a). The SeaVal package can be easily adapted to country level or regional level outside the Greater Horn of Africa. It allows calculation and visualization of all WMO-recommended evaluation metrics (Mason, 2018) and for each model in the multi-model objective ensemble forecast. Figure 8 shows examples of evaluation metrics calculated by SeaVal. The shown plots are directly generated by the software. For this example, metrics were calculated from August-initialized forecasts by ECMWFs SEAS5 system, for November and December precipitation.


[image: Figure 8]
FIGURE 8
 Examples plots of several evaluation metrics, generated by SeaVal. From left to right we have reliability diagrams, ROC-curves, and spatial maps of the Multi-category Brier Skill Score, Hit, Ignorance and Effective Interest rate skills.


In practice, forecasts are evaluated by comparing their past predictions to observational datasets. This involves several subtasks, such as loading past observations and matching forecasts and observations on different grids. The SeaVal package provides software for all of these steps, aiming to simplify evaluation as far as possible. In particular, it provides a direct interface to monthly means precipitation data (CHIRPS, Funk et al., 2015), which is one of the most used datasets sets of reference observations for the GHA region.

The package is being developed with accessibility in mind. It has been installed on ICPACs HPC and can moreover easily be installed on any computer. This allows the regional NMHSs to access the software directly. In November 2022, members of the NMHSs were trained to utilize SeaVal. The package does not require deep knowledge of the R programming language. The software is continuously improved and new features are added regularly.




2.2.2 Coproduction of climate services

Co-production of climate services refers to a collaborative approach to developing and using climate information and services, where stakeholders from various sectors work together to create and implement climate solutions (Carter et al., 2019; ICPAC, 2021). A decade ago, most climate products were produced with limited interaction with climate information users. However, in recent years user engagement has been key in the development of climate services, supporting interpretation and increasing the utility of climate information in the decision-making process (Hirons et al., 2021; ICPAC, 2021; Gudoshava et al., 2022a). Co-production has led to the provision of new climate products over the region such as probability of exceedance, soil moisture anomalies, extreme rainfall at weekly timescales, standardized precipitation index, vegetation condition index, and intra-seasonal characteristics including maximum dry and wet spells and their timing.

Different co-production techniques have been utilized for the different user groups in order to fully engage with the climate information users. The testbed approach, which serves as a forum to generate sound interaction between stakeholders (e.g., forecasters, academics and climate information users) was utilized to co-produce climate services at both national and regional level for the energy, water, and agriculture and food security sectors (Hirons et al., 2021). The Participatory Impact Pathway Analysis (PIPA) method brings together climate information producers, users and other stakeholders and make explicit the users objectives and needs. The method has been utilized at the country level for example in Kenya it was utilized to understand the reasons for the limited use of forecasts and co-produce tailored products for the National drought early warning system (Mwangi Visman, 2020). Numerous activities over the region have also utilized the Participatory Integrated Climate Services for Agriculture (PICSA)] at local level to inform decision making at farm level [(World Meteorological Organisation (WMO), 2022b)]. Tall et al. (2014), showed that a face-to-face discussion with the farmers can help in breaking down the complex climate information into simple terms that can increase the climate information uptake. This method was adopted at subnational level where Participatory Scenario Planning (PSP) has been utilized in the provision of climate services [Ambani et al., 2019, 2021; World Meteorological Organisation (WMO), 2022b]. During the PSP, there is provision of presentation and integration of the Indigenous knowledge in the seasonal forecasts. In many instances, there is alignment between the forecasts derived from indigenous knowledge and those provided by the NMHS (Liang, 2017). This facilitates a smooth consensus-building process and scenario development by the communities. The integration of the Indigenous knowledge in the seasonal forecasts at sub-national level has enhanced sense of ownership of the forecast by farmers/pastoralists (Muriithi et al., 2018). In cases where there is disagreement the forecasts from the meteorological department are given preference. Indigenous forecasters often rely on indicators such as animal intestines, bird migration, and celestial observations (Liang, 2017).



2.2.3 Communication channels and feedback

Rigby et al. (2022) reported that from the interviews carried out over parts of the Greater Horn of Africa region participants elaborated that information should be understandable and usable for the intended recipient, and the method of dissemination should be tailored. Over the past years, the region has invested in tailoring the dissemination methods. Digital platforms are increasingly being utilized in climate services to provide access to climate data, tools, and information to a wider audience. In addition to the physical engagements that are utilized in forecast dissemination, social media, radio, TV, emails, short message services, and website are also utilized. Figure 9 shows the number of users accessing the ICPAC website6 worldwide and the webpages that are frequently visited for the period 1 August 2021 to 31 July 2023.


[image: Figure 9]
FIGURE 9
 Summary of users that access the ICPAC website by geographical locations and the pages that the users visit. The time period for this analysis is 1 August 2021 to 31 July 2023.


ICPAC has also developed the East Africa hazards watch,7 a platform where stakeholders can interact with the data and get impact-based forecasts for their specific locations (Figure 10). The online platform can generate reports for users on specific regions and how many people are likely to be impacted. Additionally, a user can obtain information on the major hazards, over the region for example, chance of extreme rainfall, drought and food insecurity over the region.


[image: Figure 10]
FIGURE 10
 Extract of the information that can be obtained from the East Africa Hazards Watch (https://eahazardswatch.icpac.net/map/ea/).


In addition, ICPAC and the NMHS utilize maprooms.8 Maprooms is a suite of free, location and sector-specific online analyses and visualizations tool of climate data which supports decision-making and adaptation in various climate sensitive sectors.

Numerous countries have established initiatives to disseminate the climate information, including the mobile phone SMS database system, FarmSMS over Tanzania (Kijazi et al., 2021), PlantVillage, in Kenya that's provides both text and television-based advisories, Radio learning Clubs in Rwanda (Funk et al., 2023), and Ethiopian Digital AgroClimate Advisory Platform (Seid et al., 2020). Additionally, for local users' co-delivery of climate information and a feedback channel has been developed through Seasonal Media Action Plan (SMAP), a platform where the media communicates the climate information directly through local radio stations and are able to interact with users (callers) and get feedback on the usefulness of the climate information [(World Meteorological Organisation (WMO), 2022b)]. One major advantage of this method is that the information is communicated in the native language, thus, reducing the confusion that can arise from language differences.




2.3 Observations and monitoring

The GHA is one of the regions that have sparse observational weather stations (Dinku et al., 2014; Kondela et al., 2015; Nsabagwa et al., 2016; Dinku, 2019; Mathew, 2022; Tzachor et al., 2023). Since data is key in weather and climate analysis, several interventions have been initiated with an aim of improving climate data services. Firstly, most countries have worked toward bridging the gap in the number of observing stations through the adoption of Automatic Weather Stations (AWS), 3-D printed automated weather stations, installation of radars, utilization of remote sensing data, and high-resolution reanalysis (Shanko, 2015; Waniha et al., 2019; Muita et al., 2021; Dinku et al., 2022a). Secondly, consultations between NMHSs and ICPAC have been conducted to understand the gaps in maintaining and collecting observational data from the different member states. Through these consultations, a Memorandum of Understanding has been signed, and this is expected to enhance data sharing in the region (CLIMSA Data Managers report, 2021). Thirdly, the management and archiving of weather/climate data has received a major boost since the introduction of the non-proprietary version of climate database management system promoted by the World Meteorological Organization (WMO) known as Climsoft.9

More important is the capacity to use the available data to generate routine products and provide services to end users. In this regard, several tools have been developed with the aim of creating efficient workflows from data management and archiving to generation of climate products (Dinh, 2022). Some examples include; (i) the Climate Data Tools (CDT) which has improved the generation of blended data products (satellite and station datasets), quality control procedures, and the generation of climatological products (Dinku et al., 2022b); and (ii) AWS Data Tools (ADT) which is an online tool for efficiently managing AWS network especially from vendors who use different databases (Faniriantsoa and Dinku, 2022). All these interventions have been felt at both national and regional levels.



2.4 Research, modeling, and prediction

In recent years significant strides have been made in climate research across Eastern Africa, with particular focus on skills assessment (e.g., Kipkogei et al., 2017; Kilavi et al., 2018; de Andrade et al., 2021; Endris et al., 2021), customization and evaluation of the Weather Research and forecasting model (e.g., Pohl et al., 2011; Argent et al., 2015; Otieno et al., 2020; Anyah et al., 2022; Nooni et al., 2022), convective permitting simulations (e.g., Woodhams et al., 2018; Finney et al., 2019; Misiani et al., 2020; Cafaro et al., 2021) and understanding the climate drivers and how their representation in models can affect the accuracy (e.g., Funk et al., 2019; Gudoshava and Semazzi, 2019; Wainwright et al., 2019, 2021a,b; Kolstad et al., 2021; Lyon and DeWitt, 2012; Nicholson, 2014; Vellinga and Milton, 2018; Gudoshava et al., 2022b; Liu et al., 2022; Maybee et al., 2023; Mwanthi et al., 2023; Palmer et al., 2023). With the increase in ensemble members from Global Climate Centers and the need to run high resolution models, there is need for methods of selecting ensemble members. Heinrich-Mertsching et al. (2023b) showed that sub-selection of ensemble members leads to systematically higher skill than random sub-selection. The economic impact of extreme weather has increased over the past decades and necessitates the production of forecasts that includes information on what the weather will do i.e., impact-based forecasts [(World Meteorological Organisation (WMO), 2021)]. A number of studies in the region have also focused on the impact-based forecasts (e.g., Boult et al., 2020; Mwangi et al., 2021; Busker et al., 2023; Mitheu et al., 2023a), however the production of operational impact-based forecasts is still limited over the region.



2.5 Capacity development

A number of capacity building initiatives have been conducted over the region (Dinh, 2022; Grossi et al., 2022; Kiplagat, 2022). Capacity building workshops on use of data processing tools such as CDT have been completed (Faniriantsoa, 2017; Dinh, 2022; Faniriantsoa and Grossi, 2022). A python version of the Climate Predictability Tool, International Research Institute for Climate Society (IRI), was recently developed and training with this tool has been conducted at both regional and national level (Grossi et al., 2021, 2022; Seid et al., 2021). Additionally, the tools to generate the objective forecast products have been extended to the National Meteorological and Hydrological Services (NMHSs) over Eastern Africa by the provision of access to the data and scripts on the ICPAC High performance computing (HPC) system. Furthermore, training on objective forecasting has been conducted during the capacity-building workshops that precede the Greater Horn of Africa Climate Outlook Forums and the annual Foundational training workshop (Kiplagat, 2022; Lore and Lines, 2022). Additionally, new infrastructure has been established for prediction purposes. ICPAC received HPC systems that currently is also utilized by the member states in dynamical downscaling and also postprocessing of the model outputs (AFDB, 2020; United Kingdom Met Office, 2020; WISER, 2021). The dissemination of weather and climatic information requires the use of media; thus efforts have been done over the region to train journalists on the climate terms and breaking down the information to make it understandable (Jelagat, 2023). A Massive Open Online Course has been established and journalists are able to take the course for free.10 The online courses are available in English, French, and Arabic.




3 Challenges/gaps, and way forward in provision of climate services

In this section the study highlights the Challenges/Gaps in the provision of climate services at both regional and national level. Furthermore, the section outlines several potential methods/ways forward.


3.1 User interface platforms

Although there has been progress in the establishment of user interface platforms, there is need for establishment of sector specific UIP at both regional and national level as recommended by WMO (Pathak and Lúcio, 2018; Dupar and Weingärtner, 2021; Kijazi et al., 2021). There is need to routinely collect feedback from users about the usefulness and effectiveness of climate information products and services, and then redesign information products and services (Lennard et al., 2018). Building upon the existing Technical Advisory Committees (TAC) for example the Disaster Risk management TAC over Eastern Africa rather than forming new pathways can quicken the process of formation of UIP at sector level.



3.2 Climate services information system
 
3.2.1 Generation of forecast information and availability of tools

Currently a limited number of NMHS over the region have the FASTA app developed over their countries with only the Kenya Meteorological Department utilizing the app. Hence there is need for this app to be utilized in other countries. Additionally, a number of NMHS are not aware of the existence of the nowcasting catalog that is currently being utilized by KMD. Hence, a need of raising of awareness on software and tools available for nowcasting. Capacity building of the use of the app and interpretation of the products in the catalog also needs to be conducted.

The development of impact-based forecast requires the availability of the socio-economic datasets so as to develop the different thresholds, however these datasets are limited over the region (Mitheu et al., 2023b). To improve the availability and quality of socio-economic data in the region sustained investment in data collection and analysis, as well as greater collaboration between governments, international organizations, and other stakeholders will be required. With improved data, it will be possible to develop more accurate and effective impact-based forecasts that can help to reduce the risks and impacts of natural disasters in the region. A single dashboard that will host the different datasets will make it easier to access the data and develop the IBF.

Even though routine skills verification of the seasonal forecasts is conducted, there is limited verification of the forecasts for the nowcasting to sub-seasonal timescales. Thus, easily adaptable tools for skill verification for these timescales need to be developed over the region.



3.2.2 User engagement and co-production

User engagement is essential for increased uptake and ownership of the forecast products; however, the co-production is resource-intensive and funding is required in order for the process to continue (Hirons et al., 2021). During the GCRF African SWIFT project (Parker et al., 2021), not enough resources were allocated to the co-production thereby leading to limited engagements with the users. The prototype products that were produced did not have enough feedback for further enhancement. Gudoshava et al. (2022a), reported that the users who are not involved in the co-production process have difficulties in interpreting the forecast products. It is, therefore, essential to develop digital tools that can be used in the upscaling of the coproduction process and also invest in more co-production processes.




3.3 Observations and monitoring

Climate services are based on consistent climate data of high quality. Although a lot has been achieved over the recent past, serious gaps within the climate data management process could stagnate the positive trend already realized. One key gap is related to building the capacity of NMHSs both infrastructurally and in staff skills (Mwesigwa et al., 2015; Lennard et al., 2018; Waruru, 2018; Nsabagwa et al., 2019). Additionally, in most countries over the GHA region the management and maintenance plan/operational procedures for weather and climate observations is relatively weak (Shanko, 2015; Nsabagwa et al., 2016; Aura et al., 2019). For this to be sustainable, governments should provide financial support, through special budgetary allocations, to ensure sustainability of the stations as most synoptic stations are currently not functional (Aura et al., 2019; Mathew, 2022). NMHSs should also position themselves strategically to take advantage of global initiatives which promise to bring change to weather/climate observations such as the Systematic Observations Financing Facility (SOFF) an initiative by WMO and the Alliance for Hydromet Development [(World Meteorological Organisation (WMO), 2020)].



3.4 Research, modeling, and prediction

During the Long rains (March–May) season, the seasonal forecast skill is generally lower (Dutra et al., 2013; Walker et al., 2019) than the other two seasons over the GHA that is the Short Rains (October–December) and the June to September season. The low skill in the Long rains has the potential to erode the public trust thereby reducing the uptake of the early warning information, reduce preparedness to the extreme events, and misallocation of resources by the government and humanitarian organizations. To tackle this issue, further research needs to be conducted to enhance the accuracy of Long rains forecasts. This could involve the integration of new statistical approaches, ensemble member selection (Heinrich-Mertsching et al., 2023b), ongoing research on exploring the utilization of machine learning techniques (Deman et al., 2022) and hybrid methods that take into consideration the different forecasting approaches.



3.5 Capacity development

There is limited technical expertise in the region for data processing and climate modeling from the National Meteorological and Hydrological Agencies (Lennard et al., 2018). Figure 11 illustrates the skills expertise of the forecasters that were trained at ICPAC. It is evident that most of the forecasters have limited skills in most programming languages especially the analysis software such as R and Python. A fair number of participants have also indicated the need for further training on tools that are utilized to generate the seasonal forecast. To address this challenge, efforts are underway to build the capacity in climate modeling related fields over the region. These include in-country trainings, the 2-week foundational training, 1 week training before the GHACOF, 2–3 months attachments of forecasters at ICPAC and also the monthly forecast generation training meetings. In addition to these interventions training manual and online portals can be developed that can help the forecasters in developing the skills required to produce the forecasts at all timescales.


[image: Figure 11]
FIGURE 11
 Extract of the survey outputs on the skills of forecasters from the Member states over the Greater Horn of Africa on use of tools/software and ability to generate the forecasts.


High-performance computing facilities are limited over the region which limits the resolution and complexity of models that can be run (Kijazi et al., 2021; Heinrich-Mertsching et al., 2023b). Considering that the region has complex topography and large inland water bodies it is essential to run the models and resolutions that can resolve these local effects (Argent et al., 2015; Ntwali et al., 2016; Kerandi et al., 2017). The coarse resolution simulations can result in lower accuracy and precision in the forecasts (Kerandi et al., 2017). In addition to the limited HPC systems there is also inadequate storage facilities for the simulations that are produced. Investment in a High-performance computing systems, collaboration with institutions that have advanced high computing systems and utilization of the cloud computing systems could likely alleviate the computational and storage problems currently faced.

While progress has been made in enhancing the communication of climate information, particularly through journalist training for seasonal forecasting, there remains a notable gap in interpreting this information. The existing training efforts have predominantly focused on seasonal forecasts, with limited attention given to more frequent forecasts, ranging from nowcasting to sub-seasonal forecasts. Therefore, there is a crucial necessity for additional specialized training programs across all timescales. The aim of these initiatives should be equipping journalists with the skills and knowledge essential for accurate climate reporting. Moreover, there is a persistent challenge in the interpretation of probabilistic forecasts, as highlighted by user feedback (Gudoshava et al., 2022a). Consequently, further engagement with stakeholders through co-production and media channels is imperative to address these interpretation difficulties.




4 Conclusion

Advances in climate services through forecast generation, co-production of climate services, capacity building, and communication of climate information has been enhanced the Greater Horn of Africa. The human capacity to produce forecasts has been enhanced through various training activities targeted at forecasters from the different NMHS. Access to the HPC located at ICPAC, by the member states forecasters has allowed for ease of scale-up of the objective forecasts and sustainability of production of these forecasts operationally. The sustainability of some products has been achieved through various strategies at both regional and national levels.

Despite the advancements, several challenges, and gaps persist. Capacity gaps in data collection, analysis, and interpretation pose significant challenges to the provision of accurate and timely climate services. Limited availability and accessibility of high-quality socioeconomic data hinder the development of effective impact-based forecasts. Additionally, the communication and dissemination of climate information to end-users remains a challenge, particularly in reaching vulnerable communities with low access to information.

Addressing these challenges requires collaborative efforts between meteorological agencies, researchers, policymakers, and other stakeholders. Investments in capacity building, particularly in data collection, forecast development, and analysis, are essential to enhance the accuracy and reliability of climate services. Strengthening partnerships and knowledge exchange between stakeholders can facilitate the co-production of climate information that meets the specific needs of different sectors and communities. Improving communication channels and enhancing accessibility to climate information will enhance the effectiveness and impact of climate services, particularly for vulnerable populations. By addressing these issues, the region will be better equipped to deal with the effects of climate variability and change. Decision-makers and stakeholders will also have the knowledge they need to take early action and reduce any potential negative impacts brought on by extreme weather events or long-term climate trends. Therefore, active participation in initiatives such as the Sendai Framework for Disaster Risk Reduction, Systematic Observations Financing Facility, Early Warnings for All, and other programs dedicated to enhancing early warning systems is crucial for the region.
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Footnotes

1https://unma.go.ug/weather/six-hourly-updates

2https://www.meteorwanda.gov.rw/index.php?id=55

3https://fastaweather.com/

4https://science.ncas.ac.uk/swift/

5https://africanswift.org/short-term-forecasting-kenya/

6https://www.icpac.net/

7https://eahazardswatch.icpac.net/map/ea/

8http://digilib.icpac.net/maproom/index.html

9https://climsoft.org/

10https://bbcmediaactionilearn.org/course/view.php?id=242
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