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Introduction: Bacterial meningitis outbreak's, associated with high mortality, remain a significant public health challenge in West Africa. The environmental factors and mechanisms that trigger these outbreaks are not yet fully understood.



Methods: This study investigates the seasonal and inter-annual variability of meningitis incidence and its association with environmental variables. The analysis considers two distinct periods, 2006–2009 and 2010–2020, based on the MenAfriVac introduction's in 2010, across two climatic zones: the Sahelian (SAH) and Gulf of Guinea (GG) countries.



Results: The results reveal that changes in the timing and magnitude of meningitis outbreaks between 2006 and 2009 and 2010–2020 are linked to variations in dust distribution, temperature trends, and their impact on relative humidity (RH). High concentrations of particulate matter (PM10) and increased aerosol optical depth (AOD) in January were identified as key precursors of meningitis outbreaks in both regions. In the SAH, meningitis outbreaks and their severity are strongly associated with increased dust levels and temperatures combined with RH below 20%. In contrast, in the GG, outbreaks are driven by high PM10 levels, temperature anomalies, and RH below 45%.



Discussion: The study shows that rising RH and shifts in wind patterns signal the end of the meningitis season. Additionally, vaccination programs slow bacterial interactions with antibodies, delaying disease transmission and prolonging the outbreak period. Despite the availability of vaccines, climate factors remain critical drivers of meningitis outbreaks. Given the ongoing challenges posed by climate change, enhanced surveillance systems and strategic public health interventions are essential for mitigating the impact of future outbreaks.
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1 Introduction

Meningitis epidemics occur annually in West Africa during the dry season from January to early May, causing thousands of deaths among children under five and young adults (1–3). Additionally, 50% of survivors suffer from severe long-term neurological sequelae, including cognitive impairment and hearing loss (4–7).

As the most populous region in Africa, West African faces significant challenges in achieving adequate health care (8, 43). At the same time, the emergence and re-emergence of infectious diseases continue to rise globally (9). Bacterial meningitis remains one of the leading causes of mortality and morbidity, disproportionately affecting children under 5 years of age, who bear the greatest burden of disease (2, 10).

The African meningitis belt, which extends from Senegal to Ethiopia (11), is predominantly affected by Streptococcus pneumoniae and Neisseria meningitidis (Nm), which are the primary causes of bacterial meningitis in adults and children older than one year. Pneumococcal meningitis outbreaks occur sporadically, while Nm remains the major pathogen responsible for epidemic of meningitis in this region (2).

Since 2010, 2011 and 2015, several vaccines such have been introduced across the meningitis belt, including MenAfriVac produced by the Serum Institute of India Ltd, which targets Nm serogroup A (NmA) and the pneumococcal conjugate vaccines (PCV-10 and PCV-13), which protect against S.pneumoniae infections (2). Despite the success of these vaccines in eliminating NmA outbreaks and reducing overall meningitis epidemics, new epidemics caused by serogroups C, W135, X and Y continue to occur across sub-Saharan Africa (10).

During the epidemic in 2016–2017, 72% of meningitis cases were attributed to NmC, followed by NmW and NmX, with outbreaks recorded in 11 countries, particularly in Togo, Ghana and Burkina (12). In 2019, a total of 1,171,321 meningitis cases, including 139,590 deaths, were reported across Africa (13). In Burkina, 301 cases were recorded, 103 were due to NmC and 13 to NmX (14). Similarly, in Niger, 559 cases, including 18 deaths, were attributed to NmC between November 2022 and January (15).

Several multidisciplinary studies have suggested climatic conditions as key factors in meningitis outbreaks, seasonality, and hyperendemicity (3, 10, 12, 16–21). These environmental factors influencing meningitis epidemics in the African meningitis belt include surface winds, air temperature variations, relative humidity levels, and surface dust load (3, 22, 23). Agier et al. (20) found that dust concentrations lead in 10-days meningitis incidence in Niger, highlighting dust as a key driver of meningitis seasonality. Similarly, Martiny & Chiapello (19), reported meningitis peaks February and March in Niger and Mali coinciding with cumulative dust exposure. Additional studies in Nigeria and Senegal have also linked poor air quality and intense dust storms to increased meningitis cases (18, 24). Meanwhile, global warming has been shown to significantly heighten the risk of infectious disease outbreaks (25). The increased frequency of dust events facilitates the spread of airborne microorganisms, including bacteria, viruses and parasites, via the trade winds (26). As a result, meningitis epidemics may become more widespread, more intense, and the geographic location of the disease may expand beyond the traditional African meningitis belt.

Although these studies provide strong evidence of environmental influences on meningitis, the mechanisms underlying these relationship remain largely hypothetical. Previous research has also been limited in scope, focusing primarily on national or district-level studies, which fail to capture broader climatic variations across the West African Meningitis Belt (WAMB). Moreover, most studies have concentrated on the most affected regions, without considering potential differences between diverse climatic zones.

The WAMB is defined as a high-incidence and epidemic-prone region, characterized by mean annual rainfall of 300–1,100 mm (27). It is bordered by the Saharan Desert and Bodélé Depression to the north (28) and the Gulf of Guinea savanna in the south. Climate variability plays a crucial role in shaping meningitis patterns in this region. The intertropical convergence zone (ITCZ) and the Intertropical Front (ITF) significantly influence atmospheric circulation affecting surface wind patterns, precipitation levels (29), and dust distribution and concentration (28). As the ITF shifts northward during the dry season, it enhances Harmattan winds, creating the Saharan air layer and triggering high altitude dust events (21). These meteorological conditions align closely with meningitis outbreaks.

Given the availability of meningitis cases data from 2006 to 2020 spanning both pre-and post vaccination, this study seeks to evaluate the impact of climate variability on meningitis patterns across different climatic zones, specifically the SAH and the GG regions. Furthermore, we also explore the robustness of climate-health relationships by analysing separately two different periods according to vaccines introduction.

This study aims to investigate the evolution of meningitis incidence across West African Meningitis Belt (WAMB), focusing on the SAH and GG climatic zones. It examines seasonal and inter-annual climate variability to determine its influence on disease dynamics and compares meningitis patterns before and after vaccines introduction to identify potential shift. By integrating climate variability and vaccines effects, this study provides new insights into the interaction between climate, vaccination and meningitis outbreaks.

The following sections detail our methodology in Section 2, present the results from various statistical analyses in Section 3, and discuss key findings and future research direction in Section 4.



2 Materials and methods


2.1 Materials


2.1.1 Meningitis dataset

Weekly meningitis case data are collected at the country level and shared with the World Health Organization (WHO), which makes this information publicly available through the following link: https://www.menafrinet.org/. For this study, we downloaded data covering the period from January to June (26 weeks per year) from 2006 to 2020, except for Senegal and Guinea, where data were only available from 2010 onward. The selection of these months was based the seasonality of meningitis in most countries within the African Meningitis Belt (AMB) (3, 19, 21).



2.1.2 Environmental dataset


2.1.2.1 Dust dataset

In this study, we utilized two dust aerosol indices: the Aerosol Optical Depth (AOD) and the Particulate Matter index (PM10). AOD data were obtained from the Modern-Era Retrospective Analysis for Research and Applications (30), which provides information on the vertical distribution of atmospheric aerosols. The AOD-550 nm dataset is accessible via at this link: (https://goldsmr4.gesdisc.eosdis.nasa.gov/data/MERRA2/M2I3NXGAS.5.12.4/). The 550 nm wavelength was chosen due to its proximity to visible radiation, which significantly influences visibility during dust events.

PM10 data were obtained from (31) https://ads.atmosphere.copernicus.eu/cdsapp#/), which measures air pollution by quantifying the concentration of particulate matter with a diameter of less than 10 micrometers. A strong correlation exists between PM10 and AOD at 550 nm during boreal winter and spring, with peak values observed in March and April.

To better explore the relationship between dust and meningitis, we combined both parameters. PM10 and AOD, have a temporal resolution of 3 h, with respective horizontal resolutions of 0.75° × 0.75° and 0.5° × 0.625°, respectively.



2.1.2.2 Meteorological datasets

The meteorological variables used in this study include air temperature, zonal (u) and meridional (v) surface wind components, as well as relative humidity (RH). These data were obtained from the (32) hourly data on pressure levels, which provides climate and weather data from 1940 to present. For this study, we selected the 1,000 hPa pressure level, which is closest to the Earth's surface and most relevant for near-surface atmospheric conditions. The datasets are accessible via the following link: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview.






3 Methods

In this study, we employed various statistical methods to better understand how environmental conditions influence the temporal and spatial distribution of meningitis over WAMB. The analysis was divided into two main periods based on the introduction of MenAfriVac: the pre-vaccination period (2006–2009) and the post-vaccination period (2010–2020). In addition, the study area was divided into two distinct regions, the SAH and the GG, in which climatic factors and meningitis cases are spatially averaged for the associated countries (Figures 2a–d).

To explore the seasonal cycle, we use weekly values ranging from week 1 to week 26 (January–June) for both environmental variables and meningitis incidence (Figure 3).

To investigate the intra-seasonal variability of environmental conditions (Figures 1b–e), we focused on:


	•boreal winter (December, January, February: DJF): during this period, the Sahel is dry and affected by the Harmattan trade winds, while the Gulf of Guinea experiences dry but humid conditions with dust events originating from Bodélé Depression (33)

	•boreal spring (March, April, May: MAM): is characterized by extreme heat with increasing humidity in the SAH, whereas the GG enters in the rainy season.
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FIGURE 1
Meningitis belt and climatological environmental conditions. Climatology of intra-seasonal variability of environmental variables over the West African Meningitis Belt (WAMB) averaged for 2006–2020: (a) West African countries included in the African Meningitis Belt, (b) and (d) temperature (shaded) with relative humidity (black contours), and (c) and (e) aerosol optical depth (AOD, shaded) with wind vectors (arrows). Panels (b) and (c) represent the December–January–February (DJF) season, while panels (d) and (e) correspond to March–April–May (MAM).


For the inter-annual variability analysis (Figures 4, 5), we applied the Empirical Orthogonal Functions (EOF) analysis, also known as Principal Component Analysis (PCA) (3, 34). Given an environmental variable Y with (space, time), dimensions, the PCA methodology involves the following step:


	1.Calculating the weekly standardized anomalies of Y by subtracting for each grid point, the mean of each week over all years from the respective weekly values.

	2.Calculating the covariance matrix of Y as C = Y*Y' (Y' being the transpose of Y and Y dimensioned in [space (rows), time (columns)].

	3.Diagonalizing the matrix C computing the the eigenvalues, eigenvectors (EOFs), and principal components (PCs) of Y, considering the SAH and GG regions separately over the entire study period.

	4.Selecting the leading modes of variability of Y and investigating their impact on meningitis, relating the PCs with the standardized weekly anomalies of cases.



To quantify the relationship between environmental variability and meningitis incidence, we performed a Spearman correlation analysis between the first PCs of each environmental variable and the weekly standardized anomalies of meningitis cases (w1–w26).

The results are presented in Tables 1, 2.


TABLE 1 Spearman correlation between the leading principal component (PC1) of each environmental variable and the normalized anomalous meningitis cases over the sahel (SAH) for the periods 2006–2009 (pre-vaccine) and 2010–2020 (post-vaccine).
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TABLE 2 Spearman correlation between the leading principal component (PC1) of each environmental variable and the normalized anomalous meningitis cases over the Gulf of Guinea (GG) for the periods 2006–2009 (pre-vaccine) and 2010–2020 (post-vaccine).
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To explore the precursor role of environmental variables on the disease incidence, a led-lag correlation analysis was conduced.


	•For the SAH region, the anomalous meningitis cases index was fixed in MAMJ (week 9 to week 24) while the lags were calculated over a period of 16 weeks, moving backward one week at a time. For instance, lag −1 is corresponds to weeks 8–23, lag −2 to weeks 7–22, and so on.

	•For the GG region, the anomalous cases index was fixed in FMAMJ (week 5 to week 24) with lags calculated over 20 weeks, shifting one week backward. Thus, lag −1 corresponds to weeks 5–23, lag −2 to weeks 4–22 and so on.



Finally, a Student's t-test was applied to assess the statistical significance of the correlations calculated at a 90% confidence level.



4 Results


4.1 Meningitis belt and climatological environmental conditions

The spatial extension of the meningitis belt in West Africa, along with the climatological values of key environmental variables (temperature, RH, surface winds) in boreal winter and spring is depicted in Figure 1. Countries within the “meningitis belt” extending from Senegal in the west to Ethiopia are also shown. This region includes countries such as Mali, Niger, Nigeria, Burkina Faso, Ivory Coast, Ghana, Togo, and Benin (Figure 1a).

During boreal winter (DJF), warm temperatures ranging from 28°C to 32°C are observed in the northern and central parts of the GG. These conditions are associated with relative humidity levels between 30% and 80% and high dust concentrations originating from the Bodélé Depression, which increase from the northern GG region towards the south (Figures 1b,c).

During boreal spring (MAM), temperatures rise progressively from the GG region to the SAH, where they exceed 37°C. Conversely, relative humidity increases from 20% to 40% in the SAH, while it remains between 50% and 80% in the GG zone. However, Aerosol Optical Depth (AOD) increases significantly in the SAH, indicating higher dust concentrations (Figures 1d,e).

The position of the Intertropical Front (ITF) located at 8°N during DJF, and shifts northward to approximately 13°N in MAM (Figures 1c–e).

In conclusion, dust particles observed at the surface during DJF, are lifted into higher atmospheric layers by the end of May, significantly influencing meteorological conditions during the dry season.



4.2 Seasonal cycle of meningitis in WAMB before and after the vaccination

Weekly meningitis cases reported from 2006 to 2009, prior to the introduction of MenAfriVac, reveal that the SAH countries (Figure 2a) experienced the highest burden of the disease, with a weekly average exceeding 2,000 cases, whereas the GG countries (Figure 2c) recorded a significantly lower incidence, averaging fewer than 100 cases per week. The epidemic peak in the SAH region occurred between the 4th week of March and the 2nd week of April, in contrast to the GG region, where peaks were observed earlier, between the 3rd and 4th weeks of February.
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FIGURE 2
Seasonal cycle of meningitis in WAMB before and after the vaccination. Seasonal cycle of meningitis prevalence from January to June (weeks 1 to 26) between 2006 and 2020 in the two West African climate zones, (a) and (b) for Sahel (SAH) and (c) and (d) for Gulf of Guinea (GG), during the pre- and post-MenAfriVac periods: 2006–2009 (a,c) and 2010–2020 (b,d). The upper panels represent the Sahelian countries, while the lower panels show the Gulf of Guinea countries. The solid brown lines indicate the average prevalence for each region, with error bars representing the standard deviation. Each country is represented by a distinct color.


From 2010 onward, a shift in the disease pattern is evident, with a significant reduction in the number of recorded meningitis cases in the SAH (Figure 2b), due to the introduction of the vaccination.

Conversely, the GG experienced an increase and extension in the duration of the epidemic, with a consistent average number of cases between 2006 and 2009 and 2010–2020, except in Ivory Coast where the trend differed (Figure 2b). The maximum number of cases were recorded from the 2nd week of February to the 4th week of May in the SAH and from the week 4 of January to week 4 of April (corresponding to W13) in the GG region.

In summary, the periods 2006–2009 and 2010–2020 show notable changes in meningitis patterns, both in terms of the weekly number of cases and the overall magnitude of the disease throughout the season.



4.3 Seasonal cycle of environmental parameters and mean cases in WAMB before and after the vaccination

Figure 3 presents a cross-analysis of environmental variables and meningitis cases in the Sahel (SAH, left panel) and Gulf of Guinea (GG, right panel) regions. The results indicate that the onset of the meningitis season is preceded by high dust concentration events in January in both regions (Figures 3e,f), corresponding to an increase in temperature and a decrease in relative humidity (RH) (Figures 3a,b). Remarkably, the increase in surface dust concentration until boreal spring seems to influence in the duration and intensity of the meningitis season (Figures 3e,f). Peak PM10 concentrations are observed in March, while Aerosol Optical Depth (AOD) peaks in April. In the SAH, meningitis cases peak at week 12, typically preceded by a peak in PM10 at week 11 and coinciding with the AOD peak for the period 2006–2009, when RH begins to exceed 38%. In contrast, meningitis peaks occur earlier, around week 8, in the GG region and are associated with RH levels above 45%.


[image: Figure 3]
FIGURE 3
Seasonal cycle of environmental parameters in WAMB before and after the vaccination. Seasonal cycles of environmental variables (weeks 1 to 26) and mean meningitis cases (brown line) over the Sahel (SAH) for and Gulf of Guinea (GG: b–d,f) zones from January to June, before and after the introduction of MenAfriVac. The pre-vaccination period (2006–2009) is represented by solid lines, while the post-vaccination period (2010–2020) is shown with dashed lines. The left panel (a,c,e) illustrates environmental variables for the SAH, whereas the right panel (b,d,f) presents data for the GG. Variables include temperature (black), relative humidity (green), meridional wind (purple), zonal wind (magenta), and dust concentrations, represented by aerosol optical depth (AOD, gray) and PM10 (orange).


A reversal in the surface wind direction (Figures 4c,d) together with increased RH (Figures 4a,b) mark the end of the meningitis season. In the GG region, the meningitis season concludes earlier, around the 4th week of April, when PM10 concentrations have already decreased significantly.
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FIGURE 4
Inter-annual variability modes for environmental parameters in SAH before and after vaccination. Regression between anomalous environmental variables and the leading mode (PC1) from the principal component analysis (PCA) of the corresponding variables from January to June for both study periods: 2006–2009 (a–f,m) and 2010–2020 (g–l,n–p) over the Sahel (SAH) at an inter-annual scale. The PC1 of temperature (black solid line), relative humidity (green), meridional wind (purple), zonal wind (magenta), and dust concentrations, represented by aerosol optical depth (AOD, gray) and PM10 (orange), are plotted alongside normalized anomalous meningitis cases (brown shading). The regression results are displayed on the maps. Due to missing meningitis data, Senegal and Guinea are excluded from the 2006–2009 analysis, and consequently, environmental variables for these countries were not considered in that period.


Notice that from 2010, the number of cases substantially decrease in SAH region because of vaccination (dashed brown line, Figure 3a). Nevertheless, there is still a seasonal cycle of the cases in which dry, and dusty environmental conditions enhance the meningitis along both study periods and wet, and reduced dust conditions reduce the disease.



4.4 Inter-annual environmental variability in SAH and GG before and after vaccination

In this section, we explore the climatic patterns driving the emergence of meningitis outbreaks over the SAH and GG regions. To this end, the leading modes of inter-annual variability of environmental factors were computed before and after the introduction of vaccines (Figure 4).

During 2006–2009, the dominant environmental mode, which accounts for 56%–79% of the total variability, is characterized by anomalous northeasterly winds (Figures 4c,f), lower relative humidity (RH) (Figure 4a), higher concentrations of PM10 and AOD (Figures 4d,e), and elevated air temperatures (Figure 4b). Notably, air temperature and dust patterns exhibit a meridional gradient, with maximum positive values in the northeastern SAH region (Figures 4b,d,e). This spatial configuration aligns with Saharan dust transport by Harmattan winds, inducing local warm and dry conditions.

Interestingly, a similar mode of environmental variability persists after vaccination (Figures 4g–l), although with a reduction in meridional wind intensity (Figure 4l), leading to less southward transport of Saharan dust between 2010 and 2020 (Figures 4J,k).

Regarding temporal evolution, these climate variability modes appear to precede meningitis outbreaks in both study periods in the SAH (Figures 4m–p). Before vaccination programmes, only dust concentrations and zonal wind exhibited significant correlations with meningitis cases, while the association with air temperature was negligible (Table 1). However, during 2010–2020, all environmental factors showed stronger and more significant correlations with meningitis cases (Table 1) emphasizing the precursor role of climatic factors in the emergence of the disease.

Notably, the timing and intensity of meningitis outbreaks display considerable variability, with early outbreaks in 2011 and 2016 contrasting with delayed ones in 2015 and 2017 (Figure 4n). Interestingly, the most intense meningitis outbreaks coincide with persistent northeasterly winds and prolonged dusty conditions, as observed in 2012, 2015, and 2017, among other years (Figures 4o,p).

In summary, our findings demonstrate a strong and persistent influence of environmental factors on the timing and magnitude of meningitis outbreaks in the SAH region, even after the introduction of vaccines.

In the GG region, the leading mode of variability, which accounts for 60%–88% of the total variance, is characterized by northeasterly winds weakening toward the equator. These winds tend to converge over the 6°N–8°N latitudinal band, where maximum dust concentrations are observed (Figures 5c–f,i–l). The GG region experiences low relative humidity and warm conditions, with maximum values recorded in the northernmost area (Figures 5a,b,g,h).
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FIGURE 5
Inter-annual variability modes for environmental parameters in GG before and after vaccination. Regression maps showing the relationship between anomalous environmental variables and the leading principal components (PC1) of the corresponding inter-annual variability mode from January to June over the Gulf of Guinea (GG) for the periods 2006–2009 (a–f,m) and 2010–2020 (g–l,n–p). The PC1s of temperature (black solid lines), relative humidity (green), meridional wind (purple), zonal wind (magenta), and dust concentrations, represented by aerosol optical depth (AOD, gray) and PM10 (orange), are plotted alongside normalized anomalous meningitis cases (brown shading). The regression results are visualized on the maps.


This spatial configuration highlights the transport of substantial amounts of dust from the desert to the GG region, contributing to warm and dry local conditions. Despite these similarities, after vaccination, dust concentration anomalies were weaker and shifted northward (Figures 5j,k), accompanied by an intensification of drier conditions (Figure 5g).

It is worth noting that these favorable climatic factors not only precede but also persist during disease outbreaks (Figures 5m–p). In fact, environmental interannual variability exhibits a pronounced and persistent impact on meningitis in the GG region, as reflected in the high and significant correlation scores observed both before and after vaccination (Table 2). Notably, the influence of air temperature on meningitis became significant only in the post-vaccination period (2010–2020).

Similar to the SAH region, GG countries exhibit substantial variability in meningitis timing, with certain outbreaks occurring early in the dry season (e.g., 2011 and 2018), shorter episodes in late spring (e.g., 2015 and 2020), and prolonged meningitis outbreaks extending throughout the entire dry season (e.g., 2012, 2017, and 2019) (Figure 5n).

Our results demonstrate the key role of climatic variables in meningitis incidence across the whole West African Meningitis Belt, independent of the vaccination campaign. These findings open new opportunities for anticipating disease outbreaks. In this sense, the relative contribution of each environmental factor and the associated lead time are explored in the following section.



4.5 Environmental precursors of meningitis in SAH and GG

In the previous section, we provided evidence about the precursor role of environmental in meningitis outbreaks in both the SAH and GG regions. However, it is necessary to determine the lead times for each climatic predictor more precisely, as this information is crucial for integration into early warning systems. To this end, anomalies in meningitis cases were fixed in FMAMJ for GG and MAMJ for SAH, based on the disease peak identified in Figure 2. The environmental PC1s were then lagged from 0 to week 4 (GG) and from 0 to week 8 (SAH). These represent negative lags, as they evaluate environmental conditions preceding meningitis incidence.

In SAH, during 2006–2009, significant positive correlations were found between surface winds, dust (AOD and PM10), and relative humidity (RH) from lag −8 to lag −2, and from lag −8 to lag 0, respectively (solid lines, Figure 6a). Notably, maximum correlation scores occur at lag −6, except for PM10, which peaks at lag −3, suggesting that climatic information up to six months in advance could help anticipate disease emergence. Notably, air temperature exhibits significant positive scores only at lag 0 (solid dark line), indicating its limited predictive role.
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FIGURE 6
Environmental precursors of meningitis in SAH and GG. Lagged correlations between the leading principal component (PC1) of each environmental variable and the normalized anomalous meningitis cases, with cases fixed at MAMJ and FMAMJ for the Sahel (SAH, a) and Gulf of Guinea (GG, b), respectively. The analysis covers the pre-vaccine (2006–2009, solid lines) and post-vaccine (2010–2020, dashed lines) MenAfriVac periods. Negative lags represent the environmental PC shifted from 1 to 4 weeks (GG) or 1 to 8 weeks (SAH) before the peak of meningitis, which is set as lag 0 (MAMJ for SAH and FMAMJ for GG). Dashed thin horizontal lines indicate the 95% confidence level for statistical significance based on a t-test.


During 2010–2020, zonal and meridional winds, along with RH, continue to show significant positive correlations with meningitis cases from lag −8 to lag 0 (dashed pink, purple, and green lines, Figure 6a). However, dust concentrations display shorter lead times, correlating with meningitis cases from lag −4 to lag 0 (dashed gray and orange lines, Figure 6a). Consequently, after vaccination, the strongest correlations (ranging from 0.5 to 0.8) for environmental precursors occur approximately two months before the meningitis peak (Figure 6). No significant correlation is observed between air temperature and meningitis cases after vaccination (dashed dark line, Figure 6a).

In GG, before vaccination, significant correlations were observed for surface winds (lag −4 to lag −2), PM10 (lag −3 to lag −2), and RH (lag −4 to lag 0) (solid lines, Figure 6b). However, AOD and air temperature do not exhibit significant correlations with meningitis cases (gray line). The optimal lead time for early warning systems appears to be lag −3, based on the highest correlation scores.

During the 2010–2020 period, similar to SAH, positive correlations between zonal wind, meridional wind, PM10, and RH persist from lag −1 to lag −4 (dashed pink, purple, and green lines). Maximum correlation scores occur at lag −2 (ranging from 0.5 to 0.7), suggesting that meningitis outbreaks could be predicted approximately two weeks in advance based on environmental information (Figure 6b). Regarding air temperature, significant correlations emerge at lag −1, suggesting its contribution to a favorable environment for meningitis outbreaks after vaccination (dashed dark line, Figure 6b).

In summary, our results highlight climatic factors as fundamental drivers of meningitis outbreaks in SAH and GG. Moreover, environmental information from 2 to 6 weeks in advance could aid in anticipating meningitis outbreaks in these vulnerable regions.




5 Discussion

The present study examines the incidence of meningitis and the influence of environmental factors across countries in the West African Meningitis Belt (WAMB) from 2006 to 2020. This region encompasses diverse climatic zones and has undergone several vaccination campaigns since 2010. Accordingly, the study period was divided into two segments: before and after the introduction of bacterial meningitis vaccines. This fact let us test if the environmental conditions play a role in the variability of the disease. Results show that, regardless of the vaccination, environmental factors affect meningitis outbreaks.

The study area was subdivided into two climatic zones: the Sahel (SAH), a vast and highly vulnerable semi-arid region, and the Gulf of Guinea (GG), a humid tropical savanna zone.

During the dry season, meningitis epidemics are predominantly observed in regions near desert dust sources, within the dust belt (44, 45), particularly affecting the northern parts of GG countries. The 2006–2009 and 2010–2020 periods show notable changes in meningitis patterns, both in terms of weekly case numbers and the overall magnitude of the disease from onset to conclusion.

Dust episodes in January are identified as triggers for the meningitis season, a finding consistent with Martiny & Chiapello (19) and Sultan et al. (3), who demonstrated that dust plays a key role in the onset of meningitis. High temperatures and low relative humidity, along with peak dust levels in March, are closely associated with epidemic progression. During the post-vaccination period, meningitis peaks occur in March and April, aligning with Deroubaix et al. (21).

The inter-annual variability of environmental variables reveals a dominant mode characterized by northeasterly winds transporting high dust concentrations to the SAH and GG regions, where dry and warm conditions prevail. This mode persists before and after the vaccination period, suggesting a strong link between climatic conditions and meningitis outbreaks.

Additionally, high temperatures and excessive humidity favor the survival, reproduction, and growth of microorganisms such as bacteria, viruses, and parasites (35). Conversely, low humidity dries out respiratory mucous membranes and affects immune function, increasing vulnerability to inflammatory infectious diseases (36). Moreover, high temperatures and dust concentrations encourage indoor gatherings, facilitating meningitis transmission. These environmental conditions impair immune defenses and damage respiratory mucous membranes, heightening susceptibility to infection.

Our findings align with previous studies highlighting the role of environmental conditions in infectious respiratory diseases (3, 10, 19, 22, 35, 36). However, our study provides additional insights:

A comprehensive climate-meningitis analysis across the entire WAMB region.

Changes in the seasonal cycle and variability of environmental factors before and after vaccination.

The robustness of the climate-meningitis relationship despite the presence of multiple vaccines against bacterial meningitis, predominantly caused by Neisseria meningitidis (Nm) and Streptococcus pneumoniae in the African meningitis belt.

More importantly, surface winds, dust concentrations, and relative humidity serve as key precursors of meningitis outbreaks. These climatic variables enable early anticipation of meningitis cases—2–3 weeks in advance for dust concentrations and 4–6 weeks in advance for winds and relative humidity (Figure 6).

Unlike previous studies, our results suggest a weak relationship between air temperature and meningitis emergence in SAH and GG (37, 38). Changes in surface winds and dust transport over WAMB may be linked to large-scale atmospheric patterns, influenced by local and remote climatic forces such as the El Niño-Southern Oscillation (ENSO) (42), the Intertropical Convergence Zone (ITCZ), and the North Atlantic Oscillation (NAO) (39–41). These relations should be checked in future studies.

The findings of this study underscore the critical role of environmental factors in the epidemiology of meningitis in West African countries. However, in the context of ongoing climate change, there is an urgent need to assess its potential impact on meningitis outbreaks. Rising temperatures, shifting precipitation patterns, and increased variability in atmospheric circulation are expected to intensify environmental conditions that favor meningitis transmission. As temperatures rise and humidity decreases, conditions conducive to bacterial survival and transmission could expand beyond the traditional African meningitis belt, potentially increasing the geographic reach of the disease. Moreover, changes in wind patterns may alter the transport and deposition of dust, a key environmental driver of meningitis outbreaks. Future research should explore how projected climate scenarios may influence meningitis seasonality, intensity, and distribution, allowing for the development of adaptive public health strategies and early warning systems.

It is also important to mention that regarding the meningitis patterns in the Sahel (SAH) as well as the Gulf od Guinea (GG) countries for the year 2020, we observe a delay in the onset of disease compared with previous years and the meningitis season was also significantly shorter. As result, that could be related to the beginning and spread of COVID-19 pandemic in Africa. Moreover, several implementation of containment measures in West African countries including a reduction of human mobility, school closures and restrictions on large gatherings, could have influenced reduce the transmission by reducing the spread of meningitis. Therefore, it will be interesting to investigate the effects of SARS-CoV-2 on other pathogen particularly on others infectious diseases.

This study presents several key strengths that contribute to the field of climate-health research. First, the analysis integrates a robust statistical framework, including principal component analysis (PCA) and lead-lag correlation methods, to assess the relationship between environmental variables and meningitis outbreaks. Second, the study spans an extensive period (2006–2020), allowing for a comparative analysis of meningitis patterns before and after vaccine introduction. Third, the inclusion of two distinct climatic zones, the Sahel (SAH) and Gulf of Guinea (GG), provides a broader understanding of how environmental variability influences disease dynamics across different ecological contexts.

Despite these strengths, the study has certain limitations that should be acknowledged. The availability and quality of health data pose a significant challenge, as gaps in meningitis case records, particularly before 2010, may introduce bias in trend analysis. Additionally, while satellite-derived dust (AOD, PM10) and reanalysis meteorological data offer valuable insights, they may not fully capture localized environmental conditions that influence meningitis outbreaks. Furthermore, the study focuses primarily on climatic drivers, without incorporating socio-economic, demographic, and healthcare access factors, which also play a crucial role in disease transmission and mitigation. Future studies could benefit from integrating climate-health models with socio-environmental determinants to provide a more comprehensive approach to meningitis risk assessment.



6 Conclusion

This study provides critical insights into meningitis dynamics in West Africa, emphasizing the significant impact of vaccination on extending disease duration and delaying transmission. Additionally, it identifies dust events in January as key triggers for meningitis outbreaks in both the SAH and GG regions.

However, in the SAH region, the persistence of high temperatures, low relative humidity (<20%), and intensified surface dust concentrations prolongs disease prevalence. Meanwhile, in the GG region, PM10, moderate relative humidity (<45%), and maximum temperatures—though generally lower than in SAH—are critical factors shaping the meningitis season.

At the inter-annual scale, dominant climatic modes are linked to northeasterly winds transporting high dust concentrations over WAMB, creating a dry and warm environment that favors meningitis outbreaks. Notably, anomalous PM10, AOD, RH, and surface winds emerge as key drivers of meningitis incidence, with predictive lead times of 3–6 weeks.

As human health remains a top priority under the WHO's “Defeating Meningitis by 2030” global roadmap, this study contributes to a better understanding of how meteorological conditions influence meningitis outbreaks. The findings suggest that combining climate information with vaccine impact assessments is essential for designing more effective strategies to prepare for, prevent, and mitigate the effects of the disease, ultimately protecting vulnerable population.
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