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Abstract. This study examines the synoptic atmospheric
mechanisms behind the extreme rainfall event of August
2024 in northern Chad and their devastating socio-economic
impacts. Based on the CHIRPS, TAMSAT, and ERA5
datasets (1983–2024), Theil-Sen and Mann-Kendall analyses
reveal significant increases, over several decades, in precipi-
tation and integrated water vapor transport. Crucially, a tran-
sition phase in the early 2000s shifted the regional baseline
from persistent late-20th-century deficits into a moister “new
normal,” thereby culminating in the record-breaking August
2024 anomaly.

During this month, unprecedented accumulations reached
100–400 mm over the Tibesti, Borkou, and Ennedi mas-
sifs, representing parametric return periods of 124.5 years
in CHIRPS and 451.4 years in TAMSAT, with standardized
anomalies exceeding + 8σ (locally >+12σ ). Our analysis
of lower-tropospheric convergence, specific humidity, ver-
tical velocity (ω), and moist static energy (MSE) reveals a
major shift from the typical West African monsoon regime,
validated via a 1000-iteration grid-point Monte Carlo per-
mutation test (p≤ 0.05). In August 2024, the Intertropical
Front (ITF) defined by the 15 °C dew point isodrosotherm at
925 hPa shifted abnormally northward, reaching 20–22° N,
which allowed moist air to penetrate deep into the Saharan
zone. This shift was driven by strengthened convergence at
850 hPa, anomalous cyclonic vorticity, and a significant in-
crease in low-level humidity, where specific humidity and

Total Column Water Vapor (TCWV) reached their absolute
historical records (97.67th empirical percentile). Further-
more, negative ω anomalies throughout the troposphere indi-
cate a northward extension of the monsoon’s upward branch.
Strong positive MSE anomalies and equivalent potential tem-
perature exceeding the 2σ statistical threshold over desert re-
gions further highlight a thermodynamic enrichment of the
atmospheric column. Together, these signals point to a highly
effective dynamic-thermodynamic coupling that fueled in-
tense convective systems. The synchronization between these
atmospheric conditions and the synoptic forcing of African
Easterly Waves (AEWs) between 10 and 14 August gener-
ated extreme local rainfall anomalies, redefining the hydro-
logical balance between aquifer recharge and increased risks
of flash flooding.

This hydroclimatic shift caused devastating impacts: na-
tionwide, floods affected 2 million people and caused 576 fa-
talities. Regionally, impacts were severe and heterogeneous,
affecting 67 613 individuals in Borkou with 23 174 houses
destroyed, and claiming 60 lives in Tibesti. Beyond live-
stock, crop, and gold-mining infrastructure losses, the floods
unearthed thousands of conflict-era landmines, creating a
grave secondary hazard. These findings underscore hyper-
arid zones’ vulnerability to extreme hydrological events,
highlighting the urgent need to transition from reactive dis-
aster relief to proactive climate adaptation.
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1 Introduction

Extreme precipitation episodes constitute one of the most
critical manifestations of contemporary climate variability,
posing a growing challenge to the resilience of human so-
cieties (Seneviratne et al., 2021). Their impact is particu-
larly devastating in arid and semi-arid regions, where struc-
tural water scarcity renders natural and socio-economic sys-
tems extremely vulnerable to hydrometeorological anoma-
lies (Saha et al., 2020). Under global warming, the intensi-
fication of hydrological cycle has led to a documented in-
crease in the frequency and magnitude of these events, often
exceeding local adaptive capacities (Allan and Soden, 2008;
Trenberth et al., 2015; Ehtasham et al., 2024; Adeyeri, 2025).
Specifically, surpassing critical warming thresholds could in-
crease intense precipitation in Central Africa by up to 25 %,
exacerbating flooding risks and population exposure (Zakari-
ahou et al., 2024; Tamoffo et al., 2024a). This vulnerability
is especially concerning for the Lake Chad Basin, where pro-
jections indicate a resurgence of rainfall extremes alongside
an extension of dry spells (Adeyeri et al., 2019).

The Sahara and its southern margins operate under a cli-
matic regime traditionally governed by tropospheric subsi-
dence and erratic rainfall. In this environment, intense rain
events arise from exceptional atmospheric configurations
linked to the dynamics of the Saharan Heat Low (SHL) and
regional moisture convergence (Selami et al., 2021). This dy-
namics is part of the rainfall recovery observed since the
end of the 20th century, driven by oceanic warming and
a strengthened monsoon moisture budget (Sindikubwabo et
al., 2018; Biasutti, 2019; Tamoffo et al., 2026a). However,
paleoclimatic records serve as a reminder that this system
is prone to non-linear and abrupt responses; the history of
“Lake Mega-Chad” demonstrates that transitions between
aridity and “African Humid Periods” can be sudden (Simon
et al., 2015; Pausata et al., 2017; Pausata et al., 2020).

Northern Chad, a confluence point between the central
Sahara and the Sahel, represents a highly sensitive climatic
transition zone where the balance between water resources
and agro-pastoral activities is precarious (Raimond et al.,
2014; Nour et al., 2017). Rainfall distribution is strictly gov-
erned by the latitudinal position of the Intertropical Front
(ITF), the surface expression of the Intertropical Conver-
gence Zone (ITCZ) marking the boundary between the dry
harmattan and the moist monsoon (Nicholson, 2013). An
anomalous northward migration of the ITF allows for the
injection of Atlantic moisture into the heart of the Sahara,
triggering deep convection (Sultan and Janicot, 2003; Parker
et al., 2005). This dynamics is further modulated by intra-
seasonal oscillations (ISO), which influence water vapor
transport and moist static energy (MSE) fluxes (Siwe et al.,
2025; Wamba Tchinda et al., 2023; Tchinda et al., 2026; Ta-
moffo et al., 2024b) and is often exacerbated by synoptic per-
turbations, such as African Easterly Waves (AEW) (Kiladis
et al., 2006; Lafore et al., 2017).

Beyond dynamics, thermodynamic and radiative factors
are decisive. MSE offers a diagnostic framework integrating
temperature, humidity, and the vertical structure of the atmo-
sphere (Neelin and Held, 1987; Holloway and Neelin, 2009).
High MSE values indicate a warmer and moister boundary
layer, which directly enhances the convective available po-
tential energy while simultaneously reducing convective in-
hibition, facilitating the organization of mesoscale convec-
tive systems responsible for extreme accumulations (Romps,
2015). Recent studies demonstrate that these events result
from a synergy between thermodynamic instability, radiative
flux anomalies, and dynamic forcings such as moist enthalpy
advection and potential vorticity anomalies (Kenfack et al.,
2024, 2025; Tchana et al., 2025). Simultaneously, vertical
velocity characterizes the strength of updraft, where negative
ω anomalies represent the classic signature of organized con-
vection in West Africa (Taylor et al., 2017).

At the global scale, 2024 was characterized by unprece-
dented warming and a surge in hydrometeorological ex-
tremes (Zhang et al., 2025). In August 2024, exceptionally
intense rainfall hit the Saharan regions of Chad and the
Lake Chad Basin, leading to catastrophic socio-economic
impacts, including unusual flooding, infrastructure collapse,
agricultural losses, and widespread population displacement
(OCHA, 2024). This crisis highlighted the acute vulnerabil-
ity of local socio-ecosystems, which are historically adapted
to a hyper-arid regime with low mean annual rainfall. In such
environments, even a minor absolute increase in precipita-
tion represents a severe hydrometeorological hazard, trigger-
ing disproportionate societal disruptions due to the lack of
infrastructure designed for torrential rain. While the 2024
anomaly aligns with a broader Sahelian trend associated
with an anomalously northward ITCZ (Zhang et al., 2025;
Nicholson, 2013), the specific atmospheric mechanisms driv-
ing rainfall in the true Saharan desert remain insufficiently
documented. Most existing literature focuses on the Sahelian
and Sudanian belts, leaving a gap in our understanding of the
joint dynamic and thermodynamic processes and their socio-
economic consequences within the hyper-arid Sahara and the
Lake Chad Basin.

This study aims to fill this gap by characterizing the forc-
ings behind the August 2024 extreme event through an in-
tegrated analysis of moisture convergence, remote moisture
advection, vertical velocity, and MSE. By linking these phys-
ical mechanisms to field observations of socio-economic im-
pacts, this work provides critical insights for climate adap-
tation and risk management in the Sahara and Lake Chad
Basin (Biasutti, 2019; Vizy and Cook, 2022). The article
is structured as follows: Sect. 2 details the study area, data
and methodology; Sect. 3.1 characterizes the extreme rain-
fall event and its spatial-temporal evolution, while the rest of
Sect. 3 explores the underlying dynamic and thermodynamic
physical mechanisms; Sect. 4 details the associated socio-
economic impacts and local vulnerabilities; and Sect. 5 con-
cludes the study.
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2 Study Area, Data and Methods

2.1 Study Area

This study focuses on northern Chad, extending 16–24° N,
13–25° E, an area administratively comprising the regions
of Tibesti, Borkou, Ennedi West, and Ennedi East (Fig. 1).
The landscape is dominated by vast sandy plains and lon-
gitudinal dune systems. The regional climate is hyper-arid,
characterized by high diurnal and seasonal thermal ranges
and a mean annual precipitation below 50 mm (UNESCO,
1977; Nicholson, 2011). Despite its harsh environment, the
Saharan sector of Chad accounts for approximately 13 %
of the national population (approx. 2.73 million inhabitants;
INSEED-Chad). Economic subsistence is primarily linked
to oasis-based agriculture, specifically date palm cultivation,
and nomadic pastoralism centered on camel herding. The
primary urban centers include Faya-Largeau (pop. 100 000),
Fada (pop. 50 000), Bardaï (pop. 30 000) and Amdjarass
(pop. 2000). These cities, like all inhabited localities, are es-
tablished in oases to take advantage of the meager water re-
sources available, given the hyper-arid environment.

2.2 Data sources

2.2.1 Satellite Precipitation Estimates

To analyze the long-term interannual variability, monotonic
trends, and the specific magnitude of the August 2024 rain-
fall event, monthly precipitation datasets spanning the 1983–
2024 period were gathered from two distinct high-resolution
satellite-based products: the Tropical Applications of Mete-
orology using SATellite Data v.3.1 (TAMSAT; Maidment et
al., 2017) and the Climate Hazards Group InfraRed Precipi-
tation with Station data v.2.0 (CHIRPS; Funk et al., 2015).

A critical constraint in the hyper-arid Borkou-Ennedi-
Tibesti (BET) region of northern Chad is the severe scarcity
or total absence of operational, continuous in-situ rain
gauges. Consequently, hydro-climatic monitoring relies ex-
clusively on satellite remote sensing. CHIRPS blends global
satellite infrared imagery (0.05°× 0.05° resolution) with
available station observations to generate long-term grid-
ded time series, which is highly effective for drought and
trend monitoring (Funk et al., 2015). The dataset was ac-
cessed from the Climate Hazards Group (https://www.chc.
ucsb.edu/data, last access: 31 January 2026). Concurrently,
TAMSAT estimations are derived from Meteosat Thermal In-
frared (TIR) imagery, using a Cold Cloud Duration (CCD)
threshold approach calibrated against regional ground-based
gauges (Maidment et al., 2017). TAMSAT features a high
spatial resolution of 0.0375° (∼ 4 km), which is optimized
for capturing convective rainfall distributions across complex
Saharan topography (Wainwright et al., 2021). Relying on
both products is necessary to address structural uncertainties

inherent to satellite retrieval algorithms over hyper-arid ter-
rains where direct gauge validation is unavailable.

2.2.2 Atmospheric Reanalysis (ERA5)

Atmospheric dynamics, vertical coupling, and moisture
transport patterns were analyzed using the ERA5 reanalysis,
the fifth-generation global atmospheric climate dataset de-
veloped by the European Centre for Medium-Range Weather
Forecasts (ECMWF) (Hersbach et al., 2020). ERA5 employs
a multi-decadal advanced data assimilation scheme, ensuring
a physically consistent co-dependence between dynamic and
thermodynamic variables across data-sparse regions such as
the Sahara desert (Tarek et al., 2020; Ssenyunzi et al., 2020).
Previous climate assessments have confirmed that ERA5 ac-
curately reproduces monsoon circulation, moisture influxes,
and synoptic-scale waves over the Sahelian and Saharan belts
(Johannsen et al., 2019; Cook and Vizy, 2021).

For this study, data were extracted at a horizontal reso-
lution of 0.25°× 0.25° on standard pressure levels spanning
from the lower troposphere to the upper troposphere (850 hPa
to 200 hPa). The monthly variables retrieved include the hor-
izontal components of wind (u, v), vertical velocity (ω), hor-
izontal wind divergence (d), geopotential height (z), temper-
ature (T ), and specific humidity (q). The analysis focuses
on the month of August from 1983 to 2024. While the total
42-year period is utilized for interannual trend estimations,
the 1983–2023 window (N = 41 years) is strictly designated
as the standard climatological baseline mean from which the
exceptional structural anomalies of August 2024 are evalu-
ated.

2.2.3 Data on flood losses

Due to Chad’s fragile socioeconomic and security context,
systematic disaster recording is primarily facilitated by in-
ternational humanitarian organizations and United Nations
agencies in collaboration with the Chadian government. For
the 2024 flood event, impact data were obtained from the
United Nations Office for the Coordination of Humanitar-
ian Affairs (OCHA), which synthesizes inter-agency field re-
ports. These data are validated by the Ministry of Territorial
Administration and Decentralization, alongside the Ministry
of Social Action, Solidarity, and Humanitarian Affairs.

The dataset includes standardized metrics on:

– Human casualties (mortality and injury rates);

– Displaced populations and affected households;

– Agricultural losses (hectares of devastated cropland);

– Infrastructure damage (destruction of homes and com-
mercial facilities);

– Livestock mortality.

https://doi.org/10.5194/wcd-7-1425-2026 Weather Clim. Dynam., 7, 1425–1445, 2026
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Figure 1. Study area in Chad. The left panel shows that this predominantly desert area is bordered to the south by the 100 mm isohyet. The
right panel presents the four administrative provinces whose socioeconomic losses from the August 2024 floods were analyzed. It is worth
noting that despite the desert environment, numerous settlements are located there, generally in oases.

While national summaries typically emphasize the south-
ern and central provinces due to their higher absolute pop-
ulation densities (e.g., Mayo-Kebbi Est, Lac, and Tandjilé),
this study specifically isolates data for the northern Saharan
provinces. Although the absolute number of victims in these
arid regions is lower compared to the south, the relative im-
pact, defined as the ratio of affected individuals to the to-
tal provincial population, is among the highest recorded in
2024. This relative approach is essential for assessing the ex-
ceptional nature of climate extremes in sparsely populated
hyper-arid zones. Data was accessed via the OCHA Chad hu-
manitarian portal (https://www.unocha.org/chad, last access:
25 January 2026).

2.3 Methodological Framework and Statistical Metrics

To diagnose the physical mechanisms driving the exceptional
rainfall of August 2024, a suite of diagnostic variables was
employed. The methodological framework distinguishes be-
tween thermodynamic precursors (the energy and moisture
required for convection) and dynamic forcing (the atmo-
spheric mechanisms triggering vertical motion).

2.3.1 Climatological Anomalies and Spatial
Significance

To highlight the physical anomalies driving the extreme
event of August 2024, monthly climatological anomalies at
each grid point were computed as the direct departure of the
observed August 2024 values from the long-term historical
mean, which was established over a strict 41-year reference
baseline period spanning from 1983 to 2023.

To assess whether these spatial anomalies represent a sta-
tistically significant departure from the background noise or
are merely a product of random internal climate variability, a
non-parametric Monte Carlo permutation test was systemat-
ically applied to the anomaly fields. This approach is highly
suitable for atmospheric dynamics over hyper-arid zones be-
cause it does not rely on parametric assumptions of nor-
mal probability distributions (Livezey and Chen, 1983). For
each variable, the historical time series (1983–2024) was ran-
domly shuffled 1000 times to empirically reconstruct a lo-
cal null distribution of climatological anomalies at each grid
point. The true observed August 2024 anomaly was then po-
sitioned within this empirical distribution. Anomalies falling
outside the 2.5th and 97.5th percentiles of the permuted dis-
tribution (p≤ 0.05, two-tailed test) were diagnosed as statis-
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tically significant at the 95 % confidence level. These struc-
turally robust grid points are explicitly highlighted via stip-
pling on the corresponding spatial maps.

2.3.2 Long-Term Trend Analysis

The long-term monotonic trajectories of regional precipita-
tion and column-integrated moisture transport over the 42
years (1983–2024) were quantified using the non-parametric
Theil-Sen estimator, while trend significance was evaluated
using the Mann-Kendall test. The Sen’s slope represents the
median of all slopes calculated between all possible pairs
of data points in the time series, ensuring structural immu-
nity to extreme outliers such as the August 2024 anomaly it-
self (Sen, 1968). To contextualize the physical magnitude of
these trends, the relative change (1rel, expressed in %) was
calculated by multiplying the Sen’s slope by the total length
of the time series (1t = 42 years), normalized by the long-
term climatological mean (X) obtained from the 1983–2023
baseline

1rel =
Sen’s Slope×1t

X
× 100 (1)

2.3.3 Extreme hydro-climatic quantified diagnostics

To quantify the exact recurrence interval and rarity of the
August 2024 precipitation, a parametric framework was im-
plemented. Because precipitation over Saharan environments
is highly intermittent, strictly non-negative, and positively
skewed, standard Gaussian frameworks are physically in-
valid. Instead, a continuous two-parameter Gamma proba-
bility density function (f (x)) was fitted to the multi-decadal
historical August series:

f (x,α,β)=
1

βα0(α)
Xα−1e

−x
β for x > 0 (2)

Where α > 0 is the shape parameter, β > 0 is the scale pa-
rameter, and 0(α) represents the standard Gamma func-
tion. These parameters were optimized via maximum like-
lihood estimation (MLE), providing asymptotically unbiased
and numerically robust estimators for meteorological series
(Husak et al., 2006). Once the cumulative distribution func-
tion (F(x)) was solved, the return period (Tr, in years) for
the August 2024 rainfall magnitude (X2024) was derived as
the inverse of its exceedance probability:

Tr =
1

1−F(X2024)
(3)

To evaluate the severity of the low-tropospheric moisture
anomalies without assuming a parametric background dis-
tribution, the historical specific humidity and total column
water vapor values were ranked against the 42-year record
using the non-parametric Weibull plotting position formula:

P =
m

Ntotal+ 1
(4)

where “m” represents the ascending rank of the observed
value (with m= 42 for the absolute historical maximum)
and Ntotal = 42 is the total number of years in the 1983–
2024 series. The corresponding percentile rank is expressed
as PR= P × 100, allowing an objective determination of
the rarity of the thermodynamic preconditioning. Follow-
ing Makkonen (2006), this specific formulation represents
the only mathematically consistent plotting rule for extreme
value analysis, preventing the overestimation of return peri-
ods often induced by alternative empirical plotting positions
and providing a realistic assessment of weather-related risks
in hyper-arid environments.

2.4 Atmospheric Circulation and Thermodynamic
Indicators

2.4.1 Intertropical Front (ITF) Position

The ITF serves as a critical diagnostic for monitoring the
northward penetration of the West African Monsoon (WAM)
into the Saharan heat low. In this study, the latitudinal po-
sition of the ITF is identified using the 15 °C isodrosotherm
(dew point temperature Td = 15 °C) at the 925 hPa level, fol-
lowing the criteria established by Nicholson (2013). This
boundary marks the interface between the moist south-
westerly monsoon flow and the dry north-easterly Harmattan
winds.

2.4.2 Integrated Vapor Transport (IVT)

To capture the horizontal moisture streams fueling the con-
vective anomalies over northern Chad, the time series of
monthly mean interannual vertically Integrated Vapor Trans-
port (IVT) magnitude was computed. Originally conceptual-
ized to distinguish concentrated filamentary moisture fluxes
from broader background fields (Zhu and Newell, 1998), the
analysis of IVT magnitudes has become a robust standard for
diagnosing synoptic-scale moisture transport and associated
hydrometeorological extremes (Gimeno et al., 2014). The
zonal (IVTu) and meridional (IVTv) mass-weighted compo-
nents (kg m−1 s−1) were obtained by integrating the product
of the specific humidity (q) and horizontal wind components
(u, v) across the active tropospheric column (Ferreira et al.,
2025):

IVTu =
1
g

Psurf∫
Ptop

u · q · dp;

IVTv =
1
g

Psurf∫
Ptop

v · q · dp (5)

where g is the standard gravitational acceleration
(9.81 m s−2), q (kg kg−1), u and v (m s−1), and dp is
the pressure increment (Pa). Vertical integration bounds
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were restricted from Psurf = 1000 hPa to Ptop = 200 hPa.
This configuration captures the full structural depth of
the monsoon circulation, including the coupled lower-
tropospheric moisture surges preconditioned by the Saharan
heat low, the horizontal shear zones along the African
Easterly Jet (AEJ), and upper-level transitions near the
Tropical Easterly Jet (TEJ) (Gimeno et al., 2016; Awoleye
et al., 2025). The total IVT magnitude (IVTmag) was then
derived as:

IVTmag =

√
IVT2

u+ IVT2
v (6)

In the context of the African monsoon belt, evaluating
IVTmag is critical as vertically coupled moisture fluxes
exceeding specific synoptic thresholds have been directly
linked to enhanced organized convection, intense spatially
focused precipitation events, and regional aerosol scaveng-
ing dynamics (Awoleye et al., 2025).

2.4.3 Low-Tropospheric Convergence and Vertical
Velocity

The dynamic mechanisms forcing local vertical ascent were
diagnosed using two structural fields: low-tropospheric hor-
izontal wind convergence and tropospheric vertical velocity
(ω). Wind convergence (−∇V ) was extracted directly at the
850 hPa level from the native ECMWF spectral model di-
vergence archive (d) to prevent numerical truncation errors
arising from post-processing finite-difference schemes. Con-
currently, the vertical velocity (ω, expressed in Pa s−1) was
examined across multiple pressure levels to assess the deep
vertical coupling of the column. Negative values (ω < 0) rep-
resent strong updrafts and synoptic-scale convective ascent
(Taylor et al., 2017; Tchana et al., 2025).

2.4.4 Thermodynamic Columns and Convective
Instability

To evaluate the thermodynamic structure and convective po-
tential governing the anomalous August 2024 event, we ana-
lyze two complementary conserved thermodynamic tracers:
Moist Static Energy (MSE) and equivalent potential temper-
ature (θe). Moist Static Energy (MSE) is used to evaluate the
convective potential and stability of the atmosphere (Neelin
and Held, 1987; Kenfack et al., 2025). It integrates sensible
heat, potential energy, and latent heat. It also quantifies the
total energy content of an air parcel by integrating sensible
heat, potential energy, and latent heat, and is defined as:

MSE= CpT + gz+Lvq (7)

Where: Cp is the specific heat of dry air at constant pressure
(1004 J kg−1 K−1); T is the absolute temperature (K), Lv is
the latent heat of vaporization, z is the geopotential height
(m). By examining MSE anomalies, we can establish if the
August 2024 extremes were driven by an unusual amount

of moisture (latent heat) or intense localised surface heating
(sensible heat).

In parallel, the equivalent potential temperature θe
(K), which dictates the absolute temperature a water-
vapor-saturated air parcel would attain if all its moisture
condensed pseudo-adiabatically, was calculated following
Bolton (1980)’s formulation:

θe = θ · exp
(
Lvq

CpTL

)
(8)

Where θ is the dry potential temperature and TL is the tem-
perature at the lifted condensation level. In the tropical tro-
posphere, MSE and Cpθe are tightly coupled and approxi-
mately linearly related (MSE' Cpθe), as both conserve total
energy during moist moist-adiabatic processes (Neelin and
Held, 1987).

From a diagnostic standpoint, an increase in low-level
MSE (and thus θe) operates via a critical dual thermodynamic
mechanism: it enhances the thermal buoyancy of a lifted air
parcel, thereby expanding the convective available potential
energy aloft, while simultaneously eroding the convective in-
hibition barrier at the base of the atmospheric profile, facili-
tating spontaneous and deep convective triggering.

3 Results

3.1 Multi-Decadal Rainfall Trends, IVT Evolution, and
the Hydro-Climatic Transition

The interannual variation in August rainfall over the northern
Chadian Sahara (16–24° N, 13–25° E) characterizes a hyper-
arid hydro-climatic regime defined by extreme scarcity and
inherent high interannual variability. Historically, monthly
totals over this region hover around a very low climatolog-
ical baseline, with a long-term mean of 12.7 mm for TAM-
SAT and 9.6 mm for CHIRPS. This hyper-arid dynamic is in-
trinsically governed by the Saharo-Sahelian transition zone,
where precipitation depends strictly on the erratic northward
excursions of the Intertropical Front (ITF) and the seasonal
migration of the West African Monsoon (WAM) (Nicholson,
2013; Nicholson et al., 2018). An analysis of the 42-year
time series (1983–2024), comparing the TAMSAT (Fig. 2a)
and CHIRPS (Fig. 2b) satellite products reveal a remarkable
structural consistency in capturing regional climate variabil-
ity. Both independent datasets accurately identify historical
dry cycles such as the severe drought years of 1984, 1990,
and 2000, as well as past wet episodes like 1988, 1999, and
the 2018–2020 corridor. Although a systematic magnitude
offset exists between the two products due to their distinct
retrieval algorithms, their long-term climate trajectories are
perfectly synchronized.

Both datasets exhibit a robust, continuous, and statisti-
cally significant monotonic upward trend over the entire
1983–2024 period, with exceptionally high confidence lev-

Weather Clim. Dynam., 7, 1425–1445, 2026 https://doi.org/10.5194/wcd-7-1425-2026



C. Wamba Tchinda et al.: Synoptic drivers and impact of the August 2024 Record Chadian Sahara Rainfall 1431

Figure 2. August precipitation trends and patterns (solid blue line)
averaged over Northern Chad (16–24° N, 13–25° E) from 1983 to
2024. Panels display (a) TAMSAT and (b) CHIRPS satellite series.
The solid red line represents the monotonic linear Sen’s slope; the
solid black line marks the long-term climatological mean.

els (p = 1.35× 10−5 for TAMSAT and p = 1.06× 10−4 for
CHIRPS). Rather than an abrupt structural regime shift or a
statistical break in the trend line itself, the year 2003 marks a
climatological transition period corresponding to the chrono-
logical midpoint. This year represents the exact chronologi-
cal midpoint where the long-term linear Sen’s slope inter-
sects the historical baseline mean. Before 2003, the regional
signal was heavily weighted by the extreme aridity and per-
sistent rainfall deficits of the late 20th-century drought, with
the vast majority of years falling well below the long-term
average. After 2003, due to a sustained humidification trend,
a profound transition occurred. The frequency of extreme dry
years drops sharply, replaced by a dense clustering of positive
anomalies and closely spaced rainfall peaks (notably post-
2017), establishing a moister “new normal” background state
over the Chadian Sahara.

This multi-decadal evolution is quantified by a pos-
itive Sen’s slope of +0.44 mm yr−1 for TAMSAT and
+0.17 mm yr−1 for CHIRPS, corresponding to substantial
relative magnitudes of +145.1 % and +74.4 % over the 42-
year record, respectively. This long-term wetting trend over
Northern Chad aligns with the wider “greening” and hydrom-
eteorological intensification signals documented across the
central Sahel (Brandt et al., 2015).

Figure 3. Same as in Fig. 2, but for Integrated Vapor Transport
(IVT, kg m−1 s−1). The dashed red line represents the Sen’s slope;
the solid black line marks the historical mean (91.2 kg m−1 s−1).

To establish a clear physical connection between this long-
term precipitation trend and large-scale atmospheric drivers,
a multi-decadal time series of the Integrated Vapor Transport
(IVT) during August was analyzed over the same domain
(Fig. 3). As an integrated indicator of lower-tropospheric
moisture supply and wind convergence, the IVT exhibits an
exceptional, statistically significant co-variability with the
satellite rainfall series.

The IVT time series confirms a robust atmospheric
moisture-loading trend, featuring a highly significant Sen’s
slope of +1.28 units yr−1 (p = 8.50× 10−8) and a relative
magnitude increase of +59.2 %. More specifically, the IVT
reproduces exactly the same physical behavior as the precip-
itation data:

1. Late 20th-century suppressed state: Persistent negative
IVT anomalies dominate the 1980s and 1990s, indicat-
ing a severely restricted moisture supply to the region.

2. The early-2000s hydro-climatic transition: The IVT
line permanently crosses its historical climatological
mean (91.2 kg m−1 s−1) around 2003, transitioning the
regional atmosphere into a consistently heightened
moisture-loading baseline.

3. The 2024 Extreme Manifestation: The record-breaking
event of August 2024 sits at the absolute tail end of this
multi-decadal trend, where the IVT reaches an unprece-
dented historical peak exceeding 150 kg m−1 s−1.

The record-breaking precipitation anomaly of August 2024,
which reached an unprecedented regional average of
69.71 mm per month in TAMSAT and 22.35 mm per month
in CHIRPS, represents the absolute extreme manifestation of
this long-term hydro-climatic transition. Rather than occur-
ring as an isolated, random synoptic anomaly, the exceptional
magnitude of the 2024 event was fundamentally favored by
this altered, post-2003 moister background state. The long-
term intensification of the atmospheric moisture transport
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background state effectively maximized the regional suscep-
tibility to extreme monsoonal rainfall. This setup allowed
contemporary dynamic and thermodynamic forces to trigger
an unprecedented northward penetration of the WAM, shift-
ing the regional risk paradigm from perpetual hyper-aridity
to acute flash flood hazards.

This multi-decadal shift toward a structurally moister
baseline suggests that the Chadian Sahara has transitioned
into a hydroclimatic regime that is fundamentally more sus-
ceptible to intense convective forcing. Within this altered
background state, the exceptional event of August 2024 does
not emerge as an isolated, uncoupled anomaly but rather as
the absolute tail-end expression of a long-term intensifica-
tion in regional moisture loading. To fully understand how
this large-scale climatological transition manifests on a local
scale, it is necessary to move beyond domain-averaged time
series and dissect the explicit spatial architecture, structural
magnitude, and statistical return periods of the August 2024
anomalies across the hyper-arid core.

3.2 Magnitude and Statistical Significance of the
August 2024 Rainfall Anomalies

In response to the long-term hydroclimatic transition and
the regional-scale intensification of Integrated Vapor Trans-
port (IVT), the August 2024 event manifested as a highly
intense and spatially heterogeneous deployment, which had
been masked until now by domain-averaged metrics. Exam-
ining fine-scale spatial structures thus becomes essential to
map how this historical anomaly is distributed across the core
hyper-arid northern sector of Chad. To evaluate this spatial
architecture and the exceptional severity of the August 2024
rainfall within this hyper-arid zone, we examine the distri-
bution of monthly accumulated precipitation alongside prob-
abilistic Z-scores. Figure 4 illustrates the monthly accumu-
lated rainfall and corresponding standardized anomalies over
northern Chad, compared against the 41-year historical base-
line climatology (1983–2023).

Although the preceding regional temporal analysis
(Sect. 3.1) demonstrated a remarkable synchronization be-
tween the TAMSAT and CHIRPS datasets, the spatial char-
acterization presented here (Fig. 4) relies exclusively on the
TAMSAT product. This methodological choice is motivated
by TAMSAT’s algorithmic design optimized for tracking
African convective systems in arid zones. Furthermore, since
the analysis critically depends on the calculation of standard-
ized anomalies (Z-scores), the systematic magnitude offset
observed between the two satellite products is mathemati-
cally normalized. This ensures that the spatial structure and
statistical significance of the 2024 rainfall plume remain ro-
bust and independent of the selected product.

The baseline climatology (Fig. 4a) highlights the extreme
and uniform aridity that typically characterizes the region.
Within the central Saharan sectors encompassing the mas-
sifs and plateaux of the Tibesti, Borkou, and Ennedi, mean

August accumulations are nearly non-existent and remain
strictly below 5 mm.

In contrast to this baseline state, the spatial structure of the
August 2024 rainfall (Fig. 4b) exhibits a remarkable north-
ward thrust of precipitation well beyond the 20° N paral-
lel. This rainfall activity was organized around two primary,
well-defined core nodes:

– The first developed over the rugged topography of the
Ennedi and extended westward into the Borkou region,
generating unprecedented absolute accumulations rang-
ing from 150 to 400 mm.

– The second manifested further to the northwest, directly
impinging on the volcanic massifs of the Tibesti region,
with totals ranging from 100 to 250 mm.

The standardized anomaly field (Fig. 4c) provides a mathe-
matical context for the extraordinary magnitude of this event.
Localized departures from the historical mean are excep-
tional, with Z-scores systematically exceeding , and local-
ized peaks transcending within the Borkou and Ennedi sec-
tors. Such values underscore the profound statistical devia-
tion of this event from regional historical observations.

Finally, to ensure that this signal is reliable and does not
result from random variability, a grid-point-wise statistical
Monte Carlo significance test was applied. The resulting em-
pirically derived significance mask (represented by the stip-
pling in Fig. 4c) completely envelopes the Tibesti, Borkou,
and Ennedi regions. The spatial continuity of this mask con-
firms that the northward advance of the monsoon and the as-
sociated hyper-arid precipitation constitute a statistically sig-
nificant anomaly (p≤ 0.05) that is unprecedented since the
beginning of the satellite era, indicative of an exceptional dis-
placement of the West African Monsoon (WAM) boundaries
during this period.

While the spatial architecture of Fig. 4 illustrates the geo-
graphic extent of this event along the Tibesti-Borkou-Ennedi
corridor, it raises, above all, the question of its statistical re-
turn period and the underlying atmospheric conditions that
allowed such anomalies to persist. To place the extreme na-
ture of this plume within a historical context spanning several
decades, we employ a combined diagnostic framework that
links parametric return periods of precipitation to nonpara-
metric empirical ranks of tropospheric moisture content. To
quantify the historical rarity of this event, a rigorous dual-
probabilistic diagnostics framework was applied to the core
convective zone (16–24° N, 13–25° E).

The results, summarized in Table 1, contrast the para-
metric return periods (T ) derived from the optimized two-
parameter Gamma distribution against the empirical ther-
modynamic percentile ranks (PR) computed via the math-
ematically consistent Weibull plotting position (Makkonen,
2006). The regionalized August 2024 rainfall anomaly ex-
hibits a return period of 124.5 years according to CHIRPS
(mean: 22.35 mm), and reaches up to 451.4 years accord-
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Figure 4. Spatial distribution, magnitude, and statistical significance of August precipitation over Northern Chad derived from the TAMSAT
product. Panels display (a) the multi-decadal baseline climatology (1983–2023), (b) absolute monthly rainfall accumulations for August
2024, and (c) the corresponding standardized anomalies (Z-score). Stippling in panel (c) denotes statistically significant anomalies (p≤ 0.05)
derived from a grid-point-wise Monte Carlo simulation.

ing to the TAMSAT satellite product (mean: 69.71 mm). The
structural discrepancy between these two satellite estimates
reflects well-known algorithmic sensitivities in hyper-arid,
gauge-sparse regions. TAMSAT relies exclusively on Ther-
mal Infrared (TIR) Cold Cloud Duration (CCD) thresholds
calibrated specifically for African convective regimes (Maid-
ment et al., 2014, 2017). Consequently, it effectively cap-
tured the persistent, deep cloud tops and prolonged convec-
tive activity that sustained this specific event, likely yielding
a physically representative depiction of the local convective
intensity. Conversely, while CHIRPS integrates TIR data, its
methodology heavily relies on the blending of in-situ rain
gauge observations for structural bias correction (Funk et al.,
2015). In the hyper-arid northern territory of Chad, the severe
scarcity of operational, real-time reporting gauges forces the
CHIRPS algorithm to heavily weight its background cli-

matology, typically inducing a conservative underestimation
during unprecedented, high-magnitude anomalies. Despite
this systematic magnitude offset, both independent datasets
structurally agree on the centennial to multi-centennial scale
of the anomaly. This out-of-boundary pluviometric response
was systematically fueled by an extraordinary, vertically co-
herent thermodynamic state throughout the tropospheric col-
umn. The monthly mean specific humidity (q) reached ab-
solute historical records at both the lower-tropospheric base
(11.90 g kg−1 at 925 hPa) and the core of the monsoonal
layer (10.67 g kg−1 at 850 hPa).

This profound moistening is further corroborated by the
Total Column Water Vapor (TCWV), which attained an un-
precedented historical peak of 14.83 kg m−2. For all three
hydro-thermodynamic parameters, August 2024 ranked 42nd
out of the 42-year climatological record, placing the month at
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Table 1. Parametric Return Periods and Non-Parametric Thermodynamic Percentile Ranks for the August 2024 Extreme Event based on
spatial averages over the Northern Chad study domain (16–24° N, 13–25° E). Rainfall metrics are based on a Gamma distribution fitted
via Maximum Likelihood Estimation (MLE) over the 1983–2024 baseline. Specific humidity (q) and Total Column Water Vapor (TCWV)
metrics represent empirical ranks and percentile ranks calculated using the Weibull formula over the same climatological period (N = 42
years).

Diagnostic Parameter/Dataset Observed Value Empirical Rank Calculated Percentile Estimated Return
Category (August 2024) (Out of 42) Rank (%) Period (T , years)

Pluviometric CHIRPS Rainfall 22.35 mm – – 124.5

Metrics TAMSAT Rainfall 69.71 mm – – 451.4

Thermodynamics
Metrics

ERA5 Specific Humidity q
at 850 hPa

10.67 g kg−1 42 97.67 % –

ERA5 Specific Humidity q
at 925 hPa

11.90 g kg−1 42 97.67 % –

ERA5 Column Water Vapor
TCWV (Total Column)

14.83 kg m−2 42 97.67 % –

the 97.67th empirical percentile of the historical distribution
(Table 1). This joint analysis confirms that the historic rain-
fall observed in the Saharan regions of Chad resulted from a
perfect synergy between, on the one hand, a local moisture
reservoir reaching its absolute maximum, thereby prevent-
ing the inflow of dry air and lowering the condensation level
due to lifting, and, on the other hand, a dynamically opti-
mized triggering mechanism at the synoptic scale. However,
while these extraordinary thermodynamic conditions created
a highly conducive and moisture-saturated background state,
they constitute a necessary but not sufficient condition for
such extreme convective development. To fully understand
how this localized precipitable water was dynamically lifted
and organized into plumes of intense precipitation across the
hyper-arid heartland, it is essential to shift our focus from
hydrostatic column measurements to the synoptic-scale tran-
sient triggers that governed regional atmospheric circulation
during August 2024.

3.3 Synoptic-Scale Triggering: African Easterly Waves
(AEWs) Dynamics

To study the synoptic-scale atmospheric mechanisms under-
lying the exceptional precipitation anomalies observed in
August 2024, Fig. 5 presents a longitude-time (Hovmöller)
diagram of the meridional wind and relative vorticity at
700 hPa, averaged over the Saharan belt (16–24° N). During
the first half of the month (from 1 to 16 August), the regional
atmosphere was featured by robust and well-defined activity
of the AEWs. This dynamic is visually identifiable by distinct
diagonal corridors propagating westward, composed of alter-
nating meridional components of north (blue) and south (red)
winds. It is important to note that between 10 and 14 August,
a high-amplitude wave trough penetrated the specific study
area bounded by the meridians 13 and 25° E (vertical dot-

ted lines). This synoptic event was characterized by a power-
ful acceleration of the southerly wind exceeding +4 m s−1 ,
which acted as a dynamic conveyor belt, ensuring significant
moisture advection from the monsoon reservoirs in the low
latitudes toward the hyper-arid interior. This hydrodynamic
driving mechanism was closely linked to a significant core
of cyclonic relative vorticity (green contour≥ 1× 10−5 s−1),
ensuring the large-scale upwelling and vertical organization
of the necessary cells. This intense dynamic forcing on a
synoptic scale explains the onset, development, and concen-
tration of the extreme hydrometeorological events observed
over the Tibesti, Borkou, and Ennedi mountain ranges during
this specific period spanning several days. In contrast, the
second half of August 2024 (after 16 August) was marked
by a notable change in weather conditions. The organized,
in-phase, and propagating AEW structures have weakened
considerably, as evidenced by the disruption of the diagonal
wind bands. This state of suppression gave way to more sta-
tionary atmospheric features and localized, isolated vorticity
maxima, centered mainly near the eastern boundary (25° E)
during the last few days of the month. This evolution indi-
cates that, while the first half of the month was dominated
by transient wave-induced convective bursts, the second half
shifted toward a more localized convective regime of ther-
modynamic origin, within the context of stationary synoptic
patterns.

3.4 Climatological mean and anomalous state of
lower-tropospheric (850 hPa) circulation, wind
convergence, and Intertropical Front (ITF)
positions

The progressive AEW packets analyzed in the previous sec-
tion are not merely isolated daily weather events; on the
contrary, their recurring occurrence and intensity are likely
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Figure 5. Longitude-time (Hovmöller) diagram of 700 hPa merid-
ional wind (shaded, m s−1) and relative vorticity (contours,
10−5 s−1) averaged over the Saharan band (16–24° N) during Au-
gust 2024. Dashed vertical lines delimit the core study domain (13–
25° E).

to modulate the large-scale monthly atmospheric state. To
quantify the net, integrated impact of these synoptic drivers
on the lower troposphere, this section examines the monthly
mean dynamic configuration at 850 hPa. More specifically,
Fig. 6 displays the spatial distribution of 850 hPa wind con-
vergence, horizontal wind vectors, and the latitudinal posi-
tion of the Intertropical Front (ITF), defined by the 15 °C dew
point isodrosotherm. Three states are compared: the 1983–
2023 August climatology (Fig. 6a), the August 2024 ob-
served state (Fig. 6b), and the resultant absolute anomalies
(Fig. 6c).

In the climatological mean (Fig. 6a), the solid black con-
tour marking the ITF exhibits a zonal orientation localized
between 15 and 18° N, while the color shading reveals a well-
defined band of low-level convergence (blue shading; −1 to
−3× 10−5 s−1) strictly bounded to the Sahelian belt. South
of this boundary, the horizontal wind field is characterized
by persistent, large-scale southwesterly vectors exceeding
5 m s−1. Conversely, inside the red box defining the north-
ern Chadian study domain (16–24° N, 13–25° E), the back-
ground shading is dominated by positive divergence values
(light yellow to white; +0.5 to +2× 10−5 s−1), followed by
strong northeasterly wind arrows. Dynamically, this indicates
that significant low-level convergence is normally restricted
to the humid monsoonal flow over the Sahel. Northern Chad,
including the Tibesti, Borkou, and Ennedi massifs, is cli-
matologically dominated by a strongly divergent, subsiding
regime associated with the descending branch of the Hadley
cell and dry Harmattan winds. These synoptic conditions

maintain absolute atmospheric stability and structurally in-
hibit deep convection, a configuration perfectly aligned with
the established canonical structure of the West African Mon-
soon (WAM) (Sultan and Janicot, 2003; Nicholson, 2013).

In August 2024 (Fig. 6b), the thick black ITF line dis-
plays a pronounced northward deformation, looping up to
the 20–22° N latitudinal band, while the core of negative di-
vergence values (blue patches; −2 to −4× 10−5 s−1) under-
goes a substantial northward migration into the Saharan inte-
rior. Simultaneously, the horizontal wind vectors show a total
reorientation within the study domain, where the traditional
northeasterlies are replaced by an uncharacteristic influx of
southwesterly and southerly arrows penetrating past 20° N.
This interior flow was embedded within a broader synoptic
configuration, characterized by enhanced cyclonic circula-
tion gyres visible both to the west and east of the study do-
main. Visually and physically, this confirms a radical break-
down of the typical desert circulation. This deep latitudi-
nal displacement allowed intense southwesterly monsoonal
surges to bypass their usual boundaries and directly establish
a powerful dynamic convergence engine over the complex
terrain of the Tibesti massif, the Borkou depressions, and
the Ennedi plateau. This localized convergence provided the
forced mechanical ascent necessary to overcome the hyper-
arid background stability, shifting a normally stable region
into a highly active convective state. This structural con-
figuration closely mirrors the diagnostic frameworks of ex-
treme multi-day rainfall events documented in arid northern
Africa, where topographically locked moisture flux conver-
gence drives unprecedented precipitation events (Vondou et
al., 2025).

The absolute anomaly field (Fig. 6c) reveals a vast, co-
hesive cell of enhanced convergence anomalies (blue shad-
ing; reaching −0.6 to −1.6× 10−5 s−1) spanning the 15–
22° N domain, overlaid by a prominent cyclonic (counter-
clockwise) wind vector circulation centered over the Chad-
Niger border. The solid green contour, tracking the +1 K
dew point anomaly threshold, extends well north of 15° N
and runs spatially in-phase with the maximum convergence
anomalies. Physically, this feature indicates that the dynamic
lifting engine was perfectly co-located with a highly anoma-
lous tropospheric moisture loading, which effectively sup-
pressed dry entrainment and favored widespread condensa-
tion over the Saharan massifs. Mathematically, this cyclonic
wind anomaly explicitly proves that horizontal wind conver-
gence was complemented by a substantial increase in low-
tropospheric cyclonic vorticity. Such an environment is vital
for providing the mesoscale organization and hydrodynamic
longevity required to sustain organized and long-lived con-
vective systems in extreme environments (Lavaysse et al.,
2009; Flamant et al., 2018). Crucially, the extensive stippling
mask confirms that these enhanced convergence anomalies
are statistically significant (p≤ 0.05) based on the 1000-
iteration Monte Carlo permutation test. Because this signif-
icant signal is spatially in-phase with the anomalous south-
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Figure 6. Spatial distribution of lower tropospheric dynamics at 850 hPa in August, showing wind convergence (shading; × 10−5 s−1),
horizontal wind vectors (arrows; m s−1), and tropospheric moisture boundaries. The panels show: (a) the climatological mean from 1983 to
2023, (b) conditions observed in August 2024, and (c) absolute anomalies for August 2024 relative to the climatological reference. In panels
(a) and (b), the solid black contour line defines the absolute position of the intertropical front (ITF) via the dew point isodrosotherm at 15 °C
(288.15 K). In panel (c), the solid green line follows the dew point anomaly threshold of +1 K (1Td) associated with the monsoon intrusion,
and the stippling indicate regions where convergence anomalies are statistically significant at a 95 % confidence level (p≤ 0.05), based on
a Monte Carlo permutation test with 1000 iterations. The reference vector located at the bottom right of each figure corresponds to a wind
speed of 5 m s−1. The red frame in panel (a) delineates the specific study area in northern Chad (16–24° N, 13–25° E).

westerly moisture advection, it confirms a total, non-random
disruption of the Saharan divergent regime, representing a
profound, transient northward expansion of the Sahelian con-
vective climate boundary into the hyper-arid core of Northern
Chad (Taylor et al., 2017; Biasutti, 2019). In summary, the
out-of-boundary rainfall event of August 2024 resulted from
a perfect synergy between the exceptional northward migra-
tion of the ITF, reinforced low-level convergence at 850 hPa,
and the establishment of a regional cyclonic circulation that
optimized the vertical lifting of warm, moist air masses over
Northern Chad. These findings strongly align with recent lit-
erature linking increased WAM variability to a higher fre-
quency of hydroclimatic extremes along the Sahara-Sahel

transition zone (Janicot et al., 2008; Taylor et al., 2017; Bia-
sutti, 2019; Tamoffo et al., 2026b).

3.5 Spatial Distribution of Low-Level Humidity and
Moisture Flux

While the anomalous 850 hPa wind convergence and north-
ward ITF displacement analyzed in Sect. 3.4 establish the
necessary structural lifting engine over Northern Chad, dy-
namic forcing alone cannot trigger extreme precipitation
without a sufficient and continuous supply of atmospheric
water vapor. To assess the thermodynamic environment sup-
porting this localized convergence, it is essential to examine
the availability and transport of low-level moisture. Conse-
quently, this section evaluates the spatial distribution of spe-
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cific humidity and horizontal moisture flux fields at 850 hPa.
Figure 7 displays the spatial distribution of 850 hPa specific
humidity along with horizontal moisture flux vectors over
West and Central Africa. Three configurations are compared:
the 1983–2023 August historical climatology (Fig. 7a), the
observed conditions in August 2024 (Fig. 7b), and the result-
ing absolute anomalies (Fig. 7c).

The climatological mean (Fig. 7a) highlights a sharp
meridional moisture gradient across the region. High specific
humidity values (purple shading; exceeding 10 to 14 g kg−1)
remain strictly confined south of the 15–18° N latitudinal
belt, marking the canonical northernmost boundary of the
West African Monsoon (WAM) moisture pool. South of this
transition zone, the horizontal moisture flux vectors exhibit
a powerful, organized southwesterly routing, driving a con-
tinuous supply of monsoonal water vapor from the Atlantic
toward the Sahelian corridor. Conversely, inside the red box
defining the Northern Chadian study domain (16–24° N, 13–
25° E), the lower troposphere is climatologically arid, char-
acterized by low specific humidity values (light blue to white
shading; dropping below 6 to 8 g kg−1) and a weak, predom-
inantly zonal moisture transport. This asymmetric structural
configuration shows that, under typical summer conditions,
the Saharan desert interior is structurally isolated from signif-
icant low-level tropical moisture influxes (Nicholson, 2013;
Biasutti, 2019).

In August 2024 (Fig. 7b), this mean baseline was heav-
ily disrupted. The low-level moisture pool underwent an ex-
ceptional northward migration, pushing the 10 to 12 g kg−1

specific humidity thresholds deep into the hyper-arid core of
Northern Chad, well past 20° N. Concurrently, the horizontal
moisture flux vectors reveal a massive, uncharacteristic reori-
entation. The climatological continental desert regime was
entirely replaced by an intensified, cross-equatorial south-
westerly moisture conveyor that bypassed its traditional Sa-
helian limits to directly feed the complex topography of the
Tibesti, Borkou, and Ennedi massifs. Physically, this struc-
tural change confirms that the 850 hPa layer was subjected
to a continuous, large-scale tropical moisture loading, satis-
fying a critical thermodynamic prerequisite for widespread
and persistent high-latitude rainfall anomalies.

The absolute anomaly field (Fig. 7c) provides a quan-
titative diagnostic of this hydroclimatic shift. A vast, spa-
tially cohesive core of positive specific humidity anomalies
(pink shading; reaching +2 to +4 g kg−1) covers the entire
15–23° N Saharan interior. Crucially, the extensive stippling
mask generated by the 1000-iteration Monte Carlo permuta-
tion test confirms that these moist anomalies are statistically
significant (p≤ 0.05) over virtually the entire northern Cha-
dian domain. This significant moisture surplus runs perfectly
in-phase with robust anomalous southerly and southwesterly
moisture flux arrows. This alignment explicitly proves that
the local humidification of the desert boundary layer was
structurally driven by enhanced active advection from the
tropical Atlantic and the monsoonal belt rather than localized

evaporation. In summary, the out-of-boundary convective ac-
tivation of August 2024 resulted from an optimal dynamical-
thermodynamical coupling. The exceptional low-level mois-
ture advection documented here (Fig. 7) acted in perfect syn-
ergy with the strong 850 hPa wind convergence anomalies
previously analyzed. By shifting the normally dry and stable
Saharan boundary layer into an uncharacteristically humid
and moist state, this combined synoptic-scale mechanism ef-
fectively sustained a highly active and long-lived convective
regional climate.

3.6 Atmospheric Vertical Structure and Meridional
Circulation Cross-Sections

The horizontal accumulation of low-level moisture and en-
hanced moisture fluxes documented in Sect. 3.5 over the Sa-
haran interior cannot trigger extreme rainfall anomalies with-
out a corresponding vertical mechanism capable of lifting
this moist air mass throughout the troposphere. To under-
stand the dynamic framework supporting these surface ther-
modynamic shifts, it is essential to examine the meridional-
vertical structure of the atmospheric column. Consequently,
this section investigates the vertical overturning regional
circulation. Figure 8 presents the latitude-pressure cross-
sections of vertical velocity (ω, shaded) and superimposed
meridional-vertical circulation vectors (v, ω) averaged over
the 13–25° E longitudinal band for the August historical cli-
matology (Fig. 8a), August 2024 (Fig. 8b), and their absolute
anomalies (Fig. 8c). Following the standard meteorological
convention, negative ω values (blue shading) denote upward
atmospheric motion, whereas positive values (red shading)
correspond to subsidence.

In the historical climatology (Fig. 8a), the regional over-
turning circulation exhibits a classic asymmetric Hadley-
type cell configuration. Deep and intense ascending motions
(ω< 0; blue shading) are structurally confined between 10
and 15° N, extending from the lower boundary layer up to the
upper troposphere (∼ 300 hPa). This deep vertical convective
core represents the mean position of the summer monsoonal
ascending branch. North of 18° N, including the northern
Chadian study domain (16–24° N, highlighted by the ver-
tical dashed lines), the troposphere is heavily dominated
by widespread subsidence (ω> 0; red shading), particularly
in the middle and upper layers (600–200 hPa). This perva-
sive mid-tropospheric capping downwelling structurally sta-
bilizes the Saharan atmosphere, explaining the hyper-arid
baseline of the desert interior under typical summer condi-
tions.

During August 2024 (Fig. 8b), this mean vertical circula-
tion experienced a profound latitudinal reorganization. The
core of deep monsoonal ascent underwent an exceptional
northward migration and intensification, with robust negative
ω fields (blue shading) spreading continuously into the Saha-
ran interior up to 21–22° N. The circulation vectors reveal a
powerful, uninterrupted vertical conveyor bridging the lower
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Figure 7. Spatial distribution of 850 hPa specific humidity and horizontal moisture flux fields in August over West and Central Africa. The
red box outlines the specific study domain over Northern Chad (16–24° N, 13–25° E). Panels display: (a) the 1983–2023 climatological
mean, (b) the observed conditions in August 2024, and (c) the absolute anomalies for August 2024 relative to the historical baseline. Shading
denotes specific humidity (g kg−1), and vectors represent horizontal moisture flux (g kg−1 m s−1). In panel (c), stippling highlights regions
where specific humidity anomalies are statistically significant at the 95 % confidence level (p≤ 0.05) based on a 1000-iteration Monte Carlo
permutation test. Reference vectors corresponding to 150 g kg−1 m s−1 (a, b) and 50 g kg−1 m s−1 (c) are displayed in the bottom-right
corners.

layers (1000–850 hPa) directly with the upper tropospheric
outflow up to 200 hPa. This structural shift implies that the
climatological Saharan subsidence capping was completely
broken down and replaced by a deep, regional-scale ascend-
ing chimney, creating an environment highly favorable for
sustained regional moist convection.

The absolute anomaly field (Fig. 8c) confirms the statisti-
cal robustness of this dynamic displacement, with the 1000-
iteration Monte Carlo permutation test isolating large ar-
eas of significant changes (p≤ 0.05; stippling mask) within
the Saharan interior. A prominent, deeply rooted negative
ω anomaly (blue shading) occupies the 16–24° N latitudinal
belt, indicating an unprecedented intensification of upward
vertical velocity relative to the climatology. Directly south of
this feature, between 15 and 18° N and confined to the lower
troposphere (1000–700 hPa), a localized positive ω anomaly
(red shading) is visible, accompanied by downward-pointing
anomalous circulation vectors. When cross-examined with
the absolute fields (Fig. 8a, b), where blue shading (upward

motion) persists during both periods, this positive anomaly
does not represent physical synoptic-scale subsidence or an
invasion of dry desert air. Instead, it indicates a localized,
non-statistically significant reduction in the magnitude of the
monsoonal updrafts. Because the main convective core of the
West African Monsoon underwent a pronounced northward
migration beyond 18° N in August 2024, the vertical ascent
within the traditional 15–18° N latitudinal belt was weaker in
absolute terms than its strong historical climatological coun-
terpart, mechanically generating a positive anomaly value.

In summary, Fig. 8 demonstrates that the extreme Saharan
rainfall of August 2024 was driven by an optimal dynamical-
thermodynamical synergy. The exceptional low-level mois-
ture advection previously analyzed acted in perfect harmony
with a major vertical reorganization of the West African
Monsoon circulation, providing the large-scale lifting engine
necessary to sustain deep and widespread atmospheric desta-
bilization over Northern Chad.
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Figure 8. Latitude-pressure cross-sections of meridional-vertical atmospheric circulation and thermodynamic structure for August averaged
over the 13–25° E longitudinal band. Shading displays the vertical velocity (ω,× 10−2 Pa s−1), where negative values denote upward motion
and positive values correspond to subsidence. Vectors represent the combined meridional and vertical wind components (v and ω, with ver-
tical velocity scaled for visualization). Panels show (a) the 1983–2023 climatological mean, (b) August 2024, and (c) the absolute anomalies
(August 2024 minus climatology). In panel (c), stippling isolates regions where anomalies are statistically significant at the 95 % confidence
level (p≤ 0.05) based on a 1000-iteration Monte Carlo permutation test. Dashed vertical lines delimit the latitudinal domain of the study
area (16–24° N).

3.7 Spatial patterns of moist static energy anomalies

While the anomalous meridional-vertical overturning ana-
lyzed in Sect. 3.6 provides the deep dynamical lifting en-
gine necessary to breach the Saharan subsidence capping,
the longevity and intensity of such regional updrafts depend
heavily on the continuous availability of thermal and latent
energy at the surface. To map the horizontal footprint and in-
tensity of the energy reservoir feeding this enhanced vertical
circulation, it is essential to examine the spatial distribution
of key atmospheric thermodynamic tracers. Consequently,
this section investigates the regional patterns of low-level en-
ergy accumulation.

Figure 9 illustrates the spatial distribution of low-level
(at the 850 hPa pressure level) moist static energy (MSE;
shaded, kJ kg−1) anomalies and the corresponding contours
of equivalent potential temperature (θe; black contours, K)
anomalies over the Sahelian and Saharan sectors. As an in-
tegrative thermodynamic state variable combining sensible
heat, geopotential, and latent enthalpy contributions, low-
level MSE serves as a robust diagnostic tool to link sub-
synoptic dynamic forcing (such as wind convergence) to the
thermodynamic conditions required to fuel deep convection
(Neelin and Held, 1987; Romps, 2015). To guarantee the sta-
tistical robustness of the featured structures, only highly sig-
nificant anomalies exceeding twice the climatological stan-
dard deviation (> 2σ ) are represented in this figure. Ro-
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bust positive MSE anomalies dominate the central and east-
ern Saharan latitudes, displaying a well-defined zonal struc-
ture. The core of these statistically significant thermody-
namic anomalies is centered between 18 and 25° N, directly
encompassing the Northern Chad study area designated by
the red bounding box. This spatial configuration reflects an
exceptional energetic enrichment of the lower troposphere
over an arid region typically characterized by a low historical
energy baseline. Conversely, the weaker or absent anomalies
observed further south imply a significant northward shift of
the moist monsoon energy reservoir into the Saharan tran-
sition zone. In accordance with the theoretical framework
of Romps (2015), the accumulation of high boundary-layer
MSE shifts the ascending air parcel’s moist adiabat, directly
maximizing its thermal buoyancy integral aloft and unlock-
ing the potential for deep convective initiation. The contours
of anomalies exhibit a spatial geometry that perfectly mirrors
the MSE fields, with isolines strictly bounding the core of
the energy maxima. The tight spatial co-location between the
maximum MSE shading and the elevated θe contours high-
lights their direct thermodynamic covariation arising from
shared conservation properties during moist adiabatic dis-
placements within the planetary boundary layer. The north-
ward extension of the 6 and 10 K anomaly contours deep
into the Sahara Desert confirms that the observed regional
warming and moisture enrichment were co-dependent, fu-
eled by the intense horizontal advection of moist monsoonal
air coupled with anomalous surface diabatic heating. This
closely coupled MSE-θe configuration marks a profound re-
organization of the regional desert thermodynamic environ-
ment relative to its baseline. Such persistent, large-scale
positive energy anomalies exceeding the 2σ threshold are
recognized precursors to extreme rainfall over West Africa
when spatially aligned with lower-tropospheric convergent
dynamic structures (Taylor et al., 2017). In a broader con-
text, the heavy lower-tropospheric energy loading illustrated
in Fig. 9 is consistent with recent mechanistic views linking
the intensification of the West African monsoon system to a
higher frequency of intense rainfall over North Africa (Bi-
asutti, 2019). This thermodynamic configuration highlights
the role of atmospheric moisture preconditioning and its in-
teraction with the Sahelian dryline boundary, which are crit-
ical precursors for driving high-impact convective extremes
across the region (Vizy and Cook, 2022). The accumulation
of high surface MSE over Northern Chad acted as a power-
ful thermodynamic primer; once matched with the persistent
850 hPa wind convergence and moisture pump documented
in the preceding sections, it sustained the development and
longevity of the severe convective systems observed in Au-
gust 2024. This synergy aligns perfectly with the regional-
scale mechanisms described by Akinsanola and Zhou (2019),
whose moisture budget analyses demonstrate that rainfall in-
tensification across the central and eastern Sahel is intrinsi-
cally driven by a co-forcing between dynamic convergence

Figure 9. Spatial anomalies of moist static energy (MSE; shaded,
kJ kg−1) and equivalent potential temperature (θe; black contours,
K) at the 850 hPa pressure level. The map illustrates the coupling
between regional thermodynamic variability and the spatial organi-
zation of MSE over the Sahel-Saharan region. The superposition of
these fields highlights the northward expansion of high-energy air
masses and the intensification of the monsoon-related energy reser-
voir.

in the low-to-mid troposphere and the thermodynamic en-
richment of surface moisture.

3.8 Socio-economic impacts of the August 2024
extreme event

In 2024, Chad experienced the most catastrophic flooding
in its recorded history. Nationwide, the impact was pro-
found: nearly 2 million people were affected, resulting in
576 confirmed fatalities. The floods submerged approxi-
mately 432 800 ha of agricultural land, destroyed 217 700
homes, and led to the loss of 72 100 head of livestock. Fur-
thermore, infrastructure damage was extensive, with 3058
schools severely impacted. Geographically, the crisis was
universal, affecting all 23 provinces. Notably, the Saharan
provinces, typically spared due to their hyper-arid climate,
suffered disproportionately heavy losses.

In the desert zone, initial warnings were issued in July
as flooding began in the south. However, torrential rains
struck the northern desert region with unprecedented inten-
sity between 9 and 14 August 2024. National meteorological
records documented 126.5 mm of rainfall over eight days in
areas where total annual precipitation rarely reaches 100 mm
(Tchadinfos). These levels represent the highest rainfall to-
tals in 60 years. Visual evidence (Fig. 10) corroborates these
records, showing water levels reaching knee-depth at the
Faya-Largeau market, where commercial and material losses
were severe.
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Figure 10. Flooded streets and commercial stalls at the Faya-Largeau market (Source: Tchad Info Société).

Within the specific study area, the flooding impacts are
categorized by human displacement, mortality, agricultural
devastation, and infrastructural loss. While national reports
often aggregate these figures, detailed provincial data is typ-
ically only prioritized where significant losses of life oc-
cur. Consequently, the situations in Borkou (4 deaths) and
Tibesti (60 deaths) are better documented than in the Ennedi
provinces, which reported no fatalities. However, OCHA sit-
uational reporting as of 1 October 2024, allows for a more
granular assessment of the affected populations across all
study provinces. This disparity highlights the critical need
for developing nations to enhance civil protection services
and systematic data collection during hydrometeorological
disasters (Saha et al., 2018; Mazhin et al., 2021). Table 2
presents the damage breakdown for each province covered
by this study.

Beyond the quantified losses in Table 2, the regional econ-
omy, heavily reliant on trade and mining, suffered significant
shocks. Thousands of shops were destroyed, and merchan-
dise was lost. In the Tibesti region, gold mining operations
suffered immense equipment losses. A particularly grave sec-
ondary hazard emerged as the 2024 floods unearthed thou-
sands of landmines remaining from previous conflicts, creat-
ing a long-term security and humanitarian risk for the local
population.

4 Conclusion

This study elucidates the atmospheric mechanisms and long-
term hydro-climatic shifts driving the unprecedented, record-
breaking rainfall event observed in August 2024 across the
hyper-arid Chadian Sahara (16–24° N, 13–25° E), while doc-
umenting its catastrophic socio-economic impacts. Based on
a 42-year climatological reference period (1983–2024), the
results demonstrate that, far from being an isolated synop-
tic fluctuation or one unrelated to other phenomena, the his-
torical anomaly observed in August 2024 represents the ulti-

mate manifestation of a persistent and statistically significant
trend toward increased humidity over several decades. This
long-term transition, evident since the early 2000s, is char-
acterized by a gradual trend toward increased atmospheric
moisture content, with a+59.2 % rise in integrated water va-
por transport (IVT). This altered baseline, which has grown
wetter over recent decades, has maximized regional vulnera-
bility to extreme monsoon precipitation, structurally shifting
the regional hazard paradigm from perpetual hyper-aridity to
severe hydrological risks.

On a regional scale, the exceptional magnitude of the Au-
gust 2024 event is evidenced by accumulated monthly rain-
fall totals that reached up to 250–400 mm over the rugged
topographies of the Tibesti, Borkou, and Ennedi massifs, rep-
resenting the highest rainfall totals in 60 years. These accu-
mulations correspond to extraordinary standardized anoma-
lies systematically exceeding +8σ (and locally transcend-
ing +12σ ), which are shown to be statistically significant
(p≤ 0.05) via grid-point Monte Carlo testing. Parametric
probability frameworks reveal that this rainfall plume rep-
resents a centennial to multi-centennial phenomenon, with
return periods estimated between 124.5 years (CHIRPS)
and 451.4 years (TAMSAT). This extreme pluviometric re-
sponse was sustained by an unprecedented, vertically coher-
ent thermodynamic loading, wherein monthly specific hu-
midity at 925 and 850 hPa, alongside Total Column Wa-
ter Vapor (TCWV), reached their absolute historical records
(97.67th empirical percentile), establishing a highly con-
ducive, moisture-saturated column over the Saharan interior.

The synthesis of atmospheric diagnostics reveals that this
record-breaking event was governed by an optimal, highly
synchronized dynamic-thermodynamic coupling. Synopti-
cally, the first half of the month was intensely triggered by
high-amplitude African Easterly Waves (AEWs) between 10
and 14 August, acting as a powerful dynamic conveyor belt
for low-latitude moisture advection. On a monthly scale, this
transient wave activity drove a radical breakdown of the typ-
ical desert circulation, forcing a profound northward migra-
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Table 2. Losses due to flooding in the study provinces.

Region Number of Number of Number of Number of houses/ Number of
families affected people affected dead recorded shops destroyed animals killed

Borkou 10 402 67 613 4 23 174 houses 861
Ennedi East 35 980 233 872
Ennedi West 1842 11 977
Tibesti 23 150 60 Thousands shops

tion of the Intertropical Front (ITF), which reached latitudes
of 20–22° N, supported by a synchronized intensification of
the West African Monsoon (WAM).

Consequently, the climatological low-level divergence and
mid-tropospheric subsidence capping that historically stabi-
lize the desert interior were completely replaced by robust
850 hPa wind convergence anomalies, a sharp increase in
lower-tropospheric specific humidity, and an uninterrupted,
deep vertical ascending chimney reaching the upper tropo-
sphere (∼ 200 hPa). This is evidenced by pronounced neg-
ative ω anomalies extending from the lower to the upper
troposphere, which perfectly coupled in space with robust
lower-tropospheric moist static energy (MSE) and equiva-
lent potential temperature (θe, derived via Bolton’s formu-
lation) anomalies exceeding the 2σ statistical threshold over
Northern Chad. This substantial energetic loading indicates a
profound thermodynamic enrichment of the atmospheric col-
umn in regions typically dominated by dry air and moisture
deficits.

The accumulation of high boundary-layer energy acted as
a powerful thermodynamic primer; once matched with the
persistent low-level convergence pump and horizontal mois-
ture advection, it provided the necessary instability to sustain
the vertical lifting and longevity of the convective systems,
resulting in the exceptional rainfall totals observed.

The socio-economic consequences of this hydroclimatic
shift were historically devastating. On a national scale, the
floods affected nearly 2 million people, claiming 576 lives,
submerging 432 800 ha of agricultural land, and destroy-
ing 217 700 homes and 3058 schools. Within the hyper-arid
study domain, the impacts were severe and spatially hetero-
geneous: the Borkou province recorded over 67 000 affected
individuals and the destruction of 23 174 structures, while
the Tibesti region suffered a heavy human toll with 60 con-
firmed fatalities. Beyond structural and livestock losses, the
severe rainfall caused major economic shocks to local trade
and gold mining operations due to massive equipment de-
struction. Crucially, the floods generated a grave secondary
humanitarian hazard by unearthing thousands of conflict-
era landmines, introducing long-term security risks for local
populations.

Finally, the scale of this disaster underscores the profound
vulnerability of hyper-arid regions to sudden hydrological
hazards. Given that the observed intensification of the re-

gional hydrological cycle suggests an increasing recurrence
of such high-impact convective extremes under global cli-
mate change, there is an urgent need for regional authorities
to transition from reactive disaster management to proac-
tive climate adaptation strategies. Furthermore, these find-
ings provide a robust empirical benchmark for improving
the representation of monsoon-desert interfaces in climate
models, highlighting the necessity for future research uti-
lizing high-resolution convection-permitting simulations to
track the long-term evolution of these saharan hydroclimatic
shifts.
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