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Abstract. Triple oxygen isotopes, and specifically 17O-excess, provide new opportunities to investigate kinetic 14 
fractionation associated with atmospheric moisture sources, continental moisture recycling, and cloud 15 
microphysical processes. However, observations of 17O-excess in precipitation remain extremely scarce in Africa, 16 
leaving its potential for tracing atmospheric processes in the West African Monsoon (WAM) largely unexplored. 17 
Here we analyze a high-frequency precipitation isotope dataset (δ18O, δ2H, d-excess, and 17O-excess) from Benin, 18 
comprising a 7-year record at the inland Nalohou station and a complementary 2-year record from a coastal station 19 
near Cotonou. Three isotopic clusters are identified inland, corresponding to distinct rainfall regimes. The first is 20 
associated with short-lived convective events affected by sub-cloud rain evaporation, while the second reflects 21 
more organized convective systems and a weak signature of continental moisture recycling. The third cluster, 22 
observed only inland, is characterized by strongly depleted δ18O together with simultaneous decreases in d-excess 23 
and 17O-excess, and occurs mainly during the mature monsoon stage. Its rainfall characteristics are consistent with 24 
larger and more organized convective systems, with a greater contribution from their stratiform component. At the 25 
interannual scale, δ18O variability is more closely related to rainfall characteristics during the mature monsoon 26 
phase than to rainfall amount. Overall, these results indicate that, during the WAM mature monsoon phase, 27 
precipitation isotopes primarily reflect convective organization and associated cloud microphysical processes, 28 
while retaining a weak signature of continental moisture recycling during inland transport. These combined δ18O, 29 
d-excess, and 17O-excess data provide new observational constraints for isotope-enabled atmospheric and 30 
hydrological models. 31 
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1. Introduction 32 

The West African Monsoon (WAM) is a major component of the tropical climate system and exerts a strong 33 
control on water resources, ecosystems, agriculture, and groundwater recharge across West Africa. The region has 34 
experienced marked hydroclimatic variability over recent decades, including severe droughts and flooding, shifts 35 
in rainfall seasonality, and an increasing trend in extreme precipitation (Biasutti, 2019; Chagnaud et al., 2024, 36 
2022; Nicholson et al., 2018; Taylor et al., 2017). Understanding the mechanisms controlling rainfall variability 37 
within the WAM therefore remains a major scientific and societal challenge. Although the Sahel has received 38 
considerable attention due to the dramatic hydroclimatic fluctuations observed during the 20th century, particularly 39 
the severe droughts of the 1970s and 1980s (Giorgi, 2002; Hulme, 1992; Le Barbé et al., 2002; Mahamat Nour et 40 
al., 2023), the Sudanian climatic belt extending approximately between 5 and 10°N between the humid coastal 41 
domain and the semi-arid Sahel, has remained comparatively less studied (Galle et al., 2018; Nicholson et al., 42 
2018). Despite relatively high annual rainfall totals, generally exceeding 1000 mm yr⁻¹, the region remains highly 43 
vulnerable to hydroclimatic variability because of strong seasonal contrasts in surface water availability, with 44 
major impacts on agriculture, water resources, and hydropower production. It also plays a key hydrological role 45 
within West Africa, as the WAM sustains the headwaters and discharge regimes of several major river systems, 46 
including the Niger, Volta, and Chari rivers.  47 

The WAM results from complex interactions between large-scale atmospheric circulation, the seasonal migration 48 
of the Intertropical Convergence Zone (ITCZ), low-level monsoon flow from the tropical Atlantic Ocean, land–49 
atmosphere feedbacks, and the activity of mesoscale convective systems (MCSs) (Lafore et al., 2011; Niang et al., 50 
2020; Nicholson, 2013; Thorncroft et al., 2011). The ITCZ forms a major zone of convergence between dry 51 
continental air masses originating from the Sahara and moist monsoon air advected from the tropical Gulf of 52 
Guinea. Driven by the seasonal cycle of solar insolation, it migrates northward during boreal spring and summer 53 
and southward in autumn (Schneider et al., 2014). In response to this large-scale energetic forcing, the monsoon 54 
develops a well-defined tropical rain belt whose rainfall organization is strongly modulated by MCS activity and 55 
its interactions with land-surface conditions and regional atmospheric dynamics, including the African Easterly 56 
Jet (AEJ) and the Tropical Easterly Jet (TEJ). The rain belt migrates from the Guinean coastal region in March 57 
toward the Sahelian region in July–August, before retreating southward, while sustaining abundant rainfall over 58 
the Sudanian region from May–June to mid-October. During the mature phase of the monsoon in August, the main 59 
convective rain belt typically extends between approximately 5 and 15°N and is associated with widespread deep 60 
convection and intense MCS activity. At this stage, convective systems frequently span the entire tropospheric 61 
column, with cloud tops reaching the upper troposphere and extensive stratiform regions (Niang et al., 2020). 62 
Beyond this seasonal framework, interannual variability of the WAM rainfall is thought to arise from a 63 
combination of large-scale ocean–atmosphere interactions, including sea surface temperature gradients in the 64 
tropical Atlantic (Giannini et al., 2003), and land–atmosphere coupling processes related to soil moisture and 65 
surface conditions over the continent (Taylor et al., 2011). 66 

Stable water isotopes in precipitation provide powerful integrative tracers of the atmospheric water cycle and have 67 
long been used to investigate hydrological and climatic processes across a wide range of spatial and temporal 68 
scales. The isotopic composition of rainfall reflects the combined influence of oceanic evaporation, atmospheric 69 
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transport, cloud microphysics, moisture recycling, and rain re-evaporation processes (Bailey et al., 2025; Fiorella 70 
et al., 2021; Yoshimura, 2015). In the WAM, these processes are tightly linked to the organization and intensity 71 
of convection, and precipitation isotopes therefore offer valuable insight into the functioning of monsoon systems 72 
and the dynamics of tropical rainfall (Nlend et al., 2020). Beyond their use as diagnostic tracers of present-day 73 
processes, stable water isotopes have also become an important constraint for isotope-enabled atmospheric general 74 
circulation models, providing a means to evaluate the representation of atmospheric moisture transport, 75 
convection, and cloud microphysics in numerical simulations (e.g. (Risi et al., 2010; Yoshimura et al., 2008)). By 76 
integrating the effects of multiple fractionation processes, isotopic data offer a physically based benchmark for 77 
assessing model performance and improving the representation of key processes governing the tropical 78 
hydrological cycle.  79 

In tropical regions, rainfall δ18O and δ2H may show a negative relationship with precipitation amount, known as 80 
the “amount effect”  (Dansgaard, 1964; Kurita et al., 2009; Rozanski et al., 1993), which has become a central 81 
framework for interpreting both modern precipitation variability and paleoclimate and paleohydrological archives 82 
such as speleothems or deep groundwaters (Jasechko and Taylor, 2015; Risi et al., 2023). However, the physical 83 
mechanisms underlying this relationship remain incompletely understood. Increasing evidence suggests that 84 
rainfall amount alone does not directly control isotopic depletion, but isotopes rather acts as an integrated proxy 85 
for convective organization, precipitation altitude, moisture transport, and cloud processes (Moore et al., 2014; 86 
Nlend et al., 2020; Scholl et al., 2009; Wei et al., 2018). In particular, the relative contributions of deep convection, 87 
stratiform precipitation, rain evaporation below cloud base, ice-phase processes, and event persistence may all 88 
influence precipitation isotopic signatures (Aggarwal et al., 2016; Tharammal et al., 2017; Yu et al., 2024). 89 
Understanding how these processes shape isotopic variability is therefore essential for improving both the 90 
interpretation of isotopes observations and the robustness of isotope-enabled climate simulations. 91 

Beyond δ18O and δ2H, second-order isotope parameters such as d-excess and 17O-excess provide additional 92 
information on non-equilibrium fractionation processes occurring during evaporation and condensation. While d-93 
excess has long been used to trace evaporation conditions at the moisture source, continental recycling and sub-94 
cloud evaporation processes (Guan et al., 2013; Pfahl and Sodemann, 2014; Xia and Winnick, 2021), 17O-excess 95 
has emerged more recently as a promising complementary tracer. Unlike d-excess, whose variability integrates 96 
both kinetic and temperature-dependent equilibrium effects, 17O-excess is largely stripped of the temperature 97 
influence and therefore offers a more direct tool to isolate kinetic fractionation processes operating along the 98 
atmospheric water cycle. Theoretical and experimental studies suggest that 17O-excess is particularly sensitive to 99 
humidity conditions during evaporation, rain evaporation below cloud base, vapor-liquid diffusive exchanges, and 100 
supersaturation effects associated with ice formation (Alexandre et al., 2025; Aron et al., 2020; He et al., 2021; 101 
Landais et al., 2010; Luz and Barkan, 2010; Risi et al., 2013; Surma et al., 2021; Voigt et al., 2026, 2022; Xia, 102 
2023; Xia et al., 2023; Zhang et al., 2024). Consequently, 17O-excess has the potential to provide complementary 103 
constraints on moisture sources, cloud microphysics and convective organization that cannot be resolved using 104 
δ18O and δ2H alone.  105 

Despite this potential, observational 17O-excess datasets remain scarce, particularly in tropical Africa. To date, 106 
very few studies have reported the triple oxygen isotope composition of precipitation isotopes within the WAM 107 
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(Alexandre et al., 2025; Landais et al., 2010; Terzer-Wassmuth et al., 2023). These studies provide descriptive 108 
observations of the seasonal variability of 17O-excess. Among them, (Landais et al., 2010) interpreted the low 17O-109 
excess values observed in the Sahelian region as resulting primarily from rain re-evaporation, while not excluding 110 
the role of other atmospheric processes.  111 

The present study investigates the drivers of precipitation isotope variability in the Sudanian region of the West 112 
African Monsoon, with particular emphasis on the information provided by triple oxygen isotopes composition. 113 
Due to its location between the humid Guinean coast and the semi-arid Sahel, the Sudanian zone occupies a key 114 
transitional position where changes in moisture transport, convective organization, and land–atmosphere 115 
interactions are expected to exert strong influences on precipitation isotopic composition. Unlike the Sahel, where 116 
rainfall is concentrated within a relatively short season, the Sudanian region experiences a longer monsoon cycle 117 
extending over approximately 6 months between April and October. This broader temporal window captures a 118 
wider diversity of convective regimes, offering a unique framework for investigating how monsoon evolution 119 
shapes precipitation isotopes. We analyze a multi-year, high frequency dataset of precipitation isotope composition 120 
(δ18O, δ2H, d-excess, and 17O-excess) collected at two stations located along a coastal–continental transect in 121 
Benin, together with detailed rainfall and meteorological observations. By sampling precipitation along a common 122 
monsoon transport pathway but under contrasting continental influence, this observational design provides a 123 
natural framework for investigating how progressive inland transport and continental moisture recycling may 124 
influence precipitation isotopic composition. This unique dataset provides an opportunity to investigate how 125 
convective organization, expressed through different rainfall temporal structure, together with continental 126 
recycling, shape isotopic signatures across different monsoon regimes. 127 

Specifically, this study aims to (i) identify the main controls on seasonal and event-scale isotopic variability in the 128 
WAM region, (ii) assess the respective roles of vapor sources, convective organization, and associated cloud 129 
microphysical processes governing condensation and evaporation, in shaping δ18O, d-excess, and 17O-excess 130 
signatures, and (iii) evaluate the added-value of 17O-excess for tracing atmospheric humidity, moisture recycling, 131 
and cloud microphysical processes. More broadly, this work seeks to improve the process-based understanding of 132 
tropical precipitation isotopes and to provide new observational constraints for isotope-enabled atmospheric, 133 
paleoclimate and hydrological applications. 134 

2. Data acquisition and methods 135 

2.1 Rainfall sampling stations  136 

Both monitoring stations are located along the West African monsoon inflow and are therefore influenced by the 137 
same large-scale monsoon circulation (Figure 1). The coastal  station (6.42°N, 2.34°E, altitude around 10 m) is 138 
located on the Campus of the University of Abomey-Calavi, approximately 8 km from the Gulf of Guinea Coast. 139 
This station will be further designated as the coastal station. The Nalohou station (9.743N, 1.606E, altitude 500 140 
m) is situated approximately 400 km inland in the Sudanian climatic zone, and will be further designated as the 141 
inland station. Although both stations are influenced by the same monsoon system, they experience contrasting 142 
rainfall regimes associated with the seasonal migration of the Intertropical Convergence Zone: a bimodal regime 143 
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at the coast, and a unimodal monsoon regime inland (Aïzansi et al., 2024; Nicholson et al., 2018). Together, the 144 
two stations provide a coastal-inland transect suitable for investigating isotopic variations across contrasting 145 
climatic settings. 146 

Two PALMEX rain collectors (Gröning et al., 2012) were installed in 2018. At the coastal station, the sampling 147 
was performed weekly from June 2018 to October 2019. At the inland station, the sampling was conducted at a 148 
quasi-event time step from April 2018 until the end of the 2024 season. Samples were stored in 30 mL brown glass 149 
vials, completely filled to avoid air bubble, tightly sealed, and wrapped with Parafilm before shipment to France.  150 

 151 

Figure 1: Mean precipitation patterns over West Africa derived from the ERA5 hourly reanalysis dataset 152 
(Hersbach, et al., 2023) for the period 2018-2024. (a) Mean daily precipitation during April-June (left) and July-153 
September (right). Red points indicate the locations of the two sampling stations. (b) Hovmöller diagram of daily 154 
precipitation averaged between 15°W and 15°E for the period 2018-2024, shown as a function of latitude from 155 
5°S to 20°N. Black dashed horizontal lines indicate the latitudes of the two sampling stations. 156 

2.2 Isotopic analysis 157 

The isotopic composition of water (d2H, d18O and 17O-excess was measured at CEREGE using a Wavelength-158 
scanned Cavity Ring-Down Spectrometer (WS-CRDS L2140-i, Picarro Inc., California, USA). Four in-house 159 
laboratory reference waters (working standards WS) calibrated against the international primary reference waters 160 
VSMOW2 and SLAP2, were used. Three WS were used for normalization, and one was dedicated to quality 161 
assurance and quality control (QA/QC). Three replicates of the QA/QC standard (in 3 different vials) were 162 
distributed throughout each analytical run: one after the first set of normalization standards, and the other two 163 
randomly among the samples. A minimum of three replicates was analyzed for each rainfall sample, with eight 164 
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injection per replicate. The run sequence was designed to minimize the memory effects and compensate for 165 
potential instrumental drift. In addition, a memory correction was applied during post-processing. The first 166 
injections were discarded, and the mean of the six last injections was retained. Data were normalized to the 167 
VSMOW-SLAP scale using the two sets of WS that bracket the measurement runs. The full analytical protocol 168 
and post-measurement data processing is described in detail in (Vallet‐Coulomb et al., 2021).  169 

We use a d17O value of –26.6968‰ for SLAP (Schoenemann et al., 2013) for normalization. 17O-excess values 170 
were determined from the following equation:  171 

17O-excess = ln(δ17O + 1) – 0.528 × ln(δ18O + 1)      (1) 172 

where 17O-excess is expressed in per meg (10–6).  173 

A total of 295 and 52 samples were collected and analyzed at the inland and coastal stations, respectively. Long-174 
term analytical performance was assessed using QA/QC statistics from all measurement runs (n = 38 for this 175 
study). The SD of the QA/QC was 0.05‰, 0.33‰ and 5 per meg for d2H, d18O and 17O-excess, respectively. The 176 
deviation from the assigned value was 0.03‰, -0.06‰ and 0 per meg for d2H, d18O and 17O-excess, respectively. 177 
Additionally, for each rainfall sample, the standard deviation of 17O-excess was calculated from its three replicate 178 
measurements. The average of these sample-level standard deviations was 7 +/- 3 per meg.   179 

2.3 Precipitation and meteorological data 180 

2.3.1 Data sources 181 

In Northern Benin, precipitation is routinely measured at different stations by the AMMA-CATCH Observatory 182 
(Galle et al., 2018), at 5-minute intervals using a tipping bucket rain gauge and subsequently averaged to hourly 183 
values. We used precipitation data from the Inland 3 station (40 m far from the sampling station) at both hourly 184 
and 5-minute time scales.  Additionally, precipitation data from the Inland 2 station (1950 m far from the sampling 185 
station) were used for to fill gaps in the hourly time series (11.2% of gaps in 2020 and 0.7 % in 2023). The resulting 186 
complete hourly time series was then used to associate a precipitation volume with each isotope sample.  187 

In addition, meteorological data were obtained from the station Nalo-Flux station (AMMA-CATCH Observatory, 188 
located 280 m far from the sampling station): air temperature (Ta), relative humidity (RH) and wind speed (WSpd). 189 
All variables were measured 2 m above ground level (agl) at 5-minute intervals and subsequently average to 30-190 
minute values.  191 

Outgoing longwave radiation (OLR) hourly data, as a proxy of convective intensity, were obtained from the ERA5 192 
dataset (Hersbach, H. et al., 2023).  193 

At the coastal site, we used the 2015-2019 daily precipitation data from the International Institute of Tropical 194 
Agriculture (IITA) station (6.42°N, 2.33°E, altitude 14 m), located approximately 2 km far from the sampling 195 
station, to calculate amount-weighted mean compositions.  196 
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2.3.2 Rainfall characteristics 197 

Rainfall characteristics are described using complementary metrics derived from two dataset temporal resolutions 198 
(hourly and 5-min). Hourly data were used to derive metrics describing rainfall intensity and persistence within 199 
each day. For each wet day (P>0 mm), we computed (i) the mean hourly rainfall intensity considering non-zero 200 
hourly values (mm h-1), (ii) the daily rainfall duration (number of rainy hours per rainy day), and (iii) the fraction 201 
of daily rainfall associated with weak intensities (weak rainfall fraction), weak intensities being defined relative to 202 
the median of the hourly rainfall distribution over the whole period.  203 

To characterize rainfall organization at finer temporal scale, we used the 5-min precipitation data to identify rainfall 204 
events, defined here as continuous sequences of non-zero rainfall separated by at least 30 minutes without 205 
precipitation. For each day, we computed (i) the mean event duration (min), and (ii) the mean event intensity 206 
(converted to mm h⁻¹).  207 

2.3.3 Monsoon phase identification from cumulative precipitation 208 

To characterize intra-seasonal dynamics of the WAM at the inland station, we analyzed daily cumulative 209 
precipitation (Pcum) for each year of the 2018-2024 period. Visual inspection of annual Pcum curves consistently 210 
revealed a two-phase behavior within the monsoon season that was well represented by a single breakpoint, with 211 
an initial slow accumulation phase, followed by a faster accumulation phase. Motivated by this systematic pattern, 212 
we applied a piecewise linear regression to identify the transition between these two phases. The analysis was 213 
restricted to the monsoon season, defined as starting on the first day when cumulative precipitation exceeded 5 214 
mm and ending on the first day after September 30th followed a 10-day period with less than 5 mm. This criterion 215 
excludes isolated rainfall events that may occur after the seasonal weakening of the monsoon. Within this monsoon 216 
period, the optimal breakpoint was defined as the point minimizing the combined residual sum of squares of the 217 
two fitted regression segments, considering a minimum of 20 daily observations on each side of the breakpoint to 218 
ensure robust estimation of both regression segments. 219 

The annual characteristics of both phases, including timing (start and end dates), duration (days), total precipitation 220 
(mm), and regression slope (mm day⁻¹), which represents the mean daily precipitation accumulation rate, were 221 
calculated for each phase. This approach provides an objective, reproducible, and site-specific characterization of 222 
changes in rainfall accumulation regimes during the monsoon season. 223 

2.4 Moisture source analysis from HYSPLIT back trajectories 224 

Moisture source regions were identified by using a back trajectory analysis. We used the Hybrid Single-particle 225 
Lagrangian Integrated Trajectory (HYSPLIT) modeling of the Air Resources Laboratory (ARL) of the National 226 
Oceanic and Atmospheric Administration (NOAA) (Stein et al., 2015) to generate trajectories. The Global Data 227 
Assimilation System (GDAS1) archive database of NCAR/NCEP, with a spatial resolution of 1°×1°, was used as 228 
meteorological input data (available at https://www.ready.noaa.gov/data/archives/gdas1/).  229 
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The altitude at which the backwards trajectories were initialized was determined from the lifting condensation 230 
level (LCL), which provides a reasonable approximation of the cloud base height. Daily mean LCL values were 231 
calculated daily from ERA5 data following (Romps, 2017), providing mean LCL altitudes of 906 ± 394 m for 232 
April-May, and 388 ± 39 m for June-October over 2018-2024 at the inland site, and pretty similar values at the 233 
coastal site. At both sites, backwards trajectories were therefore initialized every 6 hours at 1000 m agl and 500 m 234 
agl for these two periods, respectively. Trajectories were extracted for a duration of 7 days (168 hours), starting 235 
from the location of the inland (April-October over 2018 – 2024) and coastal (May-October over 2018-2019) 236 
stations. Trajectory duration (7 days) was chosen as a reasonable duration to fit within the 10-day average residence 237 
time of water vapor in the atmosphere, but avoiding too long trajectories because their uncertainty increases with 238 
time. All calculations were performed using the PySPLIT package (Warner, 2018), which is a Python-based 239 
Application Programming Interface (API) for HYSPLIT.  240 

Rainy trajectories were selected (P>0 for the last 6 hours of the trajectories prior to arrival at the target site). 241 
Moisture source areas were identified using changes in specific humidity along each trajectory, following the 242 
method proposed by (Sodemann et al., 2008), and further used in different studies (Cai et al., 2018; Hassenruck‐243 
Gudipati et al., 2023; Zhan et al., 2023). Moisture uptake was calculated every 6 hours along each trajectory based 244 
on changes in specific humidity, using thresholds of +0.2 for evaporation and - 0.2 for precipitation. Uptake was 245 
attributed to surface evaporation only when the trajectory was located below the boundary layer, as defined by the 246 
boundary layer height in the HYSPLIT model. The total moisture uptake was partitioned into contributions from 247 
surface evaporation, above-boundary-layer moisture sources, and non-attributed fractions (Sodemann et al., 2008). 248 
The latter represents moisture contributions that cannot be uniquely assigned to either surface or free-atmosphere 249 
sources by the attribution procedure. Surface uptake fractions were then progressively adjusted along each 250 
trajectory (following forward time steps towards the target station) to account for successive gains and losses of 251 
atmospheric moisture associated with evaporation and precipitation processes. These dimensionless fractions were 252 
subsequently weighted by the precipitation accumulated during the last 6 hours prior to arrival at the target site, 253 
yielding the amount of precipitation (mm) attributed to each surface moisture uptake event along the trajectory. 254 
For each trajectory group, these attributed precipitation amounts were aggregated within 1° x 1° grid cells. Grid 255 
cell totals were finally normalized by the total precipitation of the trajectory group, so that the resulting values 256 
represent the fractional contribution of each source region to the of total precipitation. 257 

2.5 Definition of isotopic clusters 258 

A cluster analysis based on δ¹⁸O, d-excess, and ¹⁷O-excess was applied to the isotopic dataset at both stations. Prior 259 
to clustering, δ¹⁸O, d-excess, and ¹⁷O-excess were standardized using a z-score transformation, by subtracting the 260 
mean and dividing by the standard deviation of each variable, using the StandardScaler function from the Python 261 
scikit-learn library (Pedregosa et al., 2011). This step ensures that all isotopic variables contribute equally to the 262 
Euclidean distance used in the clustering procedure. The clustering was performed using the k-means algorithm 263 
implemented in scikit-learn, which partitions the dataset into k groups by minimizing the within-cluster sum of 264 
squared distances (inertia) (Lloyd, 1982). The optimal number of clusters was determined using the elbow method 265 
(Thorndike, 1953), based on the decrease in inertia for k values ranging from 1 to 9. The k-means algorithm was 266 
then run with multiple initializations (n = 10) and a fixed random seed to ensure reproducibility. Finallyn cluster 267 
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separation was evaluated using the silhouette coefficient (Rousseeuw, 1987), which measures the degree of 268 
separation between clusters by comparing within-cluster cohesion to the distance from the nearest neighboring 269 
cluster. 270 

3. Results 271 

Given the contrasting data availability – seven years of continuous isotope and meteorological measurements at 272 
the inland station versus only two years of isotopes measurements and daily precipitation data at the coastal station 273 
– we adopt a dual approach: comparing moisture sources and seasonal isotope patterns across both stations, and 274 
using the longer inland record to characterize rainfall regimes and their isotopic signatures, and to assess 275 
intraseasonal and interannual variability through statistical analyses.  276 

3.1 Moisture sources  277 

Back-trajectory analysis identifies the dominant regional transport pathways of air masses associated with 278 
precipitation at both stations and the main regions of moisture uptake represented by the GDAS reanalysis. These 279 
pathways are predominantly linked to tropical Atlantic regions, with additional contributions from continental 280 
areas for the inland site (Figure 2).  281 

At the coastal station, moisture uptake is essentially oceanic, with a relatively homogeneous distribution of sources 282 
along the air-mass trajectories extending from approximately 20°S to the Gulf of Guinea coast. Monthly variations 283 
(Figure A1) show no clear seasonal evolution of the source areas. In the southern part of the trajectories, the mean 284 
flow is oriented toward the north-northwest, followed by a marked deflection toward the northeast after crossing 285 
the equator, under the influence of the Coriolis effect. 286 

At the inland site, the dominant regional transport pathways remain largely oceanic and are similar to those at the 287 
coastal site, but with an additional, spatially concentrated continental contribution. This contribution is located 288 
over central Ghana, in the Lake Volta region. A small fraction of the surface moisture also arrives from the east, 289 
potentially associated with the East African Jet. Monthly variations (Figure A2) indicate no marked seasonal 290 
variation in the oceanic source regions, whereas continental moisture uptake over southern Ghana is particularly 291 
concentrated between July and October, i.e. the most rainy months. In contrast, the eastern moisture contribution 292 
is absent during July–August, when transport is largely dominated by the oceanic flow.   293 
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 294 

Figure 2: Surface moisture source regions derived from back-trajectory analysis, expressed as the rainfall-295 
weighted fraction of surface moisture contribution at the target site. The inset reports the fractions of moisture 296 
uptake attributed to surface evaporation, above-PBL sources, and non-attributed sources (see Methods for details). 297 
Results are averaged over all months and years of the study period. Back-trajectories were computed using the 298 
HYSPLIT model with GDAS reanalysis data. All calculations were performed with the PySPLIT package 299 
(Warner, 2018). 300 

3.2 Hydroclimatic and isotopic dataset 301 

3.2.1 Isotopic compositions and local meteoric water lines  302 

At the inland station, a total of 295 quasi-event samples were collected and analyzed, representing approximately 303 
96% of the total rainfall. Unsampled events were generally small and isolated, occurring at the beginning of the 304 
rainy season. A small number of samples (n = 7) exhibited clear evaporated signature (d-excess <0) and were 305 
considered as outliers and discarded. The remaining 288 samples represent 94% of the total rainfall, with the 306 
proportion of unsampled precipitations varying between 1 and 9 % depending on the year, and essentially occurring 307 
during the first phase of the monsoon season. The amount-weighted mean isotopic compositions is d18O = -4.61 308 
‰, d2H = -24.99 ‰, 17O-excess = 20 per meg, and d-excess = 11.90 ‰.  309 

At the coastal station, a total of 52 samples (7-day time step) samples were collected. The amount-weighted mean 310 
isotopic compositions is d18O = -3.55 ‰, d2H = -27.32 ‰, 17O-excess = 14 per meg, and d-excess = 11.07 ‰. The 311 
local meteoric water lines (Figure A3) are very similar between the two stations for d18O- d2H, while the slope 312 
between d17O’ and d18O’ was 0.5266 and 0.5250 at the inland and coastal stations, respectively.  313 

3.2.2 Average seasonal cycles 314 

Over their respective sampling periods, mean annual precipitation was 1337 mm at the coastal station (2018-2019) 315 
and 1527 mm at the inland station (2018-2024), with markedly different seasonal distributions (Figure 3). The 316 
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coastal station exhibits a bimodal rainfall regime, with two precipitation maxima in May-June and September-317 
October separated by a short dry period in July-August. In contrast, precipitation at the inland station increases 318 
progressively from March to June, followed by a broad rainfall maximum extending until the retreat of the rainy 319 
season in October, resulting in a unimodal rainfall regime. These contrasting seasonal patterns are consistent with 320 
the regional rainfall patterns over West Africa (Nicholson et al., 2018), with the northward  migration of the rain 321 
belt from the Gulf of Guinean region towards the Sahel between March and August, followed by its southward 322 
return in September-October (Figure 1). 323 

At both sites, precipitation exhibits a pronounced seasonal cycle in δ¹⁸O, d-excess and ¹⁷O-excess, with each tracer 324 
displaying a distinct temporal evolution (Figure 3). The δ¹⁸O values show a marked seasonal depletion during the 325 
monsoon period at both stations, with the lowest values occurring during the core monsoon rainfall. The seasonal 326 
amplitude of δ¹⁸O is larger inland than at the coastal site, and a W-shape seasonal pattern is observed at both sites. 327 
At the coastal site, this pattern corresponds to the bimodal rainfall regime, while inland, the two minima (early 328 
July and early September, Figure 3) are not associated with a decrease in precipitation. A similar pattern has been 329 
reported for Douala, in Cameroon (Nlend et al 2020), and attributed to strong convective activity along air mass 330 
trajectories. d-excess values display its lowest values during periods of low rainfall. However, their maximum 331 
values, observed in May at the inland site and March-April at the coastal site, do not coincide with rainfall peaks. 332 
¹⁷O-excess exhibits broadly a similar pattern, with lowest values also occurring during the low rainfall periods. 333 
Overall, ¹⁷O-excess values are generally higher inland than at the coastal site.  334 

Monthly data from the Global Network of isotopes in Precipitation (GNIP) database for the GNIP Cotonou station 335 
over 2015–2018 fall within the range of variability observed in this study and reproduce the main features of the 336 
seasonal isotopic cycle, supporting the representativeness of the present dataset.  337 

 338 

Figure 3: Seasonal evolution of isotopic composition (δ¹⁸O, d-excess, ¹⁷O-excess) and precipitation at both sites 339 
over their respective monitoring periods: 2018–2024 for the inland station (a: Nalohou) 2018–2019 for the coastal 340 
station (b: Cotonou). Smoothed mean isotopic values (bold lines) are calculated over 15 (inland) and 5 (coastal) 341 
consecutive data points. The GNIP reference dataset from Cotonou (Terzer-Wassmuth et al., 2023) is shown as 342 
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monthly means over 2015–2018 (dotted lines) with standard deviation indicated by shaded areas. Corresponding 343 
precipitation seasonal cycles are shown as 15-day rolling averages. 344 

3.2.3 Relationships between d18O and precipitation amounts 345 

The relationship between precipitation amounts and δ¹⁸O was examined to assess the presence of the “amount 346 
effect” at the inland site. At the sample scale (Figure 4a), δ¹⁸O showed a weak negative correlation with sampled 347 
precipitation amount (r = −0.248, p < 0.001), indicating that precipitation amount explains only a small fraction of 348 
the isotopic variability (R² = 0.062). At the annual scale (Figure 4b), no correlation is observed (r = –0.377, p = 349 
0.40), and the three wettest years (2018, 2019 and 2023) show the widest range of δ¹⁸O values. At the monthly 350 
scale (Figure 4c), a significant negative correlation between δ¹⁸O and precipitation was observed for months with 351 
total precipitation below 200 mm (r = –0.708, p < 0.001). In contrast, no relationship was detected for months with 352 
precipitation exceeding 200 mm (r = –0.079, p = 0.7), corresponding to the June-September period, which account 353 
for more than 70% of the total annual rainfall (Figure 4d). This indicates that a simple amount effect is not a 354 
dominant control on isotopic composition for the core of the rainy season over the studied period.  355 

 356 

Figure 4: Relationship between precipitation amount and δ¹⁸O at sample (a), annual (b) and monthly (c) time 357 
scales. At the monthly time scale, orange dots correspond to the months with precipitation amounts < 200 mm 358 
(February to May and October, accounting for 28 % of annual rainfall), whereas black dots correspond to the 359 
months with precipitation amounts > 200 mm (June to September, accounting for 72% of annual rainfall). Mean 360 
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monthly rainfall amounts using the same color code is shown in (d). Linear regression lines are shown as dotted 361 
lines, and Pearson correlation coefficients (r) and associated p-values are reported. 362 

3.3 Isotope-based cluster analysis 363 

3.3.1 Composition of isotopic clusters 364 

Three clusters were obtained at the inland site and two clusters at the coastal site. In the isotopic space defined by 365 
δ¹⁸O, d-excess, and ¹⁷O-excess (Figures 5 and 6a), the resulting clusters show partial overlap (mean silhouette 366 
scores = 0.307 and 0.402 for the inland and coastal sites, respectively), while remaining sufficiently distinct to 367 
support the identification of coherent isotopic characteristics.  368 

At the inland site, the first cluster is characterized by relatively high δ¹⁸O values (-1.6‰) associated with low d-369 
excess (8.8 ‰) and low ¹⁷O-excess (7 per meg). The second cluster exhibits more depleted δ¹⁸O values (-3.6 ‰) 370 
together with higher ¹⁷O-excess and d-excess (24 per meg and 13.7 ‰, respectively). The third cluster shows 371 
strongly depleted δ¹⁸O values (-6.6 ‰) combined with intermediate values of ¹⁷O-excess and d-excess (20 per meg 372 
and 10.7 ‰, respectively). The difference in mean ¹⁷O-excess between C2 and C3 is 4 per meg (with similar values 373 
obtained using both unweighted and amount-weighted averages). To evaluate the robustness of this difference with 374 
respect to analytical uncertainty, a Monte Carlo uncertainty propagation was performed. For each cluster, 375 
individual ¹⁷O-excess values were independently perturbed, assuming a Gaussian analytical uncertainty, estimated 376 
from the standard deviation of 7 per meg (see section 2.2), and cluster mean values were recomputed over 10000 377 
realizations. The resulting distribution of differences between cluster means (C2 − C3) remained consistently 378 
positive, yielding a 95% confidence interval that did not include zero and a probability P(C2 > C3) equal to 1.0 379 
(Figure A4). 380 

At the coastal site, isotopic compositions span a narrower range and the strongly δ¹⁸O-depleted compositions 381 
observed inland (cluster 3) are absent. The first cluster is very similar to its inland counterpart, with an enriched 382 
δ¹⁸O mean (-0.8 ‰) associated with low ¹⁷O-excess (3 per meg), and moderately low d-excess (9.9 ‰). The second 383 
cluster exhibits lower ¹⁷O-excess and d-excess (16 per meg and 11.9 ‰, respectively) than its inland counterpart, 384 
despite similar δ¹⁸O (-4.0 ‰). Overall, the dataset highlights a general inland shift toward lower δ¹⁸O values and 385 
higher ¹⁷O-excess and d-excess.  386 

 387 

Figure 5: Bivariate plots of isotopic compositions per cluster, showing covariance ellipses (2σ) and cluster mean 388 
values. For the inland station, both ellipses and individual data points are shown. For the coastal station, only the 389 

https://doi.org/10.5194/egusphere-2026-5233
Preprint. Discussion started: 14 September 2026
c© Author(s) 2026. CC BY 4.0 License.



 14 

ellipses and cluster mean values are displayed for clarity. Clusters C1 are shown in red, Clusters C2 in blue, and 390 
Cluster C3, present only at the inland station, in green. 391 

3.3.2 Meteorological characteristics of isotopic clusters at the inland site 392 

At the inland site, Cluster 1 (C1) represents 15% of mean annual rainfall, while Cluster 2 and 3 (C2 and C3) share 393 
the majority of rainfall (47 and 38 %, respectively). The three isotopic clusters display distinct rainfall 394 
characteristics in terms of intensity and event duration (Figure 6b). C1 is characterized by relatively high event-395 
scale intensities (11.5 mm h⁻¹) and the shortest mean event durations (68 min). At hourly resolution, however, this 396 
distinction disappears, as many events have durations close to one hour, and the highest hourly mean intensity (5.3 397 
mm h⁻¹) is observed for C2. In contrast, Cluster C3 is characterized by lower rainfall intensities at both hourly (3.9 398 
mm h⁻¹) and event (7.2 mm h⁻¹) scales, despite the occurrence of some intense outliers. Event durations are broadly 399 
similar for C2 and C3, whereas daily rainfall duration are higher for C3 (4.3 h day⁻¹) than C2 (3.8 h day⁻¹). In 400 
addition, C3 displays the highest fraction of weak rainfall contributions, with 28 % of rainfall below the median 401 
intensity threshold, compared with 19 % and 18 % for C1 and C2, respectively. Together with its longer rain 402 
duration, this pattern is consistent with more persistent rainfall conditions and a greater contribution of low-to-403 
moderate intensity precipitation. Median values are consistent with these patterns. 404 

Daily meteorological conditions (Figure 6c) further distinguish the three clusters. C1 corresponds to the driest (RH 405 
= 70.7 %) and warmest (Ta = 25.2 °C) conditions, with relatively higher OLR (239 W m-2) than C2 and C3 (226 406 
W m-2 and 220 W m-2, respectively). The coolest and most humid conditions are observed for C3, which also has 407 
the lowest OLR. Wind speed is lowest for C3 (1.1 m s-1), whereas C1 exhibits the greatest variability in wind 408 
speed, with an mean value (1.2 m s-1) similar to that of C2. C1 also exhibits the widest range of relative humidity 409 
values among the three clusters. To assess whether this variability is reflected in isotopic composition, relationships 410 
between isotopic composition and RH were further examined. Both ¹⁷O-excess and d-excess showed modest 411 
positive correlations with RH (Pearson r = 0.35, p = 0.006 and r = 0.41, p = 0.001, respectively with n = 61), 412 
whereas d18O showed a strong negative correlation (r = -0.73, p < 0.001).  413 

Overall, precipitation characteristics and daily meteorological conditions show consistent differences among 414 
isotopic clusters, indicating distinct rainfall regimes. C1 corresponds to short rainfall events under relatively dry 415 
conditions, C2 to more intense rainfall, and C3 to lower-intensity and more persistent rainfall.  416 
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 417 

Figure 6: Boxplots per cluster at the inland site representing (a) isotopic compositions; (b) rainfall characteristics: 418 
hourly intensity (mm h-1); event intensity (mm h-1); daily rainfall duration (h day-1); event duration (min); weak 419 
rain fraction (%); (c) meteorological variables: relative humidity (%); air temperature (°C); wind speed (m s⁻¹); 420 
outgoing longwave radiation (W m⁻²) as a proxy for convective activity. For rainfall and meteorological variables, 421 
each metric is the mean of rainy days during the period covered by each individual isotope sample, considering up 422 
to the last five days (see section 2). All average values are also provided in the inserted legends. 423 

3.3.3 Seasonal distribution of isotopic clusters at the inland site 424 

The relative contributions of the clusters vary markedly during the rainfall season (Figure 7), indicating that these 425 
rainfall/isotopic regimes are not randomly distributed throughout the rainy season. During the early monsoon 426 
phase, until the beginning of May, C1 dominates, while C2 and C3 contribute only marginally. From early May to 427 
mid-August, C2 becomes dominant. After mid-August, the contribution of the C3 increases sharply and dominates 428 
until the end of the monsoon retreat, while C1 reappears at the end of the season. The pronounced seasonal 429 
organization of isotopic clusters indicates that observed the sub-seasonal isotopic variability is closely associated 430 
with the seasonal evolution of the monsoon system.  431 
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 432 

Figure 7: Daily proportions of cluster occurrences over the monsoon season at the inland site over 2018-2024. 433 

3.4 Interannual variations of the two-phase structure of the monsoon season 434 

3.4.1 Monsoon phases and associated rainfall characteristics 435 

Given the structuration of isotopic compositions and associated meteorological regimes revealed by the cluster 436 
analysis (Figure 5 and 6), and the seasonal trend in cluster proportions (Figure 7), we investigate whether this 437 
organization is reflected in seasonal precipitation characteristics and how it relates to interannual variability. To 438 
this end, each monsoon season was divided into two phases, based on annual cumulative precipitation curves (see 439 
section 2.3.3). The transition between these two phases is identified for each year, and further referred to as a pre-440 
onset phase and a core monsoon phase (Figure 8). Significant variations are found for the timing of the transition 441 
(21 May to 26 June; mean: 8 June, DOY = 159), and for that of the first significant rainfall events, ranging from 9 442 
February (2024) to 16 April (2021). The monsoon retreat occurs between 15 and 30 October.  443 

The two phases differ markedly in their mean rainfall characteristics. The pre-onset phase is associated with lower 444 
mean daily accumulation rates (3.2 ± 1.0 mm day⁻¹, n = 7) and contributes to a limited fraction of annual 445 
precipitation, ranging from 11 to 25% (mean ~18%). In contrast, the core monsoon phase is characterized by higher 446 
mean daily accumulation rates (10.1 ± 2 mm day⁻¹, n = 7) and accounts for the majority of annual rainfall. 447 

Relationships between annual characteristics of the two phases were assessed using the non-parametric Spearman 448 
rank correlation (Figure 9), which is better suited to small sample sizes (n = 7 years) and less sensitive to outliers 449 
than Pearson correlation. Annual precipitation is strongly correlated with precipitation amount and accumulation 450 
rate during the pre-onset phase (rs = 0.89 and 0.82, respectively), as well as with the timing of the phase transition 451 
(rs = 0.77), with later transitions associated with higher annual totals. In contrast, no clear relationship is observed 452 
between annual precipitation and the characteristics of the core monsoon phase. Within the pre-onset phase, 453 
precipitation amount is highly variable (285 ± 109 mm, n = 7) and closely related to phase duration (rs = 0.77). For 454 
the core monsoon phase, total precipitation is less variable (1242 ± 70 mm, n = 7) and only correlated with hourly 455 
intensity (rs = 0.79). In addition, a strong negative relationship is observed between the core phase duration and 456 
accumulation rate (rs = −1.00), indicating a compensation between these two variables.  457 
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The timing of the different seasonal transitions further constrains phase characteristics. The duration of the pre-458 
onset phase is controlled by the timing of the first rainfall events (rs = -0.85), whereas the duration of the core 459 
monsoon phase is governed by the timing of the phase transition (rs = -0.85). The monsoon retreat date, although 460 
relatively stable, is associated with variations in mean hourly intensity during the core monsoon phase (0.78). 461 

 462 
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Figure 8: Annual cumulative daily precipitation at the inland site between 2018 and 2024. Blue dotted lines 463 
indicate the average linear trends associated with the two monsoon phases. Red vertical lines mark the breakpoints, 464 
defined as the intersection of the two linear regressions. 465 

 466 

Figure 9: Spearman rank correlation matrices showing relationships among annual characteristics of the (a) pre-467 
onset and (b) core monsoon phases. Variables include annual and phase precipitation totals, mean daily rainfall 468 
accumulation rate (i.e. the slopes in Fig. 8), phase duration, key timing dates (doy: day of year), and mean hourly 469 
rainfall intensity. Spearman correlation coefficients are shown, with statistical significance indicated by asterisks 470 
(* p < 0.05, ** p < 0.01; n = 7 years). 471 

3.4.2 Phase-dependent meteorological and isotopic characteristics 472 

The proportion of non-sampled rainfall varies between 1 and 9% annually and primarily affects the pre-onset 473 
phase, representing between 2% and 85% of its total precipitation, compared with 0–6% for the core monsoon 474 
phase. The pre-onset phase is mainly associated with rainfall events from clusters C1 and C2, whereas the core 475 
monsoon phase is dominated by clusters C2 and C3, with only sporadic occurrences of C1, mostly toward the end 476 
of the season. The vast majority of C3 rainfall occurs during the core monsoon phase.  477 

The two phases exhibit distinct isotopic signatures. The pre-onset phase is characterized by more enriched δ¹⁸O 478 
values, ranging from −1.5 to −3.6 ‰ (−2.41 ± 0.86 ‰), whereas the core monsoon phase shows more depleted 479 
values, ranging from −4.3 to −5.8 ‰ (−4.94 ± 0.45 ‰). In contrast, d-excess exhibits substantial interannual 480 
variability but does not differ significantly between the two phases (11.6 ± 1.6 ‰ for the pre-onset phase and 11.9 481 
± 1.0 ‰ for the core monsoon phase). Variations in ¹⁷O-excess are more limited, with slightly higher values during 482 
the core monsoon phase (21 ± 2 per meg) compared to the pre-onset phase (16 ± 3 per meg).   483 

Relationships between isotopic composition and meteorological variables were explored at the annual scale using 484 
the non-parametric Spearman rank correlation (Figure 10). Due to the potential bias introduced by non-sampled 485 
rainfall, the pre-onset phase was not considered in this analysis. Annual precipitation-weighted mean δ¹⁸O shows 486 
strong negative correlations with both mean hourly precipitation intensity during the core monsoon phase (rs = 487 
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−0.89, p < 0.01), and core monsoon phase precipitation amount (rs = -0.82, p < 0.05). The timing of the monsoon 488 
retreat is strongly correlated with core monsoon phase precipitation-weighted mean δ¹⁸O (rs = -0.84, p < 0.05), and 489 
more weakly with annual precipitation-weighted mean δ18O (rs = -0.76, p < 0.05). No other significant relationships 490 
are identified for δ18O, and none for d-excess and 17O-excess.  491 

 492 

Figure 10: Spearman rank correlations between annual precipitation-weighted δ¹⁸O values and annual climatic 493 
variables (n = 7 years). Correlation coefficients are shown together with their statistical significance (* p < 0.05, 494 
** p < 0.01). 495 

4. Discussion 496 

4.1 Microphysical and convective influences on precipitation isotopes 497 

In this section, "microphysical processes" refers to the cloud and precipitation processes that modify the isotopic 498 
composition of rainfall, including condensation, evaporation of falling raindrops, and phase changes within 499 
precipitating systems. The interpretation is based on the different combinations of δ18O, 17O-excess and d-excess 500 
values observed in the three isotopic clusters identified at the inland site, together with the associated rainfall and 501 
meteorological characteristics (Figures 5 and 6). These isotopic signatures are interpreted as reflecting varying 502 
contributions of equilibrium and kinetic isotope fractionation processes, which are discussed below.  503 

In cluster C1, the combination of enriched δ18O and low d-excess and 17O-excess, and their correlation with RH, 504 
is consistent with sub-cloud evaporation, where falling raindrops partially evaporate in relatively dry air below the 505 
cloud base. This process is typically associated with isolated convective cells developing in environments 506 
characterized by low relative humidity (Landais et al., 2010). This interpretation is supported by the meteorological 507 
characteristics associated with this cluster: drier and warmer atmospheric conditions and higher outgoing longwave 508 
radiation (OLR) are consistent with less extensive and less organized convective activity. In addition, short-509 
duration but relatively intense rainfall events are revealed by the 5-min event analysis, although hourly rainfall 510 
intensities remain moderate (Figure 6). This suggests locally driven convective bursts in a dry environment.   511 
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In contrast, cluster C2 and C3, which together account for approximately 85% of total rainfall, are characterized 512 
by longer event durations than for cluster C1, consistent with more organized convective systems. They differ 513 
from each other in their isotopic and meteorological characteristics. Cluster C3 exhibits more depleted δ18O values, 514 
lower hourly rainfall intensities, greater daily rainfall persistence, and a larger fraction of weak precipitation events 515 
compared to C2. In addition, it is associated with higher relative humidity and lower OLR values, suggesting more 516 
extensive cloud cover and a greater degree of convective organization. Such characteristics are consistent with a 517 
larger contribution from the stratiform regions of MCSs, which are typically associated with weaker but more 518 
persistent rainfall, and more depleted δ18O values (Aggarwal et al., 2016; Risi et al., 2023). Taken together, these 519 
observations are consistent with C3 being associated with more mature and organized convective systems, abnd a 520 
potentially larger contribution from the stratiform regions of MCSs than in cluster C2.  521 

Interestingly, cluster C2 and C3 together display a trend in which the depleted δ18O values of C3 are associated 522 
with lower 17O-excess and d-excess (Figure 5). This contrasts with the isotopic signature generally associated with 523 
sub-cloud evaporation, for which δ18O and excess parameter tend to be negatively correlated. The processes 524 
responsible for the decrease in 17O-excess associated with C3 remain uncertain. The low values of 17O-excess and 525 
d-excess observed in this cluster suggest that kinetic fractionation processes may influence the isotopic signature 526 
of precipitation within organized convective systems. The different processes involving kinetic fractionation that 527 
may operate within the stratiform regions of tropical MCSs are described in (Risi et al., 2023). They mainly involve 528 
rain evaporation and subsequent rain-vapor diffusive exchanges within downdraft regions of stratiform 529 
precipitation areas. Such internal atmospheric vapor recycling within the convective structure has been proposed 530 
as a mechanism that can contribute to strong δ18O depletion and to modify the kinetic signature expressed by 531 
excess parameters (d-excess and probably also 17O-excess). In addition, deep convective cells often attain the upper 532 
troposphere and integrate depleted vapor from the free atmosphere. However, these processes, either moisture 533 
recycling or upper troposphere contribution, are generally expected to increase excess parameters in atmospheric 534 
vapor, as observed in d-excess measurements of surface vapor within a Sahelian climatic context (Tremoy et al., 535 
2014), and in 17O-excess observations in Singapore (Zhang et al., 2024). In contrast, we observe lower mean 17O-536 
excess and d-excess associated with depleted δ¹⁸O during the rainfall classified as C3.  537 

To our knowledge, the only cases in which δ18O depletion accompanied by 17O-excess decrease was observed 538 
come from polar studies (Surma et al., 2021 and references therein), where kinetic effects associated with ice 539 
supersaturation lead to decreased 17O-excess values for strongly depleted values of δ18O (δ18O < -40 ‰). Although 540 
the isotopic range differs markedly from polar observations, the MCSs in the WAM involve extensive ice-phase 541 
processes (Houze, 2004; Xu and Zipser, 2012). Combined with intense vertical velocities as observed by 542 
(Heymsfield et al., 2010), this could favor kinetic fractionation during vapor deposition onto ice. This mechanism 543 
could therefore contribute to lowering 17O-excess values. Although such an effect has not yet been documented in 544 
tropical precipitation, our data suggest that this process may deserve further investigations in deep tropical systems. 545 
The available observations do not allow for distinguishing between the two types of kinetic processes responsible 546 
for the observed 17O-excess decrease: internal vapor recycling, and supersaturation effects with respect to ice. 547 
Dedicated vapor isotope measurements together with isotope-enabled simulations of MCSs would be required to 548 
assess their respective contributions. Additional moisture transported within the African Easterly Jet or Tropical 549 
Easterly Jet may also contribute to the isotopic composition of mature MCSs (Niang et al. 2020). However, its 550 
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contribution cannot be constraint from our HYSPLIT analysis, which does not resolve entrainment and detrainment 551 
processes occurring within deep convective systems. Isotope-enabled convection-resolving modelling would 552 
therefore be required to assess its potential role.  553 

Overall, the isotopic clustering suggests distinct precipitation regimes associated with different convective 554 
organizations, ranging from isolated short-lived convective cells, where rainfall is potentially affected by sub-555 
cloud evaporation (C1), to progressively more organized convective systems with an increasing contribution from 556 
precipitation associated with large-scale monsoon circulation. As observed in previous studies (Sun et al., 2024; 557 
Zhang et al., 2024), the results therefore support the view that precipitation isotopes in the WAM are strongly 558 
influenced by convective organization. 559 

4.2 Continental moisture contribution: a weak but coherent signature 560 

Although microphysical processes appear to have an important influence on the isotopic clustering, the excess 561 
parameters may also retain information on moisture source conditions. This has been demonstrated for oceanic 562 
moisture source using d-excess since the pioneer study of (Gat and Carmi, 1970), as well as more recently through 563 
the evidence of a relationship between 17O-excess variability in precipitation and changes in evaporation conditions 564 
at oceanic moisture source (Uechi and Uemura, 2019).  565 

On the other hand, the additional contribution of moisture sources originating from continental evapotranspiration 566 
has been increasingly recognized as an important component of the WAM (Nicholson, 2013; Yu et al., 2017). 567 
Isotopic tracers also have the potential to reveal such processes as continental moisture recycling has been shown 568 
to increase d-excess in atmospheric vapor and precipitation (Aemisegger et al., 2014; Delattre et al., 2015; Natali 569 
et al., 2022; Taupin et al., 2000; Vallet-Coulomb et al., 2008; Xia and Winnick, 2021). However, evidence for a 570 
similar influence on 17O-excess remains scarce. Atmospheric moisture produced by continental evaporation is 571 
characterized by an isotopic signature depleted in δ18O and enriched in d-excess, while transpiration transfers soil 572 
water to the atmosphere with little fractionation, therefore producing a vapor enriched in δ18O and unmodified in 573 
d-excess compared to regional atmospheric moisture. Overall, and similar to what was observed for d-excess, the 574 
integration of evapotranspiration to regional atmospheric moisture, and thereafter to precipitation formation is 575 
expected to carry higher 17O-excess signatures (Voigt et al., 2026; Xia et al., 2023).  576 

The HYSPLIT analysis provides a regional-scale description of the dominant transport pathways and moisture 577 
uptake represented by the meteorological reanalysis that feed the lower troposphere prior to convective 578 
development, although the detailed three-dimensional moisture budget within convective systems cannot be solved 579 
within this framework. In our case, the back-trajectory analysis indicates that for both stations, oceanic moisture 580 
sources are similarly spread along a mean air-mass trajectory extending from approximately 20°S to the Gulf of 581 
Guinea coast. Therefore, considering the homogeneity of their respective oceanic moisture source, we don’t expect 582 
that oceanic moisture source conditions could be a major driver of observed variations. On the other hand, an 583 
additional regional surface moisture uptake is identified for the inland site over continental areas (Figure 2). 584 
Notably, this continental moisture source encompasses the region of Lake Volta (Ghana), whose huge open-water 585 
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surface (~8500 km², i.e. the largest artificial lake in the world) may represent an important regional source of 586 
atmospheric moisture.  587 

The paired observations from the coastal and inland sites, located along the same large-scale oceanic monsoon 588 
flow, provide a good opportunity to examine how isotopic signals, and specifically the 17O-excess, evolve under a 589 
continental influence, with the coastal station serving as a benchmark representing precipitation influenced by 590 
oceanic moisture sources. Among the three isotopic clusters observed inland, only C1 and C2 are also observed at 591 
the coastal station. C1 exhibits similar isotopic characteristics at both sites, whereas C3, characterized by strongly 592 
depleted δ18O, is absent at the coast, likely reflecting the reduced contribution from MCSs at the coastal site, where 593 
convection tends to be more localized and of smaller spatial extent (Xu and Zipser, 2012). The comparison 594 
therefore provides the clearest basis for examining the inland shift in the isotopic composition of C2, which 595 
exhibits higher 17O-excess values inland and, to a lesser extent, higher d-excess, than its coastal counterpart, despite 596 
comparable δ18O values. Because 17O-excess is largely insensitive to Rayleigh processes and primarily responds 597 
to kinetic fractionation processes, these higher inland values are consistent with an additional contribution of 598 
continental moisture to precipitation. Overall, the comparison between the two sites reveals a weak but coherent 599 
isotopic signature of continental moisture recycling, consistent with the regional transport pathways identified by 600 
HYSPLIT. 601 

4.3 Seasonal isotopic changes associated with monsoon convective organization  602 

The cumulative precipitation analysis allowed us to identify a transition between a pre-onset and a core monsoon 603 
phases, occurring around the beginning of June (Figure 8). This transition is broadly with the onset stage described 604 
at the regional scale by (Sultan and Janicot, 2003), who identified a comparable abrupt increase rainfall 605 
accumulation around June 24th (+/- 8 days) over the 1968-1990 period, although the transition is defined here using 606 
a precipitation-based criterion rather than circulation-based metrics. Thereafter, the core monsoon phase 607 
corresponds to well-established monsoon conditions that persists until a relatively abrupt withdrawal in October, 608 
consistent with previous descriptions (Le Barbé et al., 2002; Sultan and Janicot, 2003).  609 

Isotopically, the seasonal transition is also a transition in the relative occurrence of the isotopic rainfall regimes. 610 
The pre-onset phase is dominated by rainfall events belonging to cluster C1, characterized by short-lived 611 
convective bursts, while the contribution of C2 progressively increases (Figure 7). In contrast, the core monsoon 612 
phase is characterized by the prevalence of clusters C2 and C3. Cluster C2 dominates until approximately mid-613 
August, when it is progressively replaced by cluster C3, coinciding with the period when the rain belt reaches its 614 
northernmost position and the monsoon system becomes fully established over West Africa. Interestingly, this 615 
transition occurs despite only limited changes in local rainfall amounts. This observation suggests that seasonal 616 
isotopic variability is more closely linked to changes in convective organization than with local rainfall amounts, 617 
with a shift toward larger and more mature convective systems, potentially involving a greater contribution from 618 
their stratiform regions. Such a seasonal picture, consistent with the meteorological and isotopic characteristics of 619 
cluster C3 described above, underlines that sub-seasonal isotopic variability is closely associated with the seasonal 620 
progression of the West African monsoon system, through its influence on convective organization. 621 
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4.4 Interannual isotopic variability beyond a simple amount effect 622 

A key result of the two-phase analysis is that annual rainfall amount and annual precipitation-weighted isotopic 623 
composition are primarily driven by different components of the monsoon season. Annual rainfall totals are 624 
primarily modulated by the contribution of the pre-onset phase, whereas annual isotopic composition is mainly 625 
linked to rainfall occurring during the core monsoon phase, as indicated by its relationships with core-phase rainfall 626 
amount, hourly rainfall intensity, and monsoon retreat date (Figures 9 and 10). These contrasting behavior suggests 627 
that annual amount-weighted d18O mean is more sensitive to the amount and characteristics of rainfall during the 628 
mature monsoon phase than to the annual hydrological budget itself. Conversely, although accounting for a limited 629 
fraction of annual rainfall, the pre-onset phase remains hydrologically important because it largely contributes 630 
annual rainfall anomalies and conditions the development of vegetation and land-surface feedbacks.  631 

The substantial interannual variability in precipitation-weighted d18O (from −4.3 to −5.8 ‰ for the core monsoon 632 
phase) probably reflect the combined influences of convective dynamics, cloud microphysics and continental 633 
moisture recycling. In particular, rainfall events associated with the more organized precipitation systems 634 
represented by cluster C3 are associated with more depleted δ¹⁸O values, suggesting a potential contribution of 635 
these rainfall regimes to isotopic depletion. However, the relative contribution of these processes cannot be 636 
quantitatively separated from observations alone, and a combined isotope-enabled modelling approach would be 637 
required to further disentangle the respective roles of convective dynamics, cloud microphysics and continental 638 
moisture recycling. Such an approach would also help assess how future changes in monsoon organization may 639 
be recorded in precipitation isotopes. For instance, a long-term increase in the persistence of mature monsoon 640 
conditions and organized convective systems could potentially lead to more depleted δ18O values, potentially 641 
accompanied by modifications of 17O-excess and d-excess.  642 

The interpretation of precipitation isotopes in paleoclimatic and paleohydrological archives often relies on the 643 
assumption that lower δ18O values reflect wetter climatic conditions through the amount effect, first introduced by 644 
(Dansgaard, 1964). However, although limited to seven years and covering relatively wet conditions, the present 645 
dataset indicates that the monthly-scale amount effect is restricted to low-precipitation conditions, and largely 646 
driven by enhanced sub-cloud evaporation. During the core monsoon season, however, annual δ18O is significantly 647 
related to core-phase rainfall amount and hourly rainfall intensity, while no significant relationship is observed 648 
with total annual rainfall amount.  649 

Previous studies have shown that precipitation δ18O in tropical regions is influenced by several processes acting at 650 
different spatial and temporal scales. Some studies emphasize the dominant role of upstream rainout history over 651 
local rainfall amount (Kurita et al., 2009; Nlend et al., 2020; Zhang et al., 2024), whereas others relate isotopic 652 
depletion to convective intensity using proxies such as outgoing longwave radiation (Yu et al., 2024). At the cloud 653 
scale, isotopic depletion has been attributed to processes occurring within MCSs, including moisture recycling in 654 
unsaturated downdrafts (Risi et al., 2023) or the increasing contribution of stratiform precipitation (Aggarwal et 655 
al., 2016; Munksgaard et al., 2019). Rather than being contradictory, these mechanisms likely describe 656 
complementary aspects of convective organization, since larger and longer-lived convective systems 657 
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simultaneously experience stronger rainout, more extensive stratiform regions, and more complex internal 658 
moisture recycling.  659 

Together, these results indicate that interannual variations in precipitation δ¹⁸O at Nalohou are not simply related 660 
to the annual rainfall budget, but are more closely associated with the amount and characteristics of rainfall during 661 
the mature monsoon phase. 662 

5- Conclusion 663 

This study shows that precipitation isotopes in the Sudanian WAM, and particularly 17O-excess, are strongly driven 664 
by convective organization and associated cloud microphysical processes. In addition, a weak but coherent 665 
signature of continental moisture recycling is detected at the inland station, through higher 17O-excess and d-excess 666 
values than at the coastal station. The contribution of continental moisture is consistent with the moisture source 667 
analysis, which identifies a major continental source region encompassing the Lake Volta area (8500 km2) in 668 
Ghana, which may represent an important regional source of evaporation. Although secondary compared to the 669 
convective controls, this isotopic signal indicates that excess parameters may retain information on land–670 
atmosphere moisture exchanges.  671 

A particularly original result concerns the isotopic signature of the most mature convective systems (cluster C3), 672 
characterized by strongly depleted δ18O values associated with simultaneous decreases in both d-excess and 17O-673 
excess. This result suggests the influence of specific kinetic fractionation processes that may operate within 674 
stratiform regions of MCSs, potentially associated with vapor recycling within stratiform downdrafts or 675 
supersaturation effects during ice-phase formation in deep convective clouds. Although these processes cannot be 676 
individually resolved with the present dataset, this result highlights the potential of triple oxygen isotopes to 677 
provide additional constraints for investigating atmospheric processes and cloud microphysics in the WAM.  678 

At the interannual scale, we show the importance of the pre-onset phase, which, despite its relatively limited 679 
contribution to annual totals, modulates annual rainfall variability and plays a key role in regional hydrological 680 
functioning by replenishing soil moisture and enabling the onset of vegetation growth. However, interannual 681 
variations in δ18O are primarily associated with the core monsoon phase, during which precipitation isotope 682 
composition primarily reflects the development and organization of MCSs, rather than the annual hydrological 683 
budget.  684 

The sampling strategy adopted in this study provides a compromise between temporal resolution and the logistical 685 
constraints inherent to long-term monitoring in remote regions of West Africa. Although samples do not 686 
systematically correspond to individual precipitation events, the relatively high sampling frequency captures 687 
rainfall variability at a temporal resolution sufficient to identify intra-seasonal transitions in the main isotopic 688 
regimes and their seasonal evolution. In addition, the size of the dataset provides sufficient statistical power to 689 
identify coherent isotopic patterns despite the relatively limited variability of 17O-excess compared with the 690 
analytical uncertainty. A fully event-based sampling strategy, combined with concurrent vapor isotope 691 
measurements, would further improve the characterization of cloud microphysical processes, but such observations 692 
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remain particularly demanding in terms of field logistics and sustained observational infrastructure. In this context, 693 
the present 7-year record constitutes a unique dataset for the region.  694 

The continuation of this long-term monitoring within the long-term AMMA-Catch observatory framework will 695 
provide an increasingly valuable basis for evaluating isotope-enabled climate models and, over longer time scales, 696 
for assessing climatic trends in the WAM, and refining the interpretation of tropical paleoclimate archives. In 697 
particular, the combined interpretation of δ18O, d-excess and 17O-excess provides a valuable benchmark for testing 698 
model representations of convective organization, cloud microphysics and moisture recycling within the WAM. 699 

Appendix A 700 

 701 

Figure A1: Monthly moisture source regions derived from back-trajectory analysis, expressed as a fraction of total 702 
precipitation at the coastal site. 703 
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 704 

Figure A2: Monthly moisture source regions derived from back-trajectory analysis, expressed as a fraction of total 705 
precipitation at the inland site. 706 
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 707 
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Figure A3: Plots of δ2H vs δ18O, δ17O’ vs δ18O’ for the inland (a, b) and coastal (c, d) stations, with the 708 
corresponding Local Meteoric water lines (LMWL) as dashed lines, and the global meteoric water line (black line 709 
in a and c). Plots of 17O-excess vs δ18O’ and d-excess vs δ18O for the inland (e, f) and coastal (g, h) stations. 710 

 711 

Figure A4: Monte Carlo distribution of the difference in mean 17O-excess between clusters C2 and C3 at the inland 712 
site. The histogram shows the distribution of differences in cluster-mean 17O-excess (C2 − C3) obtained from 713 
10,000 Monte Carlo simulations, accounting for analytical uncertainty (±7 per meg, assumed Gaussian and 714 
independent). The vertical dashed line indicates zero difference. 715 

Data availability 716 

Open-access 5-minute rainfall and meteorological datasets are available on the AMMA-CATCH data portal (doi: 717 
0.17178/AMMA-CATCH.CL.Rain_Od for Nalohou 2 and Nalohou 3 rain gauges, doi :10.17178/AMMA-718 
CATCH.AE.H2OFlux_Odc  for meteorological variables at the Nalohou flux station). Rainfall isotopes datasets 719 
will be made available on the AMMA-CATCH data portal.  720 
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AAA led the ANR project that supported the study. CVC prepared the manuscript with contributions from all co-726 
authors. (AAL: Abdoukarim Alassane and AAA: Anne Alexandre) 727 

Competing interests: The authors declare that they have no conflict of interest. 728 

https://doi.org/10.5194/egusphere-2026-5233
Preprint. Discussion started: 14 September 2026
c© Author(s) 2026. CC BY 4.0 License.



 29 
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