10

15

https://doi.org/10.5194/egusphere-2026-3724
Preprint. Discussion started: 27 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Large-scale atmospheric drivers of recent hydroclimatic changes in
the Horn of Africa: evidence from the Awash Basin terminal lake
system, Ethiopia

Juan P. Sierra'?, Pierre Brigode?, Pape Saara Ngom?, Pascale Braconnot?, Christian Le Carlier De
Veslud?, Camille Bouchez?, Sly Wongchuig*, Mohamed Osman Awaleh®, Mohamed Jalludin®,
Natacha Volto®, Eric Chaumillon®, and Marie Revel!

!Géoazur, Université Cote d’ Azur, CNRS, OCA, IRD, Valbonne, 06152, France

2Univ Rennes, CNRS, Géosciences Rennes, UMR 6118, 35000 Rennes, France

3Laboratoire des Sciences du Climat et de I’Environnement, Institut Pierre-Simon Laplace UMR CEA, CNRS, UVSQ,
Université Paris-Saclay, Gif-sur-Yvette, 91190, France

4Université de Toulouse, LEGOS, CNES/CNRS/IRD/UT, Toulouse, France

SInstitut des Sciences de 1a Terre, Centre d’Etudes et de Recherches de Djibouti (CERD), Route de I’aéroport B.P. 486,
Djibouti, ville, Republic of Djibouti.

6La Rochelle Université, CNRS, UMR 7266 LIENSs, La Rochelle, France

Correspondence: Juan P. Sierra (juanpablosierrap@gmail.com)

Abstract. The Horn of Africa, and specifically Ethiopia’s Awash Basin, is experiencing accelerating hydroclimatic change, yet

the mechanisms driving multi-decadal shifts in its regional water balance remain poorly understood. The terminal Afambo—Gemeri—Abhe

lake system, an endorheic water body at the outlet of the Awash Basin, acts as a natural integrator of its catchment’s net water
balance, providing a sensitive record of regional atmospheric dynamics. This study reconstructs its hydrological history over
1985-2024 by coupling the GR2M hydrological model with a lake water-balance model, constrained by satellite observations
and in situ data. The model reproduces observed lake surface area dynamics and reliably extends the record into the data-scarce
pre-1998 period allowing us to relate recent lake surface area changes to large scale circulation variability and trends.

The reconstructed history reveals two superimposed signals. The first is pronounced variability across interannual to in-
terdecadal timescales, driven by the El Nifio—Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and the
Subtropical Indian Ocean Dipole (SIOD). The second is a non-oscillatory, multi-decadal expansion: the lake tripled in surface
area from ~150 km? in the 1980s to ~450 km? by 2024, with growth accelerating markedly after 2020. This systematic
expansion reflects a reorganization of the regional water balance driven by increased July—September rainfall and changes in
potential evapotranspiration. We attribute these basin-scale changes to large-scale atmospheric circulation shifts, including a
strengthening of the Somali Jet, the Tropical Easterly Jet, and the Indian monsoon circulation, and a northward shift of the
Intertropical Convergence Zone and of the African Easterly Jet, likely linked to amplified regional warming over the Ara-
bian Peninsula and the Tibetan Plateau. This modelling framework provides a transferable tool for evaluating past and future

hydroclimatic variability, supporting more robust water resource assessments in data-scarce regions.
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1 Introduction

The Horn of Africa is one of the region most vulnerable to climate variability and change, characterized by strong rainfall vari-
ability and recurrent droughts and floods, with major impacts on water resources, agriculture, and livelihoods (Portner et al.,
2022). Droughts are the most frequent hazard and the primary driver of food insecurity and poverty in the region (Qu et al.,
2019; FAO, 2023), with several studies reporting an increase in drought frequency over recent decades. This trend is largely at-
tributed to declining rainfall during the March—April-May (MAM) season (Funk et al., 2008; Williams and Funk, 2011), driven
by a combination of anthropogenic climate change (Tierney et al., 2015) and internal climate variability and ocean—atmosphere
interactions (Lyon et al., 2014; Lyon and DeWitt, 2012; Yang et al., 2014). In contrast, the October—December season has
shown a positive rainfall trend (Palmer et al., 2023). These opposing seasonal trends have important implications for regional
hydrology and water availability.

The vulnerability of the Horn of Africa is further exacerbated by socio-economic factors, including dependence on rain-fed
agriculture (Alfieri et al., 2024; World Bank Group, 2023), reliance on hydropower for energy production (Conway et al.,
2017), and rapid population growth (United Nations, 2022). Ethiopia exemplifies this vulnerability: approximately 67% of its
population is employed in agriculture (World Bank Group, 2023) and about 88% of its electricity depends on hydropower
(Degefu et al., 2015), making interannual climate variability a direct threat to livelihoods and the national economy. Recurrent
droughts occur every 4-10 years (Abate, 1994; Wolde-Georgis, 1997), while nearly 80% of annual rainfall falls between June
and September as intense convective events (Billi et al., 2015; Nicholson, 2017), making large parts of the country also highly
prone to flooding (Mamo et al., 2019; Nigusse and Adhanom, 2019; Ogato et al., 2020).

Historical records illustrate the severity of these extremes. The 1984-1985 drought caused an estimated 450,000 fatalities
across Ethiopia and Sudan (Vicente-Serrano et al., 2012), and subsequent droughts in 1987-1994, 1999, and 2002 severely
impacted agriculture and the economy (Edossa et al., 2010). In 2015, a strong El Nifio combined with a delayed onset of
the February—May rains reduced annual precipitation to 50-75% of the climatological mean (Philip et al., 2018; Singh et al.,
2016), and the 2022 drought caused the death of approximately 2.2 million livestock (FEWS NET, 2023). These events reflect
a broader trend toward increasing drought frequency and severity, particularly in central and northern Ethiopia (Mulualem
et al., 2024; Di Nunno et al., 2025). Flooding, often associated with La Nifia conditions (Abtew et al., 2009; Mamo et al.,
2019), has also intensified: the spatial extent of flood-affected areas rose from 0.7% in the 1960s to 16.7% in the 1990s and
has continued to increase since (Billi et al., 2015; Mamo et al., 2019), with the 2020 floods alone displacing more than 30,000
people (Melkamu et al., 2022).

Observed trends in droughts and floods are broadly consistent with climate projections under global warming, which indicate
more frequent extreme rainfall events and more severe droughts (Finney et al., 2020; Haile et al., 2020; Hirpa et al., 2019;
Richardson et al., 2022). Placing these recent changes in a longer-term perspective requires records extending beyond the
instrumental period. Lakes within the Ethiopian Rift System — positioned between humid highlands and arid lowlands —
serve as valuable natural archives for this purpose, being highly sensitive to hydroclimatic fluctuations and responding rapidly

to water balance changes (Maslin et al., 2014; Okech et al., 2019). Lacustrine sediment records have therefore been widely
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used to reconstruct past climate variability and place recent changes in a longer-term perspective (Hastenrath, 2001; Mologni
et al., 2024; Schaebitz et al., 2021).

Within this context, the Awash Basin represents a key socio-economic and hydrological system. Located in central Ethiopia
and extending toward Djibouti, it covers approximately 112,700 km? with elevations ranging from 4,195 m to 250 m a.s.l.,
forming an endorheic system that terminates at the Afambo—Gemeri—Abhe lake system on the Ethiopian—Djiboutian border
(Fig. 1a; Tilahun et al., 2025). The basin is home to approximately 16.3 million people (~17% of the national population;
Abebe et al., 2025; Awash Basin Authority, 2017), hosts more than 65% of the country’s industries, and contains the largest
area of irrigated agriculture in Ethiopia (Gemechu et al., 2025; Kidane et al., 2014; Taye et al., 2018). It also plays a central
role in hydropower generation and domestic water supply (Malede et al., 2024). The Awash River flows approximately 1,250
km from its source near Ginchi (~3,000 m a.s.l.) to its terminal lakes (~250 m a.s.l.; Taddese et al., 2009). Given its exposure
to recurrent droughts and floods, understanding hydroclimatic variability in the Awash Basin is of critical importance.

Rainfall in the basin is highly seasonal, with a minor rainy season during MAM and a dominant one during June—September
(JJAS), accounting for 50-80% of annual precipitation (Nicholson, 2017), with higher amounts over mountainous areas
(Krivoguz et al., 2025). As a result, the basin exhibits strong hydroclimatic contrasts: highlands receive more rainfall and
lower potential evaporation than lowlands (Figs. 1b—e), with rainfall exceeding potential evaporation only during MAM and
JJAS, primarily above ~3,250 m a.s.l. and ~1,500 m a.s.1., respectively. These conditions control groundwater recharge and
runoff generation, leading to peak river discharge between August and September (Fig. 2; Tadese et al., 2019).

Despite its importance, the coupled dynamics linking large-scale climate variability, regional hydroclimate, and lake system
responses in the Afar Rift remain poorly constrained. Previous studies have examined atmospheric drivers and hydrological
responses largely in isolation. Tarkegn and Jury (2020) linked enhanced moisture transport from South Sudan to strengthened
late-season rainfall and associated hydrological changes, but without explicitly quantifying the coupling between atmospheric
processes and surface hydrology. Mologni et al. (2024) reconstructed the recent evolution of the Afambo—Gemeri lake sys-
tem from laminated sediments and identified connections with large-scale climate modes such as ENSO, yet the underlying
atmospheric mechanisms remain insufficiently characterized. Addressing this gap requires an integrated framework combining
hydrological modelling with a process-based analysis of climate drivers.

Here, we investigate the hydroclimatic variability of the Afambo—Gemeri—Abhe lake system at the terminal end of the Awash
Basin over the 1985-2024 period. This lacustrine system acts as a natural integrator of basin-scale hydrological variability, as
changes in lake storage reflect the cumulative balance of upstream inflows and climatic forcing. To constrain the lake geometry
used in model parameterization, we draw on water depth data from sediment coring locations in lakes Afambo, Gemeri, and
Abhe, sampled as part of the NILAFAR project — an initiative aimed at reconstructing hydrological fluctuations over the last
20,000 years in north-east Africa. We couple a hydrological model with a lake water-balance model to simulate changes in
lake surface area, and by linking the resulting lake dynamics to atmospheric and oceanic variability, we identify the large-scale
climate processes that govern hydroclimatic conditions in the Awash Basin.

The paper is organized as follows. Section 2 describes the datasets, hydrological model, and methodological framework.

Section 3 presents the results, including the reconstruction of lake system dynamics (Sect. 3.1-3.2), the identification of major
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teleconnections and oceanic drivers (Sect. 3.3), and the analysis of large-scale and regional shifts (Sect. 3.4). Conclusions and

perspectives are provided in Sect. 4.

2 Methods
2.1 Data

This section describes the datasets used to characterise the hydrology of the Awash Basin and to investigate its relationship

with large-scale climate drivers.
2.1.1 Rainfall

Daily precipitation data were obtained from three high-resolution satellite products. The primary dataset was CHIRPS v2.0
(Funk et al., 2015), providing quasi-global daily estimates at 0.05° (~5 km) resolution from 1981 to present (50°N-50°S),
combining satellite infrared observations with station data. CHIRPS has been shown to reliably capture rainfall variability over
eastern Africa, particularly in Ethiopia (Dinku et al., 2018; Wedajo et al., 2021). To assess temporal rainfall evolution in the
Awash Basin, two additional products were used: CMORPH v1.0 (Joyce et al., 2004), offering 3-hourly estimates at 0.25°
from 1998 onwards based on microwave observations propagated using infrared imagery; and TRMM 3B42 v7 (Huffman

et al., 2007), providing gauge-corrected 3-hourly estimates at 0.25° for 1998-2019.
2.1.2 Land evapostranspiration

Actual and potential evapotranspiration were obtained from GLEAM v4.2a (Miralles et al., 2025), which provides daily esti-
mates at 0.1° (~10 km) resolution for 1980-2025. Actual evapotranspiration is derived by scaling potential evapotranspiration
— computed via the Penman equation — with a root-zone soil moisture stress factor. GLEAM performs particularly well in
semi-arid, water-limited environments such as the Afar Depression (Akpoti et al., 2025). To characterize uncertainty in the
atmospheric water balance at the watershed scale arising from differences in input products and model structure, additional
evapotranspiration datasets were incorporated. These included output from four global hydrological models contributed to the
eartH2Observe intercomparison project (1980-2014; 0.25° resolution): WaterGAP3 (Muller et al., 2021), PCR-GLOBWB (Su-
tanudjaja et al., 2018), HTESSEL (Balsamo et al., 2009), and LISFLOOD (Knijff et al., 2010). Satellite-based and reanalysis-
derived estimates from MODIS16A2 (Running et al., 2017) and CRUv4.09 (Harris et al., 2020) were also included.

2.1.3 Atmospheric data

To analyze atmospheric mechanisms influencing the hydroclimatology of the basin, horizontal and vertical wind components,
specific humidity, geopotential height, and air temperature at multiple pressure levels were extracted from the ERAS reanalysis
(Hersbach et al., 2020). ERAS is a global atmospheric reanalysis produced by the European Centre for Medium-Range Weather
Forecasts ECMWF providing hourly estimates at 0.25° (~31 km) resolution from 1950 to present. Thanks to the assimilation of
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observations from satellite radiances, radiosonde measurements, aircraft observations, surface weather stations, ships, drifting

buoys, scatterometer winds and radar-derived precipitation observations, it provides physically consistent, gap-free fields.
Monthly mean air temperature was obtained from CRU TS v4.09 (Harris et al., 2020), a gridded global land-surface dataset

at 0.5° (~50 km) resolution spanning 1901 to present, constructed by interpolating an extensive network of station observations

onto a regular grid.
2.1.4 Sea surface temperature

Ocean—atmosphere interactions were examined using daily global sea surface temperature (SST) data from OISST v2.1 (0.25°
resolution, 1981—present), which combines in situ ship and buoy measurements with satellite observations through statistical
interpolation (Huang et al., 2021). Decadal and interannual SST variability were characterized using the monthly PDO index
from NOAA/NCEI (https://www.ncei.noaa.gov/access/monitoring/pdo/; last access: 12 February 2026), which represents the
leading mode of North Pacific SST variability with positive (negative) values indicating anomalously warm (cold) conditions
along the North American west coast relative to the central North Pacific (Zhang et al., 1997), and SST anomalies over the
Nifio 3, Nifio 4, and Nifio 3.4 regions derived from the Extended Reconstructed Sea Surface Temperature version 5 dataset

(NOAA/NCETL https://www.cpc.ncep.noaa.gov/data/indices/sstoi.indices; last access: 7 April 2026).
2.1.5 Topographic data

Topographic data were obtained from two sources. The Shuttle Radar Topography Mission (SRTM; Farr et al., 2007) provides
near-global elevation data at 30 m resolution using radar interferometry, and was used here in combination with satellite im-
agery, water depth data from NILAFAR coring sites, and altimetry data to derive hypsometric relationships for Lakes Afambo,
Gemeri, and Abhe, and to analyze the distribution of precipitation and potential evaporation with elevation across the Awash
Basin. Coarser topographic context was provided by GTOPO30 (Gesch et al., 1999), a global digital elevation model at ~1
km resolution developed by the USGS from multiple sources, used here to illustrate regional-scale topographic cross-sections

along selected transects.
2.1.6 River discharge

Streamflow observations were obtained from the Global Runoff Data Centre (GRDC; https://grdc.bafg.de/, last access: 12
February 2026). Of the 13 available stations within the Awash Basin, the Tendaho station (Fig. 1a) was selected for model
calibration and validation, as it is the closest gauge to the Afambo—Gemeri—Abhe lacustrine system and lies at the terminal

reach of the endorheic basin.
2.1.7 Lake surface

Surface water extent was obtained from the Global Surface Water Database (GSWD; Pekel et al., 2016), derived from the

full Landsat archive at 30 m resolution for 1984-2021. For 2021-2025, surface water detection was extended using Landsat
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8 and 9 imagery. Given the sparse Landsat coverage over the Afar Depression prior to 1998 (fewer than 30 months of usable
observations), lake surface area reconstructions from Zhao et al. (2022) were also used. These combine GSWD data with static
lake boundaries from HydroLAKES (Messager et al., 2016), weighting annual water classifications by long-term monthly
mean areas to estimate monthly lake surface dynamics. Lake water levels were obtained from the HydroWeb database, which
integrates radar altimetry observations from multiple satellite missions to produce long-duration water surface elevation time

series (https://hydroweb.next.theia-land.fr/, last access: 12 February 2026).
2.2 Lake characteristic and lake model
2.2.1 Lake surface time series

Constructing lake surface time series from GSWD data is challenging because approximately one-third of pixels are classified
as 'no data’ (Mullen et al., 2021), arising from cloud contamination, terrain shadows, and the Scan Line Corrector failure on
Landsat 7. To address this, we applied the methodology of Mullen et al. (2021), which converts ternary satellite classifications
(wet, dry, no data) into binary (wet/dry) images using a supervised random forest classifier trained on the historical flooding
frequency of each pixel (Figure S1 in Supplementary material). The resulting corrected lake surface area time series were used

to establish initial conditions for the lake model and to validate its output against satellite observations.
2.2.2 The rainfall-runoff model GR2M

Reconstructing the Afambo—Gemeri—Abhe lake system over the past 40 years requires continuous records of Awash River
discharge. However, in situ observations at Tendaho span only 1990-2004 and contain 14% missing data, primarily during
1994-1996 and 2003-2004. To overcome this, discharge was simulated using the GR2M rainfall-runoff model (Mouelhi et al.,
2006), a conceptual lumped two-parameter model driven by basin-averaged CHIRPS v2 precipitation and GLEAM potential
evapotranspiration. Its parsimonious structure enables robust calibration with limited data, making it well suited for long-term
water balance assessments, and has recently been applied in the region to investigate drought and flood variability in the Awash
Basin using sediment records from Lakes Gemeri and Afambo (Mologni et al., 2024).

The observed streamflow regime at Tendaho is bimodal, with a minor peak in April (short rains, locally known as "Belg")
and a major peak in August (main rains, locally known as Kiremt”; Taye et al. 2018; Fig. 2a). Since GR2M underestimated
high flows, simulated values at or above the 90th percentile were multiplied by a factor of two. After correction, the model
adequately reproduces the seasonal cycle, though it underestimates April flows and slightly overestimates variability during
August—September. Despite the short observational record, the influence of ENSO on interannual variability is evident (Fig.
2b), with flow reductions (increases) during El Nifio (La Nifia) years such as 1991, 1997, and 2002 (1998-1999), consistent with
previous studies (Degefu et al., 2017; Le et al., 2020). GR2M captures both the seasonal cycle and ENSO-driven interannual
variability, with simulated and observed time series significantly correlated (r = 0.72; KGE = 0.64). The model shows a
persistent positive bias of +11.59%, primarily reflecting an overestimation of wet-season flows during anomalously wet years,

likely an unintended consequence of the bias correction.
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2.2.3 Lakes water balance

An independent monthly water balance was established for each lake in the Afambo—-Gemeri—Abhe system, following an

approach previously applied to data-scarce endorheic lake systems in Africa (Bouchez et al., 2016):
Av;n = (PLake,m - ELake,m) Am + an,m - QOut,m - Gm (1)

where AV, is the change in lake volume during month m (m® month™1), P ake,m and Ef ke m are the monthly precip-
itation and evaporation rates over the lake surface (m month~1'), A,, is the lake surface area at month m (m?), Q1n,m and
Qout,m are the monthly surface inflows and outflows via the Awash River (m® month~1), respectively, and G, is the net
monthly groundwater outflow (m® month~1).

Surface water fluxes were computed by multiplying monthly CHIRPS v2 rainfall and GLEAM potential evaporation rates
— spatially averaged over static lake polygons from HydroLAKES — by the time-varying lake area A,,, at each monthly time
step. The static polygons are therefore used solely to derive spatially representative mean monthly rates (in mm month—!),
while the dynamic extent of the lake is fully accounted for through A,,,. Although using static rather than time-varying polygons
for spatial averaging is a simplification, its impact on the derived rates is negligible given the low rainfall and limited spatial
variability of the lower Awash Basin, as confirmed by a Monte Carlo sensitivity analysis (Figure S2 in Supplementary material).
On the other hand, GLEAM yields a long-term mean annual evaporation of 1691 mm for Lake Abhe, which is likely an
underestimate given the lower altitude and more arid conditions of the lower Awash Basin relative to other Awash lakes
(e.g., Lake Beseka: ~2485 mm year~!; Fig. 1a; Abebe et al., 2025). GLEAM potential evaporation was therefore scaled by
a correction factor of 1.5, selected through sensitivity analysis (Figure S3 in Supplementary material), yielding an adjusted
long-term mean annual evaporation of ~2537 mm year~! for Lake Abhe.

Lake inflows and outflows were derived from GR2M-simulated discharge at Tendaho, partitioned into two branches supply-
ing the Afambo—Gemeri and Abhe sub-systems. The partitioning coefficients — together with the irrigation abstraction fraction
— were estimated dynamically using overlapping 10-year moving windows over 1985-2024, allowing them to vary through
time in response to changes in irrigation infrastructure and hydrological regime. For each window, the optimal parameter set
was selected by minimizing the mean squared error between modeled and GSWD-derived lake surface areas. Further details
on model configuration and calibration are provided in Appendix A.

Groundwater fluxes were considered negligible and omitted from the water balance. In the middle and lower Awash Basin,
direct groundwater contributions to surface waters are largely absent, regional groundwater largely bypasses the river system,
and isolated thermal springs in the area are not hydraulically connected to the river (Ayenew et al., 2008; Kebede et al., 2021).

Hypsometric relationships linking lake volume, surface area, and water level were constructed from water depth measure-
ments at sediment coring sites in all three lakes within the NILAFAR project (Fig. 1a), complemented by SRTM-based slope
interpolation and satellite altimetry data for Lake Abhe (Figure S4 in Supplementary material). These relationships enable

conversion between simulated volume changes and surface area time series for comparison with satellite observations.
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2.3 Hydroclimatological diagnoses
2.3.1 Synchronicity index between precipitation and potential evaporation

Recent evidence suggests that the temporal synchronicity between precipitation and potential evaporation is more important
than potential evaporation alone in explaining interannual flow variability (Andréassian et al., 2025). Following Andréassian

et al. (2025), we characterize this synchronicity in the Awash Basin using:

12 .
- P, E _
An — Zmzl I'Illl'l( m,ns m,n) P (2)
VP, Ey,

where m and n denote the calendar month and year, respectively; P is the precipitation and E is the potential evaporation

(mmmonth~! or mm year—1). The index A,, (mm year—!) quantifies the fraction of annual rainfall temporally coinciding
with atmospheric evaporative demand, being higher when the seasonal maxima of P and E are in phase and lower when they

are offset.
2.3.2 The Atmospheric water balance

The atmospheric water balance was evaluated using the vertically integrated moisture budget equation:

8871/;/ = Ebasin — Poasin + C (3)

where T is the total column water vapor (kg m ™2 ), Ppasin is the basin precipitation, F,.gin is the basin evapotranspiration
(both in kgm~2s~! , and C is the vertically integrated horizontal moisture flux convergence (kg m~2s~!). Moisture flux con-
vergence and column-integrated moisture transport were computed from ERAS winds and specific humidity integrated between
1000 and 200 hPa using centered finite differences, following standard formulations (e.g. Wongchuig et al., 2025). Precipita-
tion (CHIRPS v2, CMORPH, TRMM 3B42) and evapotranspiration (WaterGAP3, PCR-GLOBWB, HTESSEL, LISFLOOD,
MODIS16A2) were drawn from multiple independent products to assess dataset-related uncertainties in the atmospheric water

budget.
2.3.3 Tracking the latitude of the regional Intertropical Convergence Zone (ITCZ)

The ITCZ position over the Horn of Africa was assessed using the precipitation-weighted mean latitude (precipitation centroid)
of Adam et al. (2016), computed from zonally averaged precipitation integrated meridionally from 20°S to 20°N and zonally
between 20°E and 40°E, with cosine area weighting.

3 Results and discussion

3.1 The Afambo-Gemeri-Abhe lacustric system over the last 40 years

As the terminal sink of the Awash Basin, variations in the Afambo—Gemeri—Abhe combined surface area reflect net water inputs

from the basin. The reconstructed lake surface dataset of Zhao et al. (2022) and the lake model provide continuous information
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over 1985-2025 using two complementary approaches, particularly valuable before 1998 when satellite observations over the
region were scarce.

240 The lake model reproduces the observed interannual variability of lake surface area with reasonable skill, yielding a Nash—Sutcliffe
efficiency of 0.637, a Pearson correlation of 0.85, and a Kling—Gupta efficiency of 0.81, with a small positive bias of +15.54
km? (+4.34% relative bias).

All datasets indicate that the lake system remained at relatively low levels during 1985-1995 (Fig. 3a), though with notable
differences in the estimated magnitude across products. Independent evidence from laminated sediments in Lakes Gemeri and

245 Afambo confirms dry conditions and high evaporation between 1991 and 1997 (Mologni et al., 2024). Despite these differences,
all datasets consistently show a marked increase in lake storage between 1996 and 2002, during which the lake system almost
doubled in size.

Between 2002 and 2011, lake levels exhibited marked interannual fluctuations, with peaks in 2002, 2008, and 2011 and
minima in 2006 and 2010, which are well represented in the lake model. The associated changes in lake surface area are

250 smaller than those observed between the 1980s and 1990s but occur over much shorter time scales (1-3 years). This shift
toward more rapid fluctuations is consistent with reported intensification of hydroclimatic variability in the region (Kobe,
2023; Teku and Eshetu, 2024; Viste et al., 2013).

Between 2012 and 2019, lake surface area declined, with Lake Abhe reaching levels comparable to those of the late 1980s
(Figure S5 in Supplementary material), consistent with severe droughts reported in northern Ethiopia during 2015-2017

255 (Mekonnen and Gokcekus, 2020; Philip et al., 2018). This declining trend was interrupted by two abrupt increases in lake
level in 2020 and 2024. The 2020 wet season was exceptionally strong, resulting from the alignment of the 2020-2021 La
Nifia and the negative phase of the Indian Ocean Dipole (Cullis and Bogale, 2024), and caused severe flooding across several
Ethiopian regions including Afar (Melkamu et al., 2022). Similarly, 2024 was among the wettest years on record globally, with
extremely high rainfall in East Africa between April and May (Green et al., 2025; Zhang et al., 2025), triggering severe flash

260 floods in the region (Mabumbo et al., 2024) consistent with the rapid lake expansion observed that year. The resulting expansion
of Lake Abhe since 2018 is consistent with previous findings based on Sentinel-2 imagery (Liao et al., 2025). However, the lake
model underestimates the magnitude of the rapid surface area increases recorded in 2020 and 2024. We attribute this bias to two
compounding structural limitations. First, the monthly time step of GR2M precludes explicit representation of short-duration
flash flood responses, which drove much of the observed lake expansion in both years. Second, GR2M tends to underestimate

265 streamflow during MAM, which is particularly relevant for 2024 given that the exceptional rainfall was concentrated in this
season, likely amplifying the model’s inability to capture the observed lake expansion that year.

Satellite observations reveal a trend toward increased hydrological variability and wetter conditions in the lake system.
Together, the lake extent contours for 1986, 2001, 2011, 2021, and 2024 illustrate the gradual expansion of the lake system

over the past four decades, with the most pronounced growth occurring after 2020 (Fig. 3b).
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3.2 Atmospheric water balance at basin scale

Atmospheric moisture fluxes integrated over the Awash Basin by hydrological year (October—September) link regional hydro-
logical changes to large-scale moisture transport. Lakes surface area variations closely follow interannual changes in basin
rainfall (Figs. 4a-b) and Awash River discharge (Fig. 4c). Anomalously wet years — notably 1999-2000, 2007, 2010, and
2020, all associated with La Nifia conditions — correspond to substantial increases in lake surface area. Notably, although
annual rainfall totals during 1985-1995 were not exceptionally low, lake surface area remained considerably smaller than in
subsequent years.

In contrast, atmospheric moisture convergence shows a weaker relationship with interannual variations in lake surface area
(Fig. 4d), though the magnitude of its variability has increased since around 2000, consistent with the larger interannual
fluctuations in the lake system.

Among the remaining water balance components, four of the five actual evapotranspiration datasets (MOD16A2 is excluded
owing to its shorter record) indicate that annual totals were considerably higher during 1985-1999 than after 2000 (Fig. 4e),
despite relatively modest rainfall in the earlier period. This apparent inconsistency with the concurrent increasing trends in
both temperature and potential evaporation (Fig. 4f; Gebrechorkos et al. 2019; Gummadi et al. 2018) is addressed by exam-
ining the rainfall-evapotranspiration synchronicity index of Andréassian et al. (2025), which quantifies the fraction of annual
rainfall temporally coinciding with peak atmospheric evaporative demand (Fig. 4g). Consistently across all datasets, the index
shows high and stable values during 1985-1999, indicating strong seasonal synchronisation between rainfall and potential
evaporation, before declining progressively after 2000, suggesting a weakening of this synchronisation.

Figure 5 presents the mean annual cycle of rainfall (CHIRPS v2) and potential evapotranspiration (GLEAM v4.2a) for the
periods 1981-1999 and 2000-2024. In both periods, rainfall follows a bimodal regime, with a minor rainy season in MAM and
a major one in JAS. Between the two periods, March rainfall decreased from 58 & 33 to 43 4- 29 mm month~!, while August
rainfall increased from 131 % 30 to 148 4= 24 mm month 1.

Changes in potential evapotranspiration seasonality are even more pronounced. During 1981-1999, peak potential evapo-
transpiration coincided with the JAS rainfall maximum; after 2000, it shifted to March (GLEAM v4.2a), when rainfall has
declined. Other databases (not shown) similarly show increased actual evapotranspiration predominantly in the first half of the
year.

Figures 5c and 5d illustrate the JAS rainfall redistribution spatially: significant negative rainfall trends during MAM are
concentrated in the central and lower basin, while significant positive trends during JAS occur mainly in the lower basin. These
findings are consistent with Getahun et al. (2021), who reported significant decreasing MAM and increasing JAS trends from
rain gauge stations, with a breakpoint around 1998. At the regional scale, the MAM decline has been linked to warming in
northwestern Eurasia altering large-scale circulation (Hagos et al., 2024), though the recent drying trend in the Horn of Africa
appears unusual in a multi-millennial context and may reflect anthropogenic forcing (Tierney et al., 2015).

Together, these results explain the evapotranspiration pattern described above. Before 2000, peak rainfall and peak potential

evapotranspiration coincided in JAS, facilitating high actual evapotranspiration despite moderate rainfall totals. After 2000, the
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increase in potential evapotranspiration over the first half of the year — when rainfall has declined — reduced the seasonal
overlap between water availability and evaporative demand, driving lower actual evapotranspiration and decreased synchronic-

ity index values.
3.3 Teleconnections, large-scale circulation and climate modes driving Awash Basin hydroclimatic variability

The previous sections analyse the hydroclimatic evolution of the Awash Basin from a local perspective. Given that JAS rain-
fall drives most of the basin’s surface water generation (Korecha and Barnston, 2007) and shows significant positive trends
over 1981-2024 (Sect. 3.2), this section examines the large-scale atmospheric drivers behind these changes. We first analyse
teleconnections between convection over the Awash Basin and large-scale tropical ascent and subsidence, with an emphasis
on the role of the main modes of climate variability — including ENSO, the PDO, and the SIOD — in driving the hydrocli-
matic changes observed over the past 40 years. We then examine the climatology of vertically integrated moisture flux and

convergence before investigating long-term trends in moisture transport and their implications for the basin’s hydrology.
3.3.1 Teleconnections associated with the Awash Basin convection

Convection over the Awash Basin is characterized using ERAS 500-hPa pressure vertical velocity, a widely used proxy for
large-scale convective activity closely linked to the Hadley and Walker circulations (Bony et al., 1997; Sharma et al., 2022;
Steiner et al., 2018). Monthly averaging reduces variability from local circulations and short-lived convective events (He et al.,
2022).

Figure 6a identifies regions dynamically connected to Awash Basin convection during JAS, where negative correlations
indicate that enhanced ascent elsewhere is associated with subsidence — and rainfall deficits — over the basin. The strongest
correlations occur over the tropical Pacific, reflecting the well-documented ENSO influence on Kiremt rainfall (Belay et al.,
2021; Nicholson, 2017; Tufa and Goshel, 2023), consistent with the results presented in Sect. 2.2.2 and Sect. 3.1. El Nifio
suppresses Ethiopian convection through two concurrent pathways: enhanced deep convection over the central Pacific weakens
the Tropical Easterly Jet (TEJ) and reduces upper-tropospheric divergence over the Horn of Africa (Diro et al., 2011; Gleixner
et al., 2017; Rowell, 2001), while the Indian Ocean SST response enhances convection over the Indian Ocean and induces
subsidence over parts of Africa (Janicot et al., 2001; Joly and Voldoire, 2009). Consistent with this, Fig. 6b shows significant
negative correlations between Lake Abhe surface area and Pacific SSTs during El Nifio and positive PDO phases (Liidecke
et al., 2021; Mulualem et al., 2024), as well as negative correlations with western subtropical Indian Ocean SSTs reflecting the
influence of the Mascarene High (Camberlin, 1995; Segele et al., 2009a; Terray et al., 2003).

Figure 6a further shows that Awash Basin ascent co-varies positively with Indian monsoon convection (Camberlin, 1997;
Vizy and Cook, 2003), convection over the Ethiopian Massif consistent with Atlantic-Congo westerly moisture transport
(Segele et al., 2009a; Williams et al., 2012), and ascent over the Arabian Peninsula linked to cyclonic anomalies (Nicholson,
2017; Segele and Lamb, 2005). Subsidence over the South Atlantic High further suggests a regional Walker circulation con-
necting Atlantic descent to East African ascent. These results provide the dynamical context for the moisture transport and

trend analyses presented in the following subsections.

11



340

345

350

355

360

365

https://doi.org/10.5194/egusphere-2026-3724
Preprint. Discussion started: 27 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

3.3.2 Interannual SST variability and its relationship with the evolution of the Abhe—Afambo-Gemeri lake system

Figure 7 shows detrended annual time series of Lake Abhe surface area alongside the PDO, ENSO (EI Nifio 4 region), and the
SIOD, the latter computed as the SST anomaly difference between the western (55°-58°E, 32°~15°S) and eastern (92°-110°E,
32°-15°S) subtropical Indian Ocean. In agreement with the results of Sect. 3.3, lake surface area correlates negatively with both
the El Nifio 4 and PDO indices, consistent with the PDO representing long-term ENSO-like Pacific SST variability (Mantua
and Hare, 2002), and negatively with the SIOD, suggesting that positive SIOD phases — characterized by anomalous western
subtropical Indian Ocean warming — reduce lake extent, possibly through weakening of the Mascarene High and reduced
cross-equatorial flow (Segele et al., 2009a, b).

These relationships are reflected in the historical record. Low lake levels during 1985-1995 coincided with predominantly
positive PDO and SIOD phases (Behera and Yamagata, 2001; Mantua and Hare, 2002). The post-1997/98 El Nifio shift toward
negative PDO and SIOD conditions (Lyon et al., 2014) coincided with lake expansion. The sharp lake contraction of 2011-2016
coincided with a PDO shift toward positive conditions around 2014 (Xiao and Ren, 2023), the 2014-2015 and exceptionally
strong 2015-2016 El Nifo events (Varotsos et al., 2016), and a generally positive SIOD (Yu et al., 2023). Finally, the sharp lake
expansions in 2020 and 2024 appear linked to the 2020-2022 La Nifia, a negative Indian Ocean Dipole (Cullis and Bogale,
2024), and potentially long-term anthropogenic warming (Green et al., 2025), which may amplify lake-filling precipitation
through enhanced thermal gradients associated with strong warming trends over the Arabian Peninsula and the Tibetan Plateau

(see Sect.X for a full discussion of these mechanisms).

3.3.3 Regional vertically integrated moisture flux (VIMF), vertically integrated moisture convergence (VIMC) and

convection index

Figures 8a—b show the climatological large-scale circulation during boreal summer, with the ITCZ evident as a zonal band of
strong moisture convergence and upward motion between 0° and 15°N. Over the Indian Ocean, vertically integrated moisture
transport exhibits marked meridional shear — easterly at southern latitudes and westerly north of the equator — consistent
with the Indian summer monsoon (Kushwaha et al., 2022). Along the eastern African coast, these easterlies turn northward,
forming the Somali Jet (Fig. 8a), which channels moisture toward western India where strong convergence and ascent are ob-
served (Findlater, 1969; Igbal et al., 2017). Regional topography contributes to accelerating this flow while inducing moisture
divergence and suppressed ascent over the eastern Horn of Africa (Chakraborty et al., 2009; Slingo et al., 2005). Over north-
eastern Africa, southward moisture transport sustains ITCZ rainfall as part of the regional Hadley circulation, with additional
moisture advection from the Mediterranean and Red Sea representing a major pathway for Ethiopian Highland precipitation
(Viste et al., 2013). Indeed, Kiremt rainfall over Ethiopia receives moisture from three primary sources: (i) the Indian Ocean
via the Somali Jet, (ii) the Atlantic Ocean and Congo Basin through the West African monsoon zonal circulation, and (iii)
the Mediterranean and Red Seas via the regional meridional overturning circulation (Camberlin, 1995; Viste et al., 2013). The
Ethiopian Highlands also play a key dynamical role in generating and maintaining the African Easterly Jet (AEJ; Fig. 8a)

through topographically enhanced meridional temperature gradients and latent heat release (Hamilton et al., 2020).
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Figures 8c—d highlight significant trends in large-scale atmospheric processes relevant to JAS rainfall over the Awash
Basin. Moisture transport associated with the Somali Jet strengthens over the western Arabian Sea (Fig. 8c), consistent with
significant positive trends in moisture convergence and convective activity over India (Figs. 8c—d). The regional Hadley
circulation shows a meridional redistribution of vertical motion, with significant negative ascent trends between 5°~15°N and
20°-40°E — the climatological ITCZ position — and positive trends farther north between 15°-20°N, suggesting a northward
ITCZ displacement (Fig. 8d). Similarly, the AEJ exhibits a dipole structure in moisture transport trends (Fig. 8c): weakening
easterlies south of 15°N and strengthening north of it, consistent with reduced ascent over the Sahel and increased ascent over
the Sahara, indicating a northward jet displacement (Fig. 8d). The following subsections examine how long-term trend affect

the Awash hydro-climatic system.
3.3.4 Trends in the regional Walker and Hadley cells

The teleconnections identified in Sect. 3.3.1 are associated with variations and trends in the Walker and Hadley circulations. The
zonal overturning circulation associated with the West African monsoon is examined through a longitude—height cross-section
of zonal wind, vertical velocity, and specific humidity (5°S—11°W to 17°N-39°E; red line in Fig. 9a). During boreal summer,
low-level westerlies transport moisture from the tropical Atlantic inland, penetrating northward during the early monsoon phase
and northeastward during the mature phase (Fig. 9b; LéI€é et al., 2015).

Figure 9c shows significant positive trends in low-level specific humidity over the Gulf of Guinea, consistent with ongoing
ocean warming and enhanced surface evaporation (Ibebuchi and Obarein, 2025; Wongchuig et al., 2025), alongside strength-
ening low-level westerlies below 700 hPa. Together, these changes suggest intensified moisture transport into the continent,
contributing to positive mid-tropospheric humidity trends east of 15°E. Consistent with Segele et al. (2009b), who linked Horn
of Africa rainfall to the Gulf of Guinea—Arabian Peninsula pressure gradient, increasing pressure over the South Atlantic and
decreasing pressure over the Arabian Peninsula (Fig. 10b) (the latter consistent with strong warming trends over the region;
Fig. 11) strengthen this zonal gradient, potentially enhancing low-level monsoon inflow and rainfall over the Ethiopian Plateau
(Fig. 12b), in line with the trans-basin teleconnection mechanism of Kamae et al. (2017).

Figure 9d shows the climatological meridional Hadley cell circulation, with low-level southerly moisture transport peaking
near 10°N and the ascending branch near 18°N. Trend analysis (Fig. 9e) reveals a south—north dipole in specific humidity,
with positive trends between 18°-28°N accompanied by northward-extending southerly winds and enhanced ascent near 20°N,
suggesting a northward shift of the ascending branch. This is corroborated by a gradual northward displacement of the ITCZ
within the study region (Fig. 9f), consistent with documented Sahel rainfall recovery since the late twentieth century (Ali and
Lebel, 2009; Nicholson, 2005; Odoulami and Akinsanola, 2018) following the severe drought of the 1960s—1980s (Biasutti,
2019). This recovery has been linked to greenhouse gas forcing (Biasutti, 2013; Gaetani et al., 2017), northward AEJ displace-
ment, Tropical Easterly Jet (TEJ) intensification (Nicholson, 2008; Nicholson and Grist, 2001), and the positive phase of the
Atlantic Multidecadal Variability since the mid-1990s, which enhances southwesterly flow and moisture convergence over the
Sahel (Mohino et al., 2011, 2024; Ting et al., 2011).
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3.4 Associated change in the major atmospheric jet affecting East Africa

This section examines the climatology and long-term trends of JAS atmospheric circulation and key dynamical variables
associated with the Somali Jet, the Tropical Easterly Jet (TEJ), and the African Easterly Jet (AEJ) at different tropospheric
levels (Fig. 10), with the aim of identifying the large-scale mechanisms driving the hydroclimatic changes observed over the

Awash Basin.
3.4.1 The Somali Jet

The Asian summer monsoon circulation is driven by an interhemispheric pressure gradient between the Mascarene High
(20°S, 60°E) and the low-pressure region over the Arabian Peninsula ( 20°N, 45°E), visible in Fig. 10a, which forces a
northward cross-equatorial flow over the western Arabian Sea (Krishnamurti and Wong, 1979). Interaction with East African
orography enhances kinetic energy and modifies the low-level wind structure (Masiwal et al., 2023), while increasing Coriolis
deflection transforms the meridional flow into the southwesterly Somali Jet near 10°N, 60°E (Findlater, 1969). This jet drives
low-level moisture transport, convective activity, and the onset of the Indian summer monsoon (Boos and Emanuel, 2009;
Halpern and Woiceshyn, 2001).

Figure 10b shows that geopotential height has increased over the Mascarene High (non-significantly) and decreased sig-
nificantly over the Arabian Peninsula — driven by strong near-surface warming (2 m temperature) over the region (Fig. 11)
— enhancing the interhemispheric pressure gradient. Consequently, cross-equatorial flow and the Somali Jet show significant
intensification trends.

Recent studies report contrasting trends in the Somali Jet, largely reflecting differences in definitions and metrics. Sharma
et al. (2025) and Jain et al. (2021) document a post-1998 weakening and northward shift during the early monsoon, reducing
moisture transport toward peninsular India and delaying monsoon onset, while a stronger jet in September sustains rainfall
and delays withdrawal. Other studies, however, report intensification (Shi et al., 2007, 2016, 2021; Shi and Xiao, 2013), with
discrepancies partly attributable to methodological differences in jet characterization.

Here we investigate how the jet influences moisture characteristics at a more local scale. Figure 12a shows climatologi-
cal JAS precipitation and regional low-level circulation. Rainfall distribution and low-level winds are strongly modulated by
topography. Low-level winds from the southern Indian Ocean accelerate through the Kenya—South Sudan topographic gap,
forming the Turkana Jet (Kinuthia and Asnani, 1982), before turning northwestward upon encountering the Somali Plateau
(~10°N, 43°E), enhancing orographic lifting and precipitation over the eastern part of the Awash catchment.

Figure 12b presents linear trends in JAS 850-hPa winds and accumulated rainfall. The southerly flow over the western Indian
Ocean and the Somali Jet show significant strengthening trends, consistent with the intensification of the interhemispheric pres-
sure gradient discussed above. Along the 43°E cross-section (Figs. 12c—d), strengthening southerly winds between 1000 and
800 hPa enhance moisture transport from the southern Indian Ocean (Fig. 12d), and their interaction with regional topography

increases orographic convection near 10°N, raising mid-tropospheric specific humidity (700-500 hPa) and precipitation over
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435 the Somali Plateau (Fig. 12e).These results suggest that the strengthening of the Somali Jet contributes directly to increased

precipitation over the elevated southeastern sector of the catchment.
3.4.2 The Tropical Easterly Jet (TEJ)

The Somali Jet plays a well-documented role in modulating the onset and intensity of the Indian summer monsoon, with
stronger (weaker) jet conditions associated with wetter (drier) monsoon years (Chen and van Loon, 1987; Halpern and Woiceshyn,
440 2001; Igbal et al., 2017). The strengthening trend identified above (Figs. 8c and 10b) is consistent with a significant positive
JAS convection trend over India (Fig. 8d). These findings align with Yadav (2025), who linked a west—east rainfall dipole over
India to equatorial Indian Ocean warming, which intensifies cross-equatorial flow and moisture convergence over the Arabian
Sea.
These findings should be interpreted in the context of pronounced multidecadal monsoon variability, with a declining trend
445 in mean Indian monsoon rainfall during 1950-2002 (Bollasina et al., 2011; Roxy and Chaithra, 2018) followed by a partial
recovery since the early 2000s (Bajrang et al., 2023; Jin and Wang, 2017), operating on characteristic timescales of 60-70
years (Sinha et al., 2015).
In the upper troposphere, the TEJ extends from Southeast Asia to West Africa during boreal summer, reaching maximum
wind speeds of ~35 ms~! (Fig. 10c), and is primarily driven by thermal gradients associated with Tibetan Plateau heating and
450 latent heat release over the northern Indian Ocean (Krishnamurti, 1971; Nicholson and Klotter, 2021). The TEJ significantly
influences Ethiopian rainfall through modulation of upper-level divergence and vertical motion (Diro et al., 2011; Kebede et al.,
2025; Segele et al., 2009b). Consistent with the Somali Jet strengthening and enhanced Indian monsoon convection, ERAS
trends show significant TEJ intensification over the equatorial Indian Ocean (Fig. 10d), likely also driven by enhanced upper-
tropospheric thermal gradients associated with Tibetan Plateau warming (+0.38 °C decade™'; Fig. 11). Such intensification
455 of the TEJ favors upper-level divergence and convective activity, thereby enhancing summer rainfall at the regional scale,

particularly over Sudan and Ethiopia (?).
3.4.3 The African Easterly Jet (AEJ)

The AEJ is a mid-tropospheric feature (700-600 hPa,; Fig. 10e) driven by the meridional temperature gradient between
the Saharan Heat Low and the cooler, moister Sahel, with additional modulation from the Ethiopian Highlands and Marrah
460 Mountains (Cook, 1999; Hamilton et al., 2020; Parker et al., 2005). Through its control on ITCZ position and the generation of
African Easterly Waves, the AEJ shapes the spatial distribution of rainfall and interannual variability across the Sahel (Crétat

et al., 2015; Thorncroft and Hoskins, 1994).
ERAS trends for 1979-2024 reveal latitudinally contrasting zonal wind changes within the AEJ region (Fig. 10f): weakening
easterlies between 5°—15°N and strengthening between 15°-25°N, indicating a northward displacement of the jet. This shift
465 is consistent with thermal wind balance: significant 700-hPa, warming, particularly over northeastern Africa (Fig. 10f), has
driven a northward migration of the Sahara—Sahel temperature maximum (Fig. 13a), tracked by a corresponding poleward

shift in the AEJ latitude index (Fig. 13b), which closely follows the Sahara—Sahel temperature gradient (Fig. 13b).
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Northward AEJ excursions are dynamically linked to an expansion of the ascending branch between the AEJ and TEJ,
enhancing low-level monsoon flow and moisture convergence over the Sahel (Nicholson and Grist, 2001; Jungandreas et al.,
2023). Consistent with this mechanism, CHIRPSv2 trends show significant JAS rainfall increases across the Sahel between
10°-20°N (Figs. 13c—d). This joint northward displacement of the AEJ and the regional overturning circulation, including
the ITCZ, may also have implications for rainfall patterns farther east, including the Awash Basin, where shifts in large-scale

convergence zones can modulate regional precipitation seasonality.

4 Conclusions

The Awash Basin is a socio-economic and hydrological cornerstone of Ethiopia, hosting the majority of the country’s industries,
its largest irrigated agriculture area, and critical hydropower and domestic water infrastructure. Yet it remains highly exposed
to climate variability and change, with recurrent droughts and floods posing persistent threats to water and food security.
The terminal Afambo—Gemeri—Abhe lake system, as a natural integrator of basin-scale hydrological variability, offers a rare
opportunity to reconstruct the cumulative response of the basin to climatic forcing across multiple timescales — particularly
valuable given the scarcity of long-term in situ observations in the region.

By coupling the GR2M hydrological model with a lake water-balance model, constrained by satellite and in situ observa-
tions, this study successfully reconstructs the hydrological history of the lake system over 1985-2024 and bridges the pre-1998
observational gap. This parsimonious framework demonstrates that meaningful hydroclimatic reconstruction is achievable in
data-scarce environments, and provides a transferable tool for investigating both past and future lake dynamics using climate
simulations from projects such as the Coupled Model Intercomparison Project Phase 6 (CMIP6) and the Paleoclimate Mod-
elling Intercomparison Project Phase 4 (PMIP4).

The reconstructed history reveals two superimposed signals. The first is pronounced interannual to interdecadal variability,
modulated by large-scale climate modes — El Nifio—Southern Oscillation, the Pacific Decadal Oscillation, and the Subtropical
Indian Ocean Dipole — with periods of lake expansion and contraction broadly consistent with the phases of these modes.
The second is a sustained multi-decadal expansion, from ~150 km? in the 1980s to ~300 km? in the early 2000s and ~450
km? by 2024, primarily driven by positive July-August-September (JAS) rainfall trends. A complementary finding concerns
the seasonal structure of water availability: during 1981-1999, the near-synchrony of peak rainfall and peak potential evapo-
transpiration in August limited effective water input to the lake, whereas after 2000 a shift in the potential evapotranspiration
seasonal maximum toward March — coinciding with increasing JAS rainfall — enhanced net water availability and likely
amplified the observed expansion.

These wetter JAS conditions are linked to a coherent set of large-scale atmospheric circulation changes. Warming over
the Arabian Peninsula strengthens the interhemispheric pressure gradient and intensifies the Somali Jet, enhancing moisture
transport toward Ethiopia — particularly over the southeastern Awash Basin — and promoting forced convection over the So-
mali Plateau. The intensified Somali Jet also increases moisture transport toward western India, strengthening Indian monsoon

convection and, in turn, reinforcing the Tropical Easterly Jet — further supported by warming over the Tibetan Plateau —
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which further promotes convection at a regional scale over northeastern Africa. An enhanced pressure gradient between the
Atlantic subtropical high and the Arabian Peninsula strengthens the Walker circulation, additionally contributing to increased
rainfall over the Ethiopian Highlands through greater Atlantic moisture transport — a process that primarily affects the western
Awash Basin. Finally, a northward shift in both the African Easterly Jet and the Intertropical Convergence Zone can modify
the seasonality of rainfall across the Awash Basin. These changes are summarized schematically in Figure 14.

Further research is needed to better quantify the relative contributions of these warming patterns to the observed hydro-
logical changes, and to assess the future trajectory of the Afambo—Gemeri—Abhe lake system under ongoing climate change.
Extending this hydrological reconstruction beyond the instrumental period would also be valuable, as placing current and
projected changes in the perspective of longer-term past variability is essential for distinguishing anthropogenic forced trends
from natural climate fluctuations. The modelling framework proposed here is well-suited to this purpose, as it can be driven
by paleoclimate simulations and evaluated against independent proxies such as lake sediment records — and, more broadly,
against archaeological evidence and historical population dynamics, which in this region are tightly coupled to lake-level and
water availability changes. Such multi-archive, multi-timescale approach would both strengthen the robustness of future projec-
tions and open new avenues for understanding human—climate—water interactions across the Awash Basin. These projections,
combined with improved seasonal forecasts, would directly support water resource management and infrastructure planning
— informing decisions on irrigation, hydropower, and flood and drought preparedness in one of Ethiopia’s most climatically

vulnerable and economically vital regions.
Code availability. The lake model codes are available at https://github.com/JuanPabloSierra/Afambo-Gemeri- Abhe_LakeSystem.git.

Data availability. The CHIRPS v2 dataset is available at https://www.chc.ucsb.edu/data/chirps (last accessed May 2026). The TRMM 3B42
v7 dataset is available at https://search.earthdata.nasa.gov/search?q=TRMM_3B42 (last accessed May 2026). The CMORPH v1.0 dataset is
available at https://www.ncei.noaa.gov/products/climate-data-records/precipitation-cmorph (last accessed May 2026). The EartH2Observe
reanalysis datasets are available at http://www.earth2observe.eu/?page_id=4542 (last accessed July 2025). The GLEAM v4.2a dataset is avail-
able at https://www.gleam.eu/ (last accessed May 2026). The MOD16A2 dataset is available via Google Earth Engine. The CRU TS v4.09 is
available at https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.09/observation.v4.09/ (last accessed May 2026). The ERAS dataset is available at
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels-monthly-means?tab=download (last accessed May 2026). The SRTM
dataset is available at https://portal.opentopography.org/raster?opentopolD=0OTSRTM.082015.4326.1 (last accessed May 2026). The GTOPO
dataset is available at https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation- gtopo30
(last accessed May 2026). The PDO index is available at https://www.ncei.noaa.gov/access/monitoring/pdo/ (last accessed February 2026).
El Nifio SST anomalies are available at NOAA/NCETI: https://www.cpc.ncep.noaa.gov/data/indices/sstoi.indices (last accessed April 2026).
The OISST v2.1 dataset is available at https://www.ncei.noaa.gov/products/optimum-interpolation-sst (last accessed May 2026). The GRDC
database is available at https://grdc.bafg.de/ (last accessed February 2026). The GSWD dataset is available at https://global-surface-water.
appspot.com/download (last accessed May 2026). The Landsat 8-9 imagery is available via Google Earth Engine. The HydroWeb dataset is
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available at https://hydroweb.next.theia-land.fr/ (last accessed February 2026). Lake surface areas of the Abhe—Afambo—Gemeri lake system
or individual lakes from the lake model will be made available upon acceptance at https://doi.org/10.5281/zenodo.20510341.

Appendix A: Lake model further details and parameter adjustments

The Awash Basin has been extensively modified by hydraulic infrastructure to support irrigated agriculture (Kidane et al.,
2014). Seven dams currently operate in the basin (Fig. la; Mulligan et al., 2021) and large-scale irrigation development has
expanded since the 1960s (Mersha et al., 2018). The Tendaho Dam (completed 2008) supplies water to extensive alluvial
plains between Tendaho and Lakes Gemeri and Afambo via irrigation canals with a design discharge capacity of up to 78
m? s~! (Bekele and Alamirew, 2021), equivalent to ~43% of mean August discharge at Tendaho over 1990-2004 (GRDC
observations).

To represent these human impacts in the lake water balance, simulated discharge at Tendaho (()y) was partitioned into
two branches—(); toward Lake Abhe and Q5 toward Lakes Gemeri, Afambo, and Bario—after applying a reduction factor p
accounting for irrigation abstractions (Fig. 1a). Downstream of Lake Bario, (5 merges with (21 to yield @y, the total inflow to

Lake Abhe. The flow partitioning is expressed as:

Q1 =Qo(1—p)X, (A1)
Q2 =Qo(1-p)Y, (A2)
Q3 = Q2+ SnL (P — Env), (A3)
Qa=Q3+Q1, (A4)
X+Y=1. (A5)

where Sy, is the surface area of Lakes Gemeri and Afambo, Pyp, and Eyp, are precipitation and evaporation over the
northern lakes, and X and Y are the fractions of post-abstraction discharge routed to each branch. The effective routing
parameters ¢ = X (1 —p) and b = Y (1 —p) represent the fractions of total discharge routed toward Lake Abhe and the Gemeri—
Afambo system, respectively, with p the fraction abstracted for irrigation.

Parameters a, b, and p were estimated dynamically using overlapping 10-year moving windows over 1985-2024. For each
window, a and b were varied between 0.1 and 0.5—consistent with the Tendaho irrigation infrastructure capacity of up to
~43% of rainy-season discharge (Bekele and Alamirew, 2021)—with the optimal parameter set selected by minimizing the
mean squared error between modeled and GSWD-derived lake surface areas (Fig. Ala).

The temporal evolution of a, b, and p (Fig. A1b) shows a marked increase in total flow reduction, from p ~ 0.28 during 1985—
1995 to p ~ 0.51 during 2011-2021, before declining to 0.39 in 2014-2024. This trend is consistent with the documented 15%
expansion of cultivated areas in the Awash Basin between 1988 and 2018, particularly downstream of the Tendaho Dam (Tadese

et al., 2019).
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Figure 1. (a) Location of the Awash River Basin, view of the Abhe—Afambo—Gemeri lake system and schematic representation of the
flow partitioning used in the lake model (satellite image from Sentinel-2). Topography derived from the Shuttle Radar Topography Mission
(SRTM; Farr et al., 2007) is shown as shaded relief (m, a.s.l.), and river and lake polygons are from the HydroRIVERS (Lehner and
Grill, 2021) and HydroLAKES (Messager et al., 2016) databases. (b—e) Climatology of precipitation and total potential evaporation as a
function of elevation for the period 1981-2024: (b) October—November, (c) December—February, (d) March-May, and (e) June—September.
Shading indicates 1 standard deviation. Precipitation and potential evaporation data are derived from CHIRPSv2 (Funk et al., 2015) and
GLEAMvV4.2a (Miralles et al., 2025), respectively.
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Figure 2. (a) Mean annual cycle of observed and simulated discharge at the Tendaho station for the period 1990-2004, based on simulations
with the GR2M model. Shaded areas indicate the variability of monthly accumulated discharge (£1 standard deviation; m® month™!). (b)
Time series of observed and simulated monthly discharge at Tendaho (m® month~'). Moderate and strong El Nifio (red) and La Nifia (blue)
years are indicated based on the Oceanic Nifio Index (ONI) from the National Centers for Environmental Prediction—National Oceanic and

Atmospheric Administration (NCEP-NOAA; available at https://psl.noaa.gov/data/timeseries/month/, last access 29 April 2026).
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Figure 3. (a) Combined surface area of the Afambo—Gemeri—Abhe lake system derived from the corrected Global Surface Water Dataset
(GSWD), extended to 2025 using Landsat 8-9 imagery, the reconstruction of Zhao et al. (2022), and GR2M-lake model simulations. Vertical
lines indicate the selected years for which lake extent isolines are shown in panel (b). (b) Spatial extent of the Afambo-Gemeri—Abhe lake
system for selected years (1986, 2001, 2011, 2021, and 2024), represented as isolines delineating the area inundated during at least 90% of
each year, derived from corrected GSWD imagery. The progression of isolines illustrates the gradual expansion of the lake system over the

past four decades.
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Figure 4. (a)Time series of the total surface area (km?) of Lakes Abhe, Afambo, and Gemeri, observed from GSWD and Landsat 8-9 data
and simulated using the lake model. (b) Time series of the total annual rainfall from the CHIRPSv2, CMORPH, and TRMM3B42 products
(m3 year—1). (c) Time series of the annual cumulative discharge at Tendaho, observed (GRDC) and simulated (GR2M) (m3 year™1). (d)
Time series of the vertically integrated moisture convergence derived from ERAS (m3 year ™). (e) Time series of the actual evapotran-
spiration from GLEAM v4.2a, WaterGAP3, HTESSEL, LISFLOOD, PCR-GLOBWB and MOD16A2 (rn3 yearfl); (f) Time series of the
potential evapotranspiration from GLEAM v4.2a, WaterGAP3, PCR-GLOBWB, and CRU v4.09 (m? year™ '), and basin-averaged mean
annual surface temperature from CRU TS v4.09 (°C); (g) Time series of the rainfall-potential evaporation synchronicity index proposed
by Andréassian et al. (2025) (mm year ). Volumes corresponding to rainfall, atmospheric moisture convergence, actual evaporation, and
potential evaporation were spatially aggregated over the entire Awash Basin and integrated over hydrological years extending from October

to September.
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Figure 5. Annual cycle of rainfall (CHIRPSv2) and potential evaporation (GLEAM v4.2a) (mm month ™) for the periods (a) 1981-1999 and

(b) 2000-2024. Shaded areas represent interannual variability (-1 standard deviation). Panels (c) and (d) show spatial trends in accumulated

rainfall over the Awash Basin during March—April-May (MAM) and July—August—September (JAS) over 1981-2024, respectively, based on

CHIRPSV2 and expressed as Kendall’s 7 coefficients. Black dots indicate grid cells with statistically significant trends at the 95% confidence

level (p < 0.05) using a Mann—Kendall test.
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(a) Correlation (Awash JAS vertical wind vs JAS vertical wind)
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Figure 6. (a) Correlation between JAS anomalies of ERAS pressure vertical velocity at 500 hPa (ws00) averaged over the Awash Basin and
JAS wso0 anomalies over the tropics (30°S-30°N). (b) Correlation between JAS anomalies in Lake Abhe surface area (Zhao et al., 2022)
and annual mean sea surface temperature anomalies from OISSTv2.1. Linear trends were removed at each grid cell prior to the correlation

analysis. Grid cells with correlations significant at the 95% confidence level are hatched.
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Figure 7. Time series of detrended annual lake surface area of Lake Abhe, simulated by the lake model, and (a) the Pacific Decadal Oscillation

(PDO) index, (b) El Nifio 4 SST anomalies, both from the NOAA National Centers for Environmental Information (https://www.ncei.noaa.

gov/access/monitoring/pdo/; last access 12 February 2026), and (c) the Subtropical Indian Ocean Dipole (SIOD) index, computed as the

difference between detrended monthly SST anomalies averaged over the western (55°—58°E, 32°~15°S) and eastern (92°~110°E, 32°~15°S)
subtropical Indian Ocean (NOAA OI SST v2.1). For PDO and SIOD (EI Nifio 4) indices, July (February) values are shown, corresponding

to the month of highest correlation with lake surface area. Pearson correlation coefficients are indicated in each panel.
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(c) Trend of VIMT u - v and VIMC (JAS)
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Figure 8. Climatological fields of (a) vertically integrated moisture transport (vectors, kg m~*s™!) and vertically integrated moisture con-
vergence (shading, kg m~2s71), and (b) vertical velocity at 500 hPa ( Pa s™1). Linear trends estimated using Sen’s slope for (c) vertically
integrated moisture transport (vectors, kgm~*s™'year™') and vertically integrated moisture convergence (shading, kg m 23~ tyear 1),
and (d) vertical velocity at 500 hPa (Pas™'year™'. Fields are derived from ERAS5 for the period 1979-2024 during JAS. Only statistically
significant trends at the 95% confidence level are shown in (c). Grid points with significant trends (95% confidence level) in vertical velocity
are indicated by gray dots in (d) using a Mann—Kendall test. Blue, red, green, and pink boxes indicate regions associated with the African

Easterly Jet (AEJ), the northern branch of the Hadley circulation, the Somali Jet, and convection over India, respectively.
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Figure 9. (a) Reference map showing the transect used to examine the zonal overturning (Walker-type) circulation (red line) and the domain
used to analyze the regional meridional (Hadley-type) circulation (blue box). (b) Climatology and (c) linear trends of zonal and vertical
wind components and specific humidity along the transect. (d) Climatology and (e) linear trends of meridional and vertical wind components
and specific humidity, zonally averaged within the boxed region. (f) Time series of the ITCZ latitude within the blue domain, following
the methodology of Adam et al. (2016). Wind trends significant at the 95% confidence level are shown in green. For specific humidity,
statistically significant trends (95%) are displayed with full-color shading, whereas non-significant trends are shown with reduced opacity
using a Mann—Kendall test. Red and black lines in (b) and (c) indicate topography along the transect. Wind and humidity fields are derived

from ERAS (1979-2024), and rainfall used to determine the ITCZ latitude is from CHIRPSv2 (1981-2024). All climatologies and trends
correspond to the JAS season.
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(a) ERAS JAS climatology of geopotential height (925 hPa) and horizontal wind (850 hPa)
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Figure 10. JAS climatology and linear trends (1979-2024) of atmospheric circulation associated with the Somali Jet, Tropical Easterly Jet
(TEJ), and African Easterly Jet (AEJ) from the ERAS reanalysis. Panels (a—b) depict the Somali Jet, showing (a) climatological geopotential
height at 925 hPa (shading; m) and horizontal winds at 850 hPa (vectors; m s™1), and (b) their corresponding linear trends (m year ! and
ms~ ! year !, respectively). For geopotential height trends, statistically significant values at the 95% confidence level are shown with full-
color shading, whereas non-significant values are displayed with reduced opacity. Panels (c—d) depict the TEJ, showing (c) climatological
wind speed (shading; m s~1) and horizontal wind vectors at 200 hPa, and (d) their linear trends (m s~ ! year1!). Panels (e—f) depict the
AE]J, showing (e) climatological air temperature (shading) and horizontal wind vectors at 700 hPa, and (f) their linear trends. For the AEJ,
only trends significant at the 95% confidence level according to the Mann—Kendall test are displayed. The magenta boxes indicate the regions

used to characterize each atmospheric jet.
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Figure 11. (a) Spatial distribution of JAS (July—August—September) linear temperature trends at 2 m above the surface berween 20°E-110°E,

40°S—50°N for the period 1979-2025, derived from ERA5 reanalysis. Trends are expressed as Sen’s slopes (°C year~!). Only grid cells with

statistically significant trends (Mann—Kendall test, p < 0.05) are shown. The blue and green lines delineate the boundaries of the Tibetan

Plateau and Saudi Arabia, respectively, used as a reference regions to characterize the warming signal over both regions. (b) Annual JAS-

mean 2 m temperature averaged over Tibetan Plateau and Saudi Arabia for the period 1979-2025, derived from ERAS reanalysis. The trend

line and corresponding Sen’s slope (°C year™') are shown.
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Figure 12. (a) Climatological JAS accumulated rainfall (shading; mm) and horizontal winds at 850 hPa (vectors; m s~ 1) over northeast
Africa. (b) Linear trends in accumulated rainfall (shading; mm year ") and horizontal winds at 850 hPa (vectors; ms™* year™'). The
Awash Basin is outlined in panels (a)—(b), and the magenta line indicates the location of the cross-section shown in panels (c)—(d). Only grid
cells with statistically significant trends at the 95% confidence level are shown in panel (b), based on a Mann—Kendall test. (c) Climatological
meridional—vertical circulation (vectors; m s~ 1) and specific humidity (shading; g kg ~') along a 43°E transect between 5°N and 10°N during
JAS. (d) Linear trends in meridional—vertical circulation (vectors; ms~ ! year 1) and specific humidity (shading; g kg~ year™1) along the
same cross-section. Red and black lines in (c) and (d) indicate local topography. Green vectors in (d) highlight statistically significant trends
at the 95% confidence level. For specific humidity, significant trends are shown with full-color shading, while non-significant values are
displayed with reduced opacity. (e) Topography (black line), climatological rainfall (blue line), and linear rainfall trends (red line) along the
transect; crosses indicate locations where rainfall trends are significant at the 95% confidence level (Mann—Kendall test). Rainfall data are

from CHIRPS v2 (1981-2024), and all other variables are from ERAS (1979-2024).
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Figure 13. (a) Latitude of maximum air temperature at 700 hPa for each longitude within the region 10°-38°E and 4°-30°N for each year
during 1979-2024. (b) Time series of the latitudinal position of the AEJ core (defined as the latitude of maximum easterly zonal wind at 700
hPa within 5°S-30°N and 10°W-30°E; black line) and the meridional temperature gradient at 700 hPa between the Sahara (15°-20°N,
10°W=30°E) and the Sahel (5°-~10°N, 10°W-30°E) (red line). (c) Climatology and (d) linear trends of accumulated JAS precipitation from
CHIRPSvV2 for the period 1981-2024. Trends significant at the 95% confidence level are indicated by black dots using a Mann—Kendall test.
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Figure 14. Schematic representation of trends in large-scale atmospheric processes associated with rainfall variability in the Awash Basin

during the July—August—September (JAS) wet season. The letters H and L indicate positive and negative trends in lower-tropospheric pressure,

respectively. T+ denotes tropospheric warming. Blue arrows indicate low-level atmospheric circulation. Red and black arrows show changes

in the African Easterly Jet (AEJ) and the Tropical Easterly Jet, respectively. Gray arrows and gray cloud indicate the northward displacement

of the AEJ and the Intertropical Convergence Zone (ITCZ), respectively.
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Figure Al. (a) Example of the estimation of lake model parameters a and b using the complete period 1985-2024. (b) Time series of the

lake model parameters a, b, and p. Parameter values are plotted at the midpoint of each 10-year moving window; for example, parameters
estimated for the 1985-1995 window are plotted at 1990.

44



