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Abstract

The Horn of Africa drylands (HAD) are among the most vulnerable regions to hydroclimatic extremes. The two rainfall seasons
— long and short rains — exhibit high intraseasonal and interannual variability. Accurately simulating the long and short rains
has proven to be a significant challenge for the current generation of weather forecast and climate models, revealing key gaps
in our understanding of the drivers of rainfall in the region. In contrast to existing climate modelling and observation-based
studies, here we analyze the HAD rainfall from an observationally-constrained Lagrangian perspective. We quantify and map
the major oceanic and terrestrial sources of moisture driving the variability in the long and short rains. Specifically, our results
show that the Arabian Sea (through its influence on the northeast monsoon circulation) and the southern Indian Ocean (via the
Somali low level jet) contribute “80% of the HAD rainfall. We see that moisture contributions from land sources are very low
at the beginning of each season, but supply up to "20% from the second month onwards, i.e., when the oceanic-origin rainfall
has already increased water availability over land. Further, our findings suggest that the interannual variability in the long and
short rains is driven by changes in circulation patterns and regional thermodynamic processes rather than changes in ocean
evaporation. Our results can be used to better evaluate, and potentially improve, numerical weather prediction and climate

models, which has important implications for (sub-)seasonal forecasts and long-term projections of the HAD rainfall.
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ABSTRACT: The Horn of Africa drylands (HAD) are among the most vulnerable regions to
hydroclimatic extremes. The two rainfall seasons — long and short rains — exhibit high in-
traseasonal and interannual variability. Accurately simulating the long and short rains has proven
to be a significant challenge for the current generation of weather forecast and climate models,
revealing key gaps in our understanding of the drivers of rainfall in the region. In contrast to
existing climate modelling and observation-based studies, here we analyze the HAD rainfall from
an observationally-constrained Lagrangian perspective. We quantify and map the major oceanic
and terrestrial sources of moisture driving the variability in the long and short rains. Specifically,
our results show that the Arabian Sea (through its influence on the northeast monsoon circulation)
and the southern Indian Ocean (via the Somali low level jet) contribute ~80% of the HAD rainfall.
We see that moisture contributions from land sources are very low at the beginning of each season,
but supply up to ~20% from the second month onwards, i.e., when the oceanic-origin rainfall has
already increased water availability over land. Further, our findings suggest that the interannual
variability in the long and short rains is driven by changes in circulation patterns and regional ther-
modynamic processes rather than changes in ocean evaporation. Our results can be used to better
evaluate, and potentially improve, numerical weather prediction and climate models, which has

important implications for (sub)seasonal forecasts and long-term projections of the HAD rainfall.
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1. Introduction

Rainfall in the Horn of Africa drylands (HAD) — the semi-arid and arid parts of Somalia,
Ethiopia, and Kenya (Figure 1a) — is crucial for sustaining the region’s predominantly rainfed
agriculture and pasture-dependent livelihoods. This reliance of livelihoods on rainfall renders
the region highly vulnerable to hydroclimatic extremes (particularly droughts), which frequently
cascade into high levels of food insecurity and humanitarian crises, especially when compounded
with social conflict and high vulnerability. The vulnerability of the HAD region has recently been
evidenced by the severe impacts caused by the successive failure of the two main rainfall seasons —
long (March—May, MAM) and short (October—December, OND) rains — since 2020 (FEWSNET
2022). Likewise, an anomalously strong Indian Ocean Dipole (IOD) (Saji et al. 1999), resulting
in enhanced moisture transport from the Indian Ocean, has also caused major floods during the
short rains in recent years, such as the unprecedented flooding in 2019 (Nicholson et al. 2022).
Furthermore, shifts in the frequency and intensity of climate extremes due to climate change are
expected to exacerbate flooding, food insecurity (Brown and Funk 2008), and human conflicts
(Hsiang et al. 2013; Maystadt and Ecker 2014). Projections of drought, on the other hand, remain
highly uncertain in the region, with strong divergence among models (Haile et al. 2020). In
this regard, it is imperative that our current understanding of the drivers and predictability of
rainfall in the HAD region is improved, which can bring novel insights and opportunities for model
benchmarking. Then, if accurate and timely rainfall forecasts were available, that would help
enhance preparedness and design adequate adaptation and mitigation measures.

While the interannual variability of the short rains is strongly associated with coupled ocean—
atmosphere oscillations — specifically the El Nifio Southern Oscillation (ENSO) and the 10D
(Behera et al. 2005; Manatsa and Behera 2013; Nicholson 2015; MacLeod et al. 2021) — the
drivers of the long rains are more complex and have been the subject of much debate. In the
past four decades, the long rain season in the HAD region has exhibited a consistent drying trend,
contrary to projections from global climate models, a phenomenon termed as the East African
Climate Paradox (Rowell et al. 2015; Tierney et al. 2015; Wainwright et al. 2019). Both ocean—
atmospheric teleconnections and local phenomena have been posited as plausible causes for this
observed drying trend. For example, the suppression of convection over Eastern Africa is strongly

linked to the warming of the tropical western Pacific Ocean and the Indian Ocean (Williams and
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Funk 2011). Additionally, zonal gradients in sea surface temperatures between Indonesia and
the Central Pacific have been postulated as a significant driver (Liebmann et al. 2014). Funk
et al. (2018) also highlighted the association of a fast-warming region in the west Pacific Ocean,
termed as Western V, with the frequency of droughts during the long rain season, and its recent
long-term drying. Meanwhile, an evaluation of instrumental and reanalysis datasets by Vellinga
and Milton (2018) suggested that the most significant factors influencing long rains variability are:
the Madden-Julian Oscillation (MJO), sea surface temperatures in the north-west Indian Ocean,
and the Quasi-Biennial Oscillation. Combined, these three factors can explain up to 25% of the
interannual variance in precipitation. Likewise, around 18% of the decadal drying trend in the long
rains has been attributed to the variability of the MJO (Walker et al. 2020). The importance of the
north-west Indian Ocean is supported by climate model experiments (MacLeod 2019), which point
to near-surface processes in the north-west Indian Ocean as a key control on long rains, particularly
though changes in air humidity. MacLeod (2019) also demonstrated that the south-west Indian
Ocean emerges as a dominant control on May rainfall, highlighting the influential role of Somali
jet variability. This strong intraseasonal variability was also highlighted by Dyer and Washington
(2021) who diagnosed heterogeneous processes occurring throughout the season after dividing the
three months into four discrete periods.

To date, most studies on the long and short rain seasons in the HAD region have focused on
identifying relevant ocean—atmospheric teleconnections. However, very few studies have analyzed
the origins of HAD rainfall in terms of moisture sources and their variability (Nieto et al. 2014).
Insight into moisture sources can be provided with Lagrangian atmospheric transport models,
which are widely used to identify the local and external sources of moisture contributing to rainfall
over specific regions (Stohl et al. 2005; Sodemann et al. 2008; Keune et al. 2022). These models
have highlighted, for instance, the critical importance of land evaporation in sustaining rainfall
over different river basins around the world (Drumond et al. 2008; Sori et al. 2018; Fremme and
Sodemann 2019; Keune and Miralles 2019). Other studies have quantified the primary sources of
extreme rainfall over distinct hydroclimatic regions such as Nepal (Bohlinger et al. 2017) and the
Mediterranean (Insua-Costa et al. 2022). Lagrangian models have also been useful in understanding
not only the role of moisture transport in exacerbating droughts (Herrera-Estrada et al. 2019; Garcfia-

Herrera et al. 2019; Holgate et al. 2020), but also their downwind impacts, which enhances spatial
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drought propagation (Schumacher et al. 2022), heatwave aggravation (Schumacher et al. 2019),
and a cascading of ecological impacts (Zemp et al. 2017). Several studies have traced the origin
of rainfall occurring over various regions in sub-Saharan Africa. For example, local evaporation
was found to be an essential source of moisture for rainfall over the western Sahel (Nieto et al.
2006). Local moisture recycling has also been shown to sustain the Congo rainforest (Dyer et al.
2017), potentially leading to its expansion in the future (Staal et al. 2020). Salih et al. (2015) used
Lagrangian models to identify Central Africa and the Arabian Peninsula as the regions with the
largest contribution to the Sahelian-Sudan summer rainfall. Lagrangian models have also proved
useful to unravel pathways by which moisture is transported to the West African Monsoon system
(Niang et al. 2020). Despite the existence of these studies for other sub-Saharan regions, little is
documented about the moisture source regions of rainfall over HAD, and the relative importance
of land and oceanic moisture contributions to the trends in the long and short rains in the region.
In this study, we aim to close this research gap through the application of a Lagrangian atmo-
spheric transport model to identify the source regions which contribute moisture during the two
HAD rainfall seasons. Specifically, we seek to quantify the relative importance of oceanic and ter-
restrial sources of moisture for the long and short rains during normal and extreme seasons. Then,
for each rainfall season, we illustrate the differences in the source regions between anomalously
wet and dry years, and study the possible upwind causes explaining the changes in the moisture
supply for rainfall. This study represents a step towards improving our understanding of the drivers
of the recent and future interannual changes in the long and short rains using Lagrangian analysis.
Furthermore, accurately delineating the source regions of moisture can aid in more efficient selec-
tion of rainfall predictors for seasonal forecasting, and thus may potentially enable more accurate

forecasts in the region (Deman et al. 2022).

2. Methods and Data

a. Quantification of Rainfall Moisture Sources

Lagrangian identification and quantification of the source region of rainfall over a specific ’sink’
region (HAD in this case) consists of two main phases. In the first phase, the output of a Lagrangian
atmospheric transport model is used to track air parcels over the HAD backward in time, i.e., from

the sink to the source regions. In the next phase, the Lagrangian trajectories are evaluated by
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using different meteorological criteria to track the changes in moisture of the air parcels as they
travel from the source regions to the sink region. In this section, we first describe the Lagrangian
atmospheric transport model used in the study and then detail the moisture tracking framework

used to evaluate the air parcels.

1) LAGRANGIAN MODEL SIMULATIONS

The Lagrangian transport model used in this study is the Flexible Particle Dispersion model
(FLEXPART) version 9.01 (Stohl et al. 2005) driven with reanalysis data (Dee et al. 2011). The
model simulations are carried out at a global scale using approximately two million air parcels
which are uniformly distributed throughout the globe and are tracked both in space and time. The
following variables are used to force FLEXPART: temperature, specific humidity, horizontal and
vertical wind, cloud cover, precipitation, 2-m air temperature, dew-point temperature, sensible and
latent heat fluxes, and North/South and West/East surface stress. FLEXPART tracks the location
(latitude, longitude, and height) of each of the two million parcels and simulates their dynamic
and thermodynamic properties (temperature, density, specific humidity). Using ERA-Interim data
as forcing (see below), these outputs are available at 3-hourly timesteps, but we only use 6-hourly

reanaylses for the evaluation.

2) IDENTIFICATION AND QUANTIFICATION OF RAINFALL MOISTURE SOURCES

Outputs from FLEXPART are used to construct and evaluate the trajectories of air parcels, i.e., all
air parcels residing over the HAD region are tracked backward in time and parsed for precipitation
in the sink (HAD) region to identify moisture sources in previous time steps and locations. In doing
so, all the locations in which the air parcel gains or loses moisture are traced. In this study, the
analysis of air parcel trajectories from the FLEXPART simulations are carried out using a recently
developed moisture tracking framework (Keune et al. 2022). Within the framework, the trajectories
are evaluated using a three-step process consisting of diagnosis, attribution, and bias-correction,
as described below.

In the diagnosis step, a dataset of process (rainfall and evaporation) detection is generated by
evaluating all global two-step trajectories. Thus, for every air parcel and every time step in the
global FLEXPART simulations, precipitation (P) and evaporation (E£) are detected from changes

in specific humidity based on the following mass balance:
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e—p=mxAq (1)

where, e and p (both in kg) represent net gains and losses in specific humidity for each parcel
from evaporation and precipitation, respectively. m is the mass of the parcel (kg). Aq is the change
in specific humidity (kg.kg™') of the parcel between two consecutive time steps along a parcel’s
trajectory. A parcel is assumed to contribute to a rainfall event if it undergoes a net loss of specific
humidity between consecutive time steps (Ag < 0) and the mean relative humidity (RH) is higher
than 80% (Sodemann et al. 2008), following the convection parameterization by Emanuel (1991).
Then, rainfall over a specific area (A) can be estimated by integrating over individual contributions

of all the air parcels n as

1 < .
p:ZZAqi(Aqi<Okg.kg ,RH; > 80%) (2

Similarly, E is identified if the air parcel experiences a net gain of specific humidity between
two consecutive time steps (Ag > 0) and the parcel resides within the atmospheric boundary layer

(ABL). Integrating contributions from every air parcel, E over an area (A) is estimated as:

1 n -1 max
E= D808 > Okg ke <) ©

where, z; is the height of the parcel (m) and A'%; is the maximum height of the ABL between
the two time steps considered. Finally, the accuracy and reliability of the P and E detection is
evaluated using multiple criteria (details in Keune et al. (2022)).

In the attribution step, the detection criteria (RH; > 80% and A')7} ) detailed above are used to
evaluate the air parcels that reside over the HAD region (Figure 1). Specifically, every parcel
within the HAD region which satisfies the P detection criteria, indicating rainfall, is tracked back
in time for a maximum of 15 days, which includes the long tail of the distribution of the residence
time of atmospheric water vapor (Sodemann 2020). All moisture gains and losses experienced by
the parcel along its trajectory are identified. Then, a quantitative attribution of evaporation in the
source region to rainfall in the sink region (HAD in this case) is carried out. This is a non-trivial

task as the moisture uptake experienced by the air parcel can be lost as rain en route to the sink
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region, and rain events have to be discounted using objective criteria. Here, we adopt the method of
linear discounting proposed by Sodemann et al. (2008) which assumes that the air is well-mixed at
all times. Therefore, it is assumed that the moisture lost at a particular time step (¢ =) in the parcel
trajectory has originated from moisture taken up in previous time steps (¢ < i), and the contribution
of moisture uptake to the rainfall at time step ¢ =i is proportional to the magnitude of moisture
uptakes in the previous time steps. Using this method, the fractional contribution of each source
region to the sink region rainfall is calculated by discounting all en route losses. This procedure
allows us to establish a mass-conserving source—sink relationship that describes the contribution
of surface evaporation in the source region to precipitation in the sink.

Finally, biases arising from uncertainties in P and E detection criteria are corrected using
the accuracy information estimated in the diagnosis step with observations of evaporation and
precipitation in the source and sink regions, respectively. First, evaporation from the source region
is bias-corrected using the unconditional E flux calculated using all the air parcels over the source
region (from the diagnosis step) and satellite-based E. Then, the sink region rainfall over HAD is
bias-corrected using observational estimates and the contributions from the different source regions

are proportionally scaled. The bias-corrections are carried out on a daily timescale.

b. Reanalysis and Satellite-based Datasets

Various hydroclimatic variables from both reanalysis and satellite-based datasets are used to
drive the FLEXPART Lagrangian model and bias-correct its outputs. The model is forced with
ERA-Interim global reanalyses (Dee et al. 2011) at 1° spatial resolution. Variables at single and
multiple model levels (60-levels) extending from the surface towards the top of the atmosphere
are used. The data spans the entire globe, and is available at 1.0° spatial resolution. Here, the
six-hourly reanalysis product and the respective three-hourly reforecasts are used for a time period
of 37 years (1980-2016). The choice of ERA-Interim is motivated by the requirement of multiple
consistent meteorological variables, as described above. For the bias-correction of precipitation,
we use the Multi-Source Weighted Ensemble Precipitation, version 2 (MSWEP v2.8) dataset (Beck
etal. 2019). The MSWEP dataset, spanning a time period of 1979—present, is generated by merging
the Integrated Multi-Satellite Retrievals for the Global Precipitation Measurement (IMERG) data
(Huffman et al. 2015) and the ERAS reanalysis product (Hersbach et al. 2020) using in situ
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observations, and it is available at a spatial resolution of 0.1° and a 3-hourly timestep. MSWEP
v2.8 was selected as it shows considerable skill over East Africa (e.g. Sahlu et al. (2017))To
bias-correct evaporation, terrestrial evaporation from the Global Land Evaporation Amsterdam
Model (GLEAM) version 3.5a is used (Miralles et al. 2011; Martens et al. 2017). This dataset
is available at 0.25° at daily temporal resolution, spanning the years of 1980-2020. For ocean
evaporation, we use the Objectively Analysed Air-Sea Fluxes (OAFlux) dataset (Yu and Weller
2007). The spatial and temporal resolution of OAFlux is 1° and daily, respectively, and is available
for the years 1958-2019.

c. Change Point Detection

We employ the Pettitt test (Pettitt 1979) to analyze whether the rainfall regime during the long
and short rains has undergone an abrupt change over the study period (1980-2016) in the HAD
region. The Pettitt test is a non-parametric approach to detect significant changes in the statistical
behavior of a time series. The time step at which the behavior significantly changes is identified as
the change point. Formally, one may consider a time series of random variables Y;=1, Y2, ...Y;=1;
according to the Pettitt test, the time series is said to have a change point at time ¢ = 7 if Y;=;...Yi=¢
have a common distribution function F;| and Y;—;...Y;—r have a different distribution function F5.
The Pettitt test does not make a priori assumptions about the functional forms of F; and F,. For a
detailed mathematical description of the Pettitt test, we refer the readers to Rybski and Neumann
(2011). In this study, the pyhomogeneity Python package was used to implement the test. The

exceptional ENSO year 1997 has been removed from the change point analysis of the short rains.

3. Results

a. Climatology of Rainfall

Over the study region, the long rain season accounts for ~50% of the annual rainfall while the
short rains account for ~38% (Figure 1b). The HAD region has witnessed considerable interannual
variability in both seasons, as observed in the 37 years of the MSWEP v2.8 data (Figure 1c and
d). A change point detection analysis reveals the existence of distinct change points for the long
rains in 1998, and for the short rains in 2001. The anomalously dry long rains post-1998 reported

by other studies are distinctly visible in the study region, while some recovery is seen in the later
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years, although subjected to high interannual variability. These are results are in agreement with
recent studies which identified distinct wet (1980-1997), dry (1999-2011), and recovery (from
2012 onwards) periods (Wainwright et al. 2019; Walker et al. 2020). The mean reduction in the
long rains after the change point is ~45 mm, i.e., a decrease of ~26% compared to the mean rainfall
over 1980-1997). In contrast to the long rains, the short rains become more abundant after the 2001
change point, albeit to a smaller extent. The mean increase in rainfall between the dry (1980-2000)
and wet (2002-2016) periods is ~36 mm, i.e., an increase of ~40% compared to the mean over the
previous years. From 1998-2012, all the months during the long rains are dry, except for April
in 2002 and 2006. Similarly, the anomalies in short rains are driven by uniform increases and
decreases in rainfall during all its constituent months, with few exceptions. We clearly see the
impact of the unprecedented El Nifio event in 1997 (McPhaden 1999) on all the three months of
the short rains, and to a lesser extent in 2006 and 2015 (which have been documented as years of

high groundwater recharge (Adloff et al. 2022)), and during the exceptional drought of 2010.

b. Climatology of Source Regions

The climatological moisture source regions for the long and short rains are presented in Figure 2.
To better understand the role of circulation patterns in influencing rainfall over the region, long-term
mean integrated water vapour transport (IVT) maps for the two seasons are plotted (Figure 2) using
ERA-Interim data. During the long rains, the role of the Indian Ocean as the predominant moisture
source to the HAD region is evident (Figure 2a). The source region consists of two distinct lobes in
the Indian Ocean, one in the Northern Hemisphere (hereafter referred to as ’N/0O’) and one in the
Southern Hemisphere (hereafter referred to as >S7/0’). While the N10O lobe stretches to the Arabian
Sea on the western coast of the Indian peninsula, the S/O lobe encompasses a much larger area.
The NIO and SI0 lobes converge close to the HAD region. Although the source region spans a
large area, half the rainfall during the long rains is estimated to originate from oceanic regions in
close proximity to the HAD (red contour in Figure 2a). From the mean IVT map for the long rains
(Figure 2c¢), it is evident that the S1O region, the largest source moisture for HAD rainfall, is part
of a large band of moisture which stretches across the tropics. We see that much of the moisture
is transported to the southern parts of the HAD. The air above the N/O is relatively dry, which

coincides with the existence of a persistent anticyclonic circulation pattern in the Arabian Sea 2c).

10
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Additionally, we track the spatial dynamics of the long rains source regions and the corresponding
wind patterns for the months of March, April, and May (Figure 3a, b, and c). We see that the
moisture for the long rains is initially sourced from evaporation in the N/O in March. From the
wind circulation patterns, it is clear that the lack of moisture contribution from the S/O coincides
with the lack of winds from the region. As the long rain season progresses, the regions of the most
intense moisture contributions gradually shift to the S/O during April and May (Figure 3b and
¢). As the contribution of March rainfall to the total rainfall is the lowest among the three months
(Figure 1b), moisture from the S70 forms the major source during the long rains (Figure 2a). This
agrees with the IVT results presented in Figure 2c¢ and shows the importance of both moisture
availability and circulation in affecting the moisture contribution to rainfall during the long rain
season.

The source region of rainfall during the short rains has a spatial pattern similar to that of the
long rains, with two distinct lobes in the Northern and Southern Hemispheres (Figure 2b), and
a relatively small proximate region contributing 50% of the rainfall (red contour in Figure 2b).
Although the total rainfall during the short rains is less than during the long rains, the extent of the
source region is larger, with the N1O lobe reaching as far as the Indian subcontinent. The change
in the wind circulation patterns between the long and short rains is evident (Figure 2d), with the
consequence being higher moisture transport from the N1O region. Temporally, the progression
of the source regions through the months of October, November, and December is similar to that of
the long rains, with the main difference being that the rains are initiated by moisture transport from
the S70 lobe rather than the N/O region (compare Figure 3d with Figure 3a). In the subsequent
months (November and December), the regions contributing the largest amount of evaporation are
in the Northern Hemisphere (Figure 3e and f). Unlike the long rains, the N/O and S10 are equally
important as source regions for rainfall. Finally, as for the long rains, higher moisture contributions
from the N1O and S10 are generally associated with favourable circulation conditions and stronger
winds.

To quantify the relative importance of different regions for rainfall over the HAD, we differentiate
between three distinct source regions: a) local land, i.e. any land areas within the HAD region,
b) ocean, and c) external land, i.e. any land areas outside the HAD region. The contribution

from local land evaporation to HAD precipitation is defined the local recycling. Table 1 shows

11
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the percentage of total rainfall that originates from each of the three regions. The dominant role
of the ocean as a source of moisture for rainfall during the long and short rains is reflected in the
relative contributions, in which evaporation from the oceans contributes more than 75% of the
total moisture. In terms of local land contributions, local recycling of moisture plays a greater role
during the short rains compared to the long rains. Decomposing the relative contributions into the
constituent months, we see that the land contributions (both external and local recycling) are the
lowest during the first month of both seasons (March for the long rains and October for the short
rains). The land contributions peak during the second month of both seasons, with as much as 28%
of the short rains coming from land evaporation (local recycling plus external land contributions)

in November (see Table 1).

TaBLE 1. Percentage contribution and associated standard deviation of different source regions to rainfall over

the HAD region calculated for the time period 1980-2016.

Source Long Rains  Short Rains March April May October November  December

Local Recycling 109 £3.1 13.8 £4.3 7.1+54 150+49 107+30 119+39 173+£52 122+63

Ocean 78.6 £5.0 76.7+5.3 845+82 734+73 779+59 80.7+54 720+6.1 77.6+75

External Land 10.5 £2.3 76+13 84+42 11.6+29 114+38 74+19 107+15 102+22

c. Trends and Multi-annual Variability in Sources

While the previous section focused on quantifying the climatological mean source regions of
both the long and short rains, here we quantify the temporal changes in the moisture contributions
of the three source regions (defined above) to the total rainfall during both seasons. This is
especially important given the large year-to-year variability in rainfall that impacts the HAD
region (Adloff et al. 2022). Further, we identify the regions from which moisture contribution is
enhanced/inhibited during anomalously wet and dry years. From Figure 4a, we see that the moisture
contributions from all the three source regions are closely correlated with total rainfall: both land
and ocean contributions concurrently increase or decrease with total rainfall. A few exceptions
exist (years 1983, 1998, 2002, 2003, and 2005), wherein land contributions were anomalously

negative while ocean contributions were positive (note that anomalies are not shown in the figure).
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To quantify this apparent association among the three sources, we estimate the pairwise correlation
among them. We see that the two land sources (local and external land) have the highest correlation
(0.94), followed by ocean contributions and local recycling (0.84), and, finally, ocean contributions
and external land (0.79). Further, we estimate the difference in relative moisture contributions from
the three sources before and after the change point in 1998. The absolute moisture contribution
from the oceans, the largest (Table 1), has witnessed a reduction of ~25% (-33.8 mm) compared
to the pre-change point period; while the relative importance of oceanic moisture remains similar.
Simultaneously, locally recycled moisture has decreased by ~33% (-6.8 mm) and from 12 to 10%
after 1998. Finally, the moisture contributions from external land surfaces experienced a change
of ~-23% (-4.3 mm).

Similar to the long rains, we see that the moisture contributions from each of the source regions
during the short rains are strongly correlated with each other (Figure 4b). We do not see any
year in which land sources have alleviated moisture deficits from the ocean, i.e., anomalously
enhanced or inhibited moisture contribution from the ocean is also associated with enhanced or
inhibited moisture contribution from the land (Figure 4b). Next, we analyze the changing moisture
contribution from the different sources before and after the change point in 2001. While the
absolute ocean contribution has seen an increase of ~31% (21.6 mm) along with an increase of the
total rainfall after the break point, the relative importance of ocean evaporation for rainfall during
the short rains has been decreasing (from 78 to 75%). Meanwhile, the land contributions have
witnessed a remarkable change with the locally recycled moisture and external land contributions
increasing by ~80% (9.7 mm) and ~59% (4.9 mm), and in relative terms from representing 13 to

15% and 9 to 10% of the total rainfall, respectively.

d. Source Regions During Dry and Wet Years

To better understand the variability of the source regions during extreme rainfall, we first average
the source regions of the five wettest (1981, 1985, 1987, 1988, 1990) and driest (1999, 2004, 2008,
2009, 2011) years of the long rains (Figure 5a and b). The spatial extent of moisture-contributing
regions is similar between wet and dry years, with the main difference being the absolute magnitude
of the moisture contribution from the source regions. To better understand the magnitude by which

moisture contribution to rainfall is enhanced or inhibited in the source regions, we calculate the
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anomalies of source region contributions for the wet and dry years (Figure 5c and d). The higher
rainfall during the wet years can be attributed to enhanced moisture contributions from relatively
small areas in close proximity to the HAD region. In fact, the contribution from a substantial part
of the S10 is anomalously low. In contrast, the reduced rainfall in dry years is a result of severely
inhibited moisture contribution from most of the source region, with only a small area in the S10
exhibiting near-zero or positive anomalies. Interestingly, the difference in wind speed between wet
and dry years is negligible.

We perform a similar analysis for the short rains by averaging the source regions of five
wettest (1982, 2004, 2006, 2011, and 2015) and driest (1983, 1991, 1998, 2005, and 2010)
years (Figure 6a and b), respectively, and estimate their anomalies (Figure 6d and e). The
wet years are typically associated with positive ENSO and IOD; the seasonal mean of the
multivariate ENSO index ((https://www.psl.noaa.gov/enso/mei/) and the Dipole Mode Index
(https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/) over the 5 years were +1.1 and +0.35 respec-
tively. The dry-year seasonal mean of the multivariate ENSO index and the Dipole Mode Index
were -0.64 and -0.18 respectively. Unlike the long rains, we see a tangible increase in the area of
the source regions contributing moisture during the wet years compared to the dry years (compare
Figure 6a and b), with even land areas in the Indian subcontinent contributing meaningfully to
rainfall. In addition, moisture contributions from most of the source regions are anomalously pos-
itive (Figure 6d), in contrast to the long rains in which enhanced moisture contributions were only
seen from regions proximate to the HAD (Figure 5c). Similarly, the anomalies for the dry years
indicate that moisture contribution is inhibited from the entire source region. As the short rains
are closely associated with ENSO and IOD (MacLeod et al. 2021), the expansion and contraction
of the source regions is likely related to the strength of these oscillations.

An extreme case of the ENSO and IOD influence is seen in 1997 McPhaden (1999). The
multivariate ENSO index was at an unprecedented value of +2.0 and the Dipole Mode index was
recorded at a historically high value of +1.2. We see that the record high rainfall of approximately
300 mm averaged over the HAD region originated from a much larger source region than normal
(Figure 6¢), with an expansion of both N/O and SO lobes. Additionally, anomalies of ocean
moisture contribution were exceedingly positive over the entire source region, with magnitudes

doubling that of even the other wet years (compare Figure 6d and f). Similar to the long rains,
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we observe no significant changes in either the average wind direction or associated circulation
patterns across the wet, dry, or ENSO-dominated years. However, we do notice stronger westerlies
across the equatorial Indian Ocean. On the contrary, wind speeds are marginally higher during the

dry years, despite the lower moisture contributions.

4. Discussion

a. Indian Ocean as the Dominant Source of Moisture for HAD Rainfall

The results of this study re-emphasize the dominant role of the Indian Ocean as a moisture
source for the long and short rains in the HAD region (Williams and Funk 2011; Funk et al. 2016;
Wainwright et al. 2019; Walker et al. 2020). In fact, on a global average, oceanic moisture sources
are likely becoming more important for continental rainfall as a result of climate change (Findell
et al. 2019; Gimeno et al. 2020). Therefore, a key step in improving the current understanding
of the intraseasonal and interannual variability of the two rain seasons in HAD is to accurately
characterize the variability in moisture source regions within the Indian Ocean. In this regard,
our results agree with previous global-scale studies; based on ERA-Interim reanalysis as well,
van der Ent and Savenije (2013) and Nieto et al. (2014) delineated source regions of continental
precipitation that agree with the N/O and S10 lobes in Figure 2. These two regions are among the
fifteen major oceanic sources of terrestrial rainfall identified by van der Ent and Savenije (2013),
and similar sources were also portrayed by Gimeno et al. (2010). Further, the evolution of the
predominant source regions — from (a) N1O to the SIO through the months of March, April, May
during the long rains and (b) from SIO to the NIO over the course of the three months (OND)
during the short rains — seen in Figure 3 — matches the findings of van der Ent and Savenije (2013)
and MacLeod (2019). The NIO region (2) is consistent with the circulation patterns associated
with the north-east monsoon during which moisture-laden winds blow from the Western Ghats
mountain range in India towards Somalia (November, December, and March in Figure 3) (Funk
et al. 2016). On the other hand, the S/0 moisture source region encompasses regions influenced
by the Somali low-level jet, a well known conveyor of moisture to East Africa during the months
of April, May, and October (Figure 3) (Munday et al. 2021).

Figures 5 and 6 show that variability in rainfall over the HAD region is strongly driven by the

near-uniform inhibition/enhancement of moisture contribution from all oceanic source regions.
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However, delineating source regions and their moisture contributions alone is insufficient to fully
understand the primary reasons for changes in moisture contributions. To address this, we compare
the precipitation over the HAD region with the total evaporation (as opposed to moisture contribu-
tions to rainfall) from the source regions for the long and short rains (Figure 7). From Figure 7, it
is clear that long rain precipitation and evaporation in the source region are, in fact, anti-correlated
(correlation coefficient of -0.52). Similarly, the short rains exhibit negative correlation with source
region evaporation, albeit with a lower correlation coefficient of -0.15. This indicates that changes
in the long and short rains are not primarily controlled by changes in ocean evaporation in source
regions. From this we infer that rainfall changes must be driven instead by atmospheric circulation

and dynamic and thermodynamic processes determining atmospheric stability in the sink region.

b. The Importance of Terrestrial Evaporation for HAD Rainfall

While the contribution of terrestrial moisture sources to rainfall in the HAD region is low, it is
nevertheless still substantial, with 20-25% of the rainfall originating over land. In an arid region
like the HAD, land contributions can be the difference between a drought and an average rainfall
season (Miralles et al. 2016). However, this does not imply that the land contributions can alleviate
the reduced moisture contribution from oceans during the dry years. As evident from our results,
ocean and land contributions are closely correlated with each other. During the long rains, the
contribution from land generally increases if contributions from the ocean to rainfall over HAD
increase too (the correlation between ocean contributions and locally recycled moisture is 0.84;
external land and ocean contributions exhibit a correlation of 0.79). This may partly be due to
the fact that the dry season water availability over land in the HAD is very low (Figure 1b) and
thus most of the water available for evaporation, and the subsequent recycling, is dependent on the
quantity of rainfall during the first month of the long rain season. This hypothesis is supported
by increased local contributions during the second month of the rain season. Similarly, during
the short rains, the correlations between ocean contribution and locally recycled and external land
contributions are 0.93 and 0.98 respectively. There exists a strong association of the short rains with
large scale ocean—atmosphere oscillations such as ENSO and 10D, during which land evaporation

is dependent on the quantity of rainfall in the first month of the short rains (October).
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We contextualize the importance of land contributions in the HAD region by comparing them
with different regions across Africa. In contrast to the dominant role of the Indian Ocean reported
above, the Sahel region in Sudan derives the majority of its moisture (~60%) from terrestrial
sources (Salih et al. 2015). Similarly, land-derived moisture contributions account for ~60% and
~44%% of the rainfall over the Congo rainforest (Tuinenburg et al. 2020) and West Africa (Gong
and Eltahir 1996) respectively. Continental scale studies have shown that ~50% of the rainfall
over Africa is derived from terrestrial sources (van der Ent et al. 2010; Te Wierik et al. 2022).
However, there exist some spatial variability; for example, in the Limpopo river basin in southern
Africa (Rapolaki et al. 2020) which is closer to the oceans compared to the Sahel, the moisture
sources are predominantly oceanic. However, proximity to the oceans does not necessarily imply
greater moisture contribution from them (for example the Yangtze River valley in Asia (Fremme
and Sodemann 2019)). The local recycling results reported in this study (Table 1) are in line with a
global analysis of water-limited regions which showed that local recycling can contribute 3%—-35%

of the rainfall in dry regions (Miralles et al. 2016).

5. Conclusion

The delineation of the source regions of rainfall for the HAD, and the quantification of the
relative contributions of ocean and land, are key steps in deriving new insights into the drivers
of the HAD rainfall at multiple timescales. In this regard, this study mapped the main sources
of moisture associated with the north-east monsoon and the Somali low level jet, the two main
atmospheric circulation patterns which transport moisture to the HAD region. Our results reveal
that while land contributions are becoming increasingly important for the short rains in the recent
years, the importance of ocean contributions is increasing for the long rains. At seasonal and
subseasonal scales, the source regions derived with the Lagrangian analysis have the potential to
improve the predictability of the long and short rains through both better selection of predictors
(Deman et al. 2022) and improving the understanding of their drivers. Therefore, our results can
be used to augment drought and flood early warning systems, which are important tools in the
region to prepare appropriate mitigation measures (Funk et al. 2019). The relatively small but
substantial moisture contribution from land during the two rain seasons highlights the importance

of vegetation transpiration, interception loss, and soil evaporation as sources of rainfall. At
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interannual timescales, the Lagrangian perspective provided in this study can help disentangle the
complex drivers of the two rain seasons, especially the more elusive drivers of the long rains. In
this regard, our results highlight the complex combination of drivers (changes in source region
evaporation, regional circulation patterns, and local atmospheric stability) that potentially drive
the variability in long rains. Specifically, we find that during the long rains evaporation from the
source region is anti-correlated with rainfall in the HAD. Unravelling the mechanisms behind this
strong anti-correlation can provide insights into drying of the long rains and thus the East African
paradox. At decadal time scales, the source regions enable novel ways of evaluating the current
generation of climate models, which still exhibit a high degree of uncertainty and disagreement in

simulating rainfall over the region.
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Fic. 2. a and b. Source regions of rainfall during long (a) and short rains (b), averaged over the time period
1980-2016. The source region represents the smallest region contributing 95% of the climatological mean
rainfall during the long and short rains. The red outline corresponds to the smallest source region contributing
50% of the rainfall for each season. ¢ and d. Long-term mean in integrated water vapour transport (IVT) during

the long (c) and short (d) rains. The arrows represent the corresponding prevailing wind directions.

Fic. 3. Source regions of rainfall for a. March, b. April, ¢. May, d. October, e. November, f. December,

calculated over the time period 1980-2016. The arrows represent wind magnitude and direction at 850 hPa.

FiG. 4. Time series of moisture contributions to rainfall from local recycling, external land, and ocean sources
during the long (a) and short (b) rains respectively. The horizontal bars at the top of the plots represent the

relative percentage contribution from different sources before and after the change point.

Fic. 5. a and b. Source regions of rainfall over the Horn of Africa drylands during the long rains, averaged
over anomalously wet and dry years, respectively. The arrows represent wind speed and direction at 850 hPa. ¢

and d. Anomalies of source region contributions to rainfall for the cases shown in a and b, respectively.

Fic. 6. a, b, and ¢. Source regions of evaporation contributing to rainfall over the Horn of Africa drylands
during the short rains, averaged over anomalously wet, dry years and the exceptional El Nifio and IOD year of
1997, respectively. Arrows represent wind speed and direction at 850 hPa. d, e and f. Anomalies of evaporation

from the source region for the cases shown in a, b, and c.

Fic. 7. Time series of normalized anomalies of total evaporation from the source region (E (Source)) compared
to precipitation in the HAD region (P (sink)) for the long (a) and short (b) rains. E (source) is estimated by
weighing evaporation from each grid cell in the source region by their relative contribution to rainfall in the HAD

region.
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Figure 4.
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Figure 5.
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Figure 6.



YV VRN
"w\*”'/'/"

¢ A//I-;//-/-

!
\\4-‘-/ WA b e -k )

pmn S

4 };&/A’X/‘( ,| A
= },,;r////f Vs //»/./« h .
h'

Lp A s // » /~/ o N
)

- w W
I
TN - - - - )

- - ~ \‘\\‘\‘-‘ S
» - ——

——BR *««hw\\\*rhﬂ

SN et dh T
“\\\\ o S x‘,/ //th\"
‘\\\-‘v

Y o - 4—4—4—<—<—<—<~\\\\\\*“‘

AVYELLy

, - . %
v o /}}Af<<<< '4144444,«
1,

5o e s oo
N [ A I I 1 Mﬂ//// 7
AW A A A n \\\‘P»—’

20 40 60 80
E contributing to P (mm)

0O 10 20
E contributing to P (mm)

30 40 50 60 70

,,1.,‘(/4/4/)//// e %ri_////xA,, s :
‘ M(/A////// ;./\~ ’//17////’4—\4‘;( # < % WA
L] z«?f/‘a//"'//,” a7 s s oane A

= 7! ,}t,;,//l,«x//;/ P
h)

[/’ //\; /‘/k/s// - -
[\

FoY U A maparsa W

//VVYer}G..“‘
4

>v%4‘

¥ ’ X 4 Ny ’“)‘Y-ﬂ\ A e e s
- 772 22N _;y; , 'r’ SN S s
L N
- i P I,~ ~oa s PS > 4 !
\ '{”' A T . B EEEE St s cs aanny 1
NS R I“""'{*~I_\'§\<—V S Y A
Q
' ‘N\ X » EERY 1‘--,;._‘: i‘«,‘-‘ . 4—«\\\\\\\\\\\\\\4\““
\ Do v
‘\‘\‘\‘\s\\\ 59 r, » <—\<‘\‘»-v/ e (NS b )
\\\‘\\\\ e 43_,;‘,' e~ T S RN
\Q\* * - A‘/)(«p P —tr «%M \‘\‘\\\W
ANSEY \// . (.

bl - = \ :\‘\l‘:‘)‘) P

////

NS\ R STan B A
‘\:;\:\(\\\‘P" ~ S e Y " v /.
Y. & S N S i

//H

>~ 1
~—\.——________\‘__ 1 _________/‘_‘———
L r-—-
\\ \\ 1 ,’
1 4
S 2 ! & P
~ \\ / d
6.0 m/s Sve-moo M [ o_sets
’

10 20 30 40

——— ] ——

1
1
1
1
1
1
\
\
\

J
1
1
1
)
e
i
7 \

\

e

]
\
N
Y

Tl
V

-

NS

.
-60 =50 —-40 -30 =20 =10 O
E contributing to P (mm)

b ipt
b t
r\l‘\

Ly ;w///,v . //»/ oy »"v'
‘ " { ~ A)\ .
oK [,( //V;/‘/’ /1~\\

/’V'v-r‘f',_“
| 2 A T N N N TNl s,—%‘A

> » A 71

1
\\\\\\\»\»»“»»r""‘

— = N NN SRS SO
e ‘/ < S ~ el
\\\\\\\ ~hea I)//"\ v A g B N N W\‘q\\\y\\‘;w

E ;—;:/‘X«L— ———). 4 “““%\\w
\’ //‘,:_.(“ ~ -\ Y b b ‘\'\‘7’\\\\),
} \\;rl"‘ % SS ; s } praREE 8 S X\\‘f
INSNNNRG g K {o L fadiie

iy ;-,,ﬂ//////

//H

S o A A A 2 4 AN NN AR

1

50 100 150
E contributing to P (mm)

{

g

S

O 20 40 60 80 100 120 140
E contributing to P (mm)



Figure 7.
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