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ABSTRACT: One of the primary sources of predictability for seasonal hydroclimate forecasts are
sea surface temperatures (SSTs) in the tropical Pacific, including the El Niño Southern Oscillation.
Multi-year La Niña events in particular may be both predictable at long lead times and favor drought
in the bimodal rainfall regions of East Africa. However, SST patterns in the tropical Pacific and
adjacent ocean basins often differ substantially between first- and second-year La Niñas, which can
change how these events affect regional climate. Here, we demonstrate that multi-year La Niña
events favor drought in the Horn of Africa in three consecutive seasons (OND-MAM-OND). But
they do not tend to increase the probability of a fourth season of drought owing to the sea surface
temperatures and associated atmospheric teleconnections in the MAM long rains season following
second-year La Niña events. First-year La Niñas tend to have both greater subsidence over the Horn
of Africa, associated with warmer waters in the West Pacific that enhance the Walker Circulation,
and greater cross-continental moisture transport, associated with a warm Tropical Atlantic, as
compared to second-year La Niñas. Both the increased subsidence and enhanced cross-continental
moisture transport favors drought in the Horn of Africa. Our results provide physical understanding
of the sources and limitations of predictability for using multi-year La Niña forecasts to predict
drought in the Horn of Africa.
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1. Introduction

Drought has been a frequent trigger of acute food insecurity in the Horn of Africa (38E to 53E,
5S to 8N) over the last decade (Anderson et al. 2021; Funk et al. 2018; Maxwell and Hailey 2020;
Maxwell andMajid 2016; Shukla et al. 2021). As of February, 2022, portions of the Horn of Africa
are experiencing a multi-season drought in which rainfall has been below normal during the short
rains (Oct-Dec) of 2020, the long rains (Mar-May) of 2021, and again in the short rains of 2021,
which is contributing to the ongoing food security crisis in the region (FEWSNET 2021). In this
context, there is considerable interest in the potential to understand and predict such multi-year
drought events at lead times beyond the seasonal timescale, which would allow governments and
humanitarian aid agencies to better prepare for the acute food insecurity caused by consecutive
seasonal droughts.
One of the primary sources of predictability for seasonal hydroclimate forecasts are sea surface

temperatures (SSTs) in the tropical Pacific, including the El Niño Southern Oscillation (ENSO)
(Lenssen et al. 2020; Shukla et al. 2019; Funk et al. 2018). Operational seasonal forecasting
systems, such as the North American Multi-Model Ensemble (NMME), demonstrate skill in
predicting Niño3.4 anomalies at leads up to 8-12 months in advance (Barnston et al. 2019, 2012).
And while NMME forecasts are not available for leads longer than 12 months, machine learning-
basedmulti-year forecasts of Niño3.4 anomalies demonstrate skill up to 16months in advance (Ham
et al. 2019). Such forecasts of tropical Pacific SSTs are relevant for forecasting drought in East
Africa during both the Oct-Dec and Mar-May season. Indeed, operational NMME precipitation
forecasts are more skillful during strong ENSO years in East Africa (Shukla et al. 2019).
La Niña events in particular may be predictable multiple years in advance provided the correct

initial conditions (Wu et al. 2021; DiNezio et al. 2017a,b; Luo et al. 2017). It has long been
recognized that both El Nño and La Niña exhibit a life cycles with predictable periods of growth
and decay that are phase locked to the seasonal cycle (Zebiak and Cane 1987; Rasmusson and
Carpenter 1982). Recently, it has been identified that La Niñas are more likely to persist for two
years as compared to El Niños (Okumura and Deser 2010). This multi-year persistence of La Niña
is particularly pronounced immediately following strong El Niños, when subsurface oceanic heat
content is discharged off the equator, the thermocline in the tropical Pacific is strongly shoaled in
the east Pacific, and the warming of the Atlantic and Indian Oceans acts to enhance the easterly
winds in the central Pacific (DiNezio and Deser 2014; Wu et al. 2019). The cycle of strong El
Niños being followed by multi-year La Niñas represents a signal that may be predictable up to
two years in advance (Wu et al. 2021; DiNezio et al. 2017a,b; Luo et al. 2017), although to date
operational forecasts are not regularly issued at these lead times.
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Multi-year La Niñas are not only potentially predictable, but they are also detrimental to agricul-
ture in the bimodal rainfall regions of East Africa, where La Niñas strongly favor drought during the
short rainy season (Oct-Dec) and may also favor drought during the long rainy season (Mar-May).
The negative phase of the Indian Ocean Dipole and La Niña, which often occur together, favor
drought during the short rains by strengthening the Indian Ocean branch of the Walker Circulation
(Liebmann et al. 2014; Liu et al. 2020; Blau and Ha 2020; Goddard and Graham 1999; Tierney
et al. 2013; Dutra et al. 2013). Rainfall is suppressed under these conditions because convection
and atmospheric ascent over the West Pacific is enhanced while over the Western Indian Ocean
and the Horn of Africa atmospheric descent intensifies and suppresses convection. During the
Mar-May long rains, the connection between rainfall in the Horn of Africa and SSTs is more com-
plex. Historically, ENSO has had no significant teleconnection to the long rains (Nicholson 2017),
although recent research has demonstrated that a warm West Pacific and cold east/central Pacific
can force drought in the Horn of Africa by strengthening the Walker Circulation (Funk et al. 2019,
2018; Ummenhofer et al. 2018; Williams and Funk 2011; Hoell and Funk 2013, 2014; Liebmann
et al. 2017; Lyon and DeWitt 2012; Funk and Hoell 2015) and modifying moisture fluxes into the
region (Hoell and Funk 2013). The combination of La Niñas with warm West Pacific sea surface
temperatures and the negative phase of the Indian Ocean Dipole, therefore, has the potential to
force consecutive years of drought (Hoell and Funk 2014) similar to the present multi-year drought
in the region. In 2015/16, for example, a strong El Niño followed by consecutive La Niñas led to
substantial food insecurity in Eastern and Southern Africa Funk et al. (2018)
However, SST patterns in the tropical Pacific and adjacent ocean basins often differ substantially

between first- and second-year La Niñas, which can change how these events affect regional
climate. First-year La Niñas develop following El Niños while second-year La Niñas persist from
the previous La Niña. Because of this, SSTs in the central Pacific tend to be colder during first-year
events (Wu et al. 2019), while SSTs are warmer and the associated convective heating in the West
Pacific is greater during the summer of a developing first-year La Niña as compared to that of
a second-year La Niña (Jong et al. 2020). Tropical Atlantic SSTs differ as well, tending to be
warmer during first-year La Niñas as compared to second-year La Niñas (Okumura et al. 2017)
during Nov-Apr. These differences between first-year and second-year La Niñas have been shown
to substantially affect atmospheric teleconnections during boreal winter (Okumura et al. 2017)
when ENSO events tend to peak in strength, during boreal summer (Jong et al. 2020) when events
are developing, and during boreal spring (Tokinaga et al. 2019) when events are decaying.
Here, we characterize how multi-year and single-year La Niñas affect the probability of consecu-

tive seasons of drought in the Horn of Africa. We will address two main questions in our analysis:
(1) How do single- and multi-year La Ninas affect drought occurrence during consecutive rainy
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seasons over east Africa? and (2) How do the mechanisms differ across seasons and single- versus
multi-year La Nina events? Improving our understanding of the dynamics of multi-year La Niñas
as they relate to drought and water resources in food insecure regions will directly inform the
potential usefulness of long-lead ENSO forecasts for these areas. We analyze precipitation due to
its importance for rainfed cropping systems and runoff as an integrated metric of moisture supply
to pastoral water points and river flow in the region.

2. Methods

For data on precipitation we use both the Global Precipitation Climatology Center (GPCC)
version 2020 (Schneider et al. 2018) as well as the Climate Research Unit (CRU) time series v4.05
(Harris et al. 2020), both gridded to 0.5 degrees globally, from 1920-2019. We begin our analysis
in 1920 because a greater number of precipitation gauge stations report data after this period,
resulting in greater coverage over the Horn of Africa in the gridded GPCC product (SI Figure 1).
For data on runoff, we use the GRUN observational-based runoff dataset (Ghiggi et al. 2019), which
uses precipitation and temperature reanalyses to train a machine learning model to predict monthly
runoff rates. To calculate precipitation and runoff anomalies we first aggregate values to Oct-Dec
and Mar-May totals, then calculate differences from the long-term (1949-2019) average, before
finally converting to a z-score by dividing by the standard deviation over the same period. Note
that using a z-score of three-month seasonal precipitation anomalies is mathematically equivalent
to the commonly used three-month standardized precipitation index (SPI). To diagnose circulation
anomalies in the post-1950 period, we use the ERA5 global reanalysis (Hersbach et al. 2020)
because the precipitation from this reanalysis has been shown to be more accurate in the Horn of
Africa as compared to previous reanalyses (Gleixner et al. 2020). We use atmospheric winds and
the vertical integral of water vapor flux, which is available as a standard output for ERA5 calculated
as the moisture flux in a column of air extending from the surface of the Earth to the top of the
atmosphere. We calculate anomalies as differences from the 1950-2020 long term average.
For data on sea surface temperature (SST), we use values from the Hadley Centre Sea Ice

and Sea Surface Temperature data set (HadISST) (Rayner et al. 2003). Because there has been
significant trends in SST over the 1920-2019 period, we detrend SST values locally by subtracting
the low-frequency filtered tropical and subtropical mean SST value. We first calculate the trend by
calculating the area-weighted SST value in the 33 S - 33 N region before smoothing the resulting
time series with a 30-year low-pass locally weighted scatterplot smoothing (LOWESS) filter, and
subtracting this trend from each local SST value. We then remove the average SST value at each
point to calculate anomalies before aggregating to seasonal Oct-Dec and Mar-May values.

5
Accepted for publication in Journal of Hydrometeorology. DOI 10.1175/JHM-D-22-0043.1.Unauthenticated | Downloaded 11/22/22 03:07 PM UTC



We identify LaNiña events as years when SST anomalies in the Niño 3.4 region are at least -0.5°C
during Oct-Dec. We use the Oct-Dec season to identify events because ENSO events tend to peak
during boreal winter and because Oct-Dec is the short rains season, which ensures the identified
events had developed by the time of the short rains. We next separate La Niña events into multi-year
La Niñas and single-year La Niñas using the same -0.5°C threshold. In this analysis we do not
consider the small number of third-year La Niña events on record. While the contemporaneous
relationship between Mar-May Niño 3.4 and East African rains is weak (Funk et al. 2018), there
have been frequent dry East African long rains following Oct-Dec La Niña events.
From this point forward we will refer to the the first year of a La Niña, regardless of whether it

eventually developed into a second-year event, as a ‘first-year La Niña’ with the associated seasons
being ‘Oct-Dec of year one’ or ‘Mar-May of year one’ to refer to the short rains coincident with
the peak of the event or the long rains during the decaying phase of an event. La Niña events that
do not develop into a second-year La Niña will be referred to as ‘single La Niñas’ while those that
do develop into a second consecutive event will be referred to as ‘double La Niñas’. The Oct-Dec
season coincident with the peak of the second year of a double La Niña will be referred to as
‘Oct-Dec of year two’ with the following Mar-May being referred to as ‘Mar-May of year two’.
To assess statistical significance of La Niña composites of SST, precipitation, and runoff, we

use a double bootstrap superposed epoch analysis, as in (Rao et al. 2019). A double bootstrap
superposed epoch analysis allows us to evaluate the statistical significance of the La Niña signal
while accounting for sample size of our La Niña event set. This approach simultaneously evaluates
two questions: (1) How robust is an apparent drought signal within the event set of La Niña years?
and (2) how likely are we to observe an equally strong drought signal by drawing the same number
of years at random from the full record of all years? The first question addresses the possibility that
the observed signal is the result of outliers within the event set of La Niña years, while the second
question addresses the possibility that the observed signal would arise by chance alone given the
observed number of La Niña years. We first block resample each variable in contiguous three
year blocks 1,000 times with replacement from the full 1920-2019 period to create the full ‘noise’
distribution against which the composite mean will be evaluated. We then resample from each La
Niña composite 1,000 times, drawing 75% of events without replacement before calculating the
mean of the resampled composite. The subsequent distribution of composite means represent the
La Niña event distribution. For each noise and each event distribution we plot the 5th, 10th, 20th,
and 80th, 90th, and 95th percentiles.
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3. Results

Twenty-five La Niñas were identified from 1920 to 2019 (Fig. 1a,b). Seventeen of these were
first-year La Niñas, of which eight were followed by at least one consecutive year of La Niña. The
nine first-year La Niña events that did not develop into a second year of La Niña were 1924, 1933,
1938, 1942, 1945, 1964, 1988, 1995, and 2007. The eight first-year La Niñas that were followed
by a second consecutive La Niña were 1949/1950, 1954/1955, 1970/1971, 1973/1974, 1983/1984,
1998/1999, 2010/2011, and 2016/2017. Here the year refers to the Oct-Dec near the peak of each
event.
Comparing the Oct-Dec SSTs of the first year of double La Niñas to those of single-year La

Niñas (Fig 1a,b) indicates that the former tended to develop from stronger El Niños but tended
to be similar in their peak intensity. Double La Niñas were persistently colder during the spring
and summer between peak event intensities, often not warming above -0.5°C during the months
between La Niña peaks.
We found that both single and double La Niñas affect precipitation and subsequently runoff

during the Oct-Dec short rains in the Horn of Africa, consistent with past literature indicating the
strong influence of ENSO during the short rains season in the Horn of Africa (Liebmann et al.
2014; Liu et al. 2020; Blau and Ha 2020; Goddard and Graham 1999; Tierney et al. 2013; Dutra
et al. 2013) All three kinds of La Niña years - single La Niñas, the first year of double La Niñas,
and the second year of double La Niñas - tend to be associated with below normal precipitation and
runoff in Oct-Dec (Fig. 1c-f; see also SI Figure 2). The strength of the reduction in precipitation
and runoff is greater for the first-year La Niñas as might be expected from the greater intensity
of these events as compared to second-year La Niñas, which would more strongly modify the
Walker Circulation, resulting in more strongly suppressed convection in the region. The strength
of the precipitation response is slightly greater during first-year La Niñas as compared to that of
single-year La Niñas, although the reasons for this are unclear.
The Mar-May long rains during the decaying phase of La Niñas demonstrated a greater diversity

of precipitation and runoff responses. The Mar-May long rains during the decaying phases of
both types of first-year La Niñas were below normal, while the Mar-May long rains following
second-year La Niñas tended to be wetter than normal (Fig. 1c,d; SI Figure 2).
Whether these results are robust, however, depends on both the variability of events within each

La Niña composite and the variance of the years not included in the composite. We therefore assess
the robustness of event composites by using a double-bootstrap superposed epoch analysis (Rao
et al. 2019), which subsamples both the La Niña composite itself and the years not included in the
La Niña composite to generate confidence estimates around the expected background ‘noise’ of
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Fig. 1. Sea surface temperature anomalies in the Niño 3.4 region (a,b), precipitation anomalies in the Horn of

Africa (c,d), and runoff anomalies in the Horn of Africa (e,f) during first-year and second-year events of multi-

year La Niñas (a,c,e) and single-year La Niñas (b,d,f). Individual events shown with dotted lines, composite

means shown with solid lines. The Horn of Africa is defined as the region between 38E and 53E and between

5S and 8N.

events not included in the composite as well as a confidence estimate on the La Niña composite
mean.
During the short rains season (OND) season, all three types of La Niñas have a distribution of

SST composite means that are colder than the 95% confidence interval of the background noise of
SSTs (Fig. 2a,b). This is to be expected given that the OND season is the season we use to define
the events that are included in the composites. While the first year of a double La Niña tends to
be colder than both a second-year and a single-year La Niña, the average composite mean of a
first-year event is not outside of the 95% confidence interval of either a second-year or single-year
La Niña.
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Fig. 2. Uncertainty around composite means from Fig. 1 estimated using a double-bootstrap superposed

epoch analysis. Shading shows the 5th, 10th, 20th, and 80th, 90th, and 95th percentiles of the composite mean,

while the solid lines are composite means, as in Figure 1 for sea surface temperature anomalies in the Niño 3.4

region (a,b), precipitation anomalies in the Horn of Africa (c,d), and runoff anomalies in the Horn of Africa (e,f)

during first-year and second-year events of multi-year La Niñas (a,c,e) and single-year La Niñas (b,d,f). Dotted

lines represent bootstrapped uncertainty estimates as the 5th and 95th (black), 10th and 90th (grey), or 20th and

80th (light grey) percentiles of composite means calculated based on years drawn at random from the full record

(see methods).

SSTs during the Mar-May season, on the other hand, are more different from one another. SSTs
remain significantly lower than the background variability (e.g. the 95% confidence interval of
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the composite mean does not overlap with that of the background variability) after the first year of
double La Niñas. This indicates that the tropical Pacific remains significantly colder than normal
from March through the end of May between La Niña peaks. SSTs after second-year and single-
year La Niña events tend to return to neutral more quickly such that by May the 95% confidence
interval of SSTs are within the background 95% confidence interval of the noise distribution in
both cases.
Oct-Dec precipitation and runoff are lower than normal during first-year La Niñas of both types,

although double La Niña are slightly drier than single-year La Niñas. During first year of a double
La Niña, Oct-Dec precipitation and runoff is near the 5th percentile, while during the first year of a
single La Niña precipitation and runoff is near the 20th percentile. Oct-Dec rainfall during second-
year La Niñas (Figure 2c) also tends to be drier than normal on average, although there is a greater
event-to-event difference and they tend to be less dry than first-year events. During second-year
La Niñas, the 95% confidence interval of Oct-Dec precipitation and runoff is significantly wider
than that of first-year La Niñas. It is generally below zero but not below the 5th percentile of the
noise distribution, and the composite mean is not drier than the 20th percentile. These results are
similar using CRU TS v4.05 as an alternative gridded precipitation product (SI Fig. 3).
The Mar-May long rains season tends to be dry following first-year events of both types but

wet following second-year La Niñas. While the 95% confidence interval of Mar-May precipitation
during first-year La Niñas overlaps with the 20th percentile of the noise distribution, that of second-
year Mar-May precipitation is centered at or above zero (Figure 2c), depending on the month. This
illustrates that not only does Mar-May season following second-year La Niñas tend to be wetter
than that following single-year La Niñas, it also tends to be wetter than average.
While Figures 1 and 2 describe the time-evolution of regional-average precipitation over the Horn

of Africa, Figures 3 and 4 illustrate the spatial precipitation response. During a first-year La Niña,
precipitation deficits are widespread during the Oct-Dec short rains and subsequent Mar-May long
rains, although deficits are generally stronger during the first year of a double LaNiña. Precipitation
deficits during the Oct-Dec short rains of a second-year La Niña are more spatially confined to
SoutheasternKenya and Southern Somalia, but are not statistically significant. During theMar-May
long rains following a second-year event, virtually the entire Horn of Africa experiences normal
or above-normal rainfall (Fig. 4g,h), although anomalies are again not statistically significant
anywhere in the study domain. Individual years for first-year and second-year La Niñas are shown
in SI Figs. 4 and 5. Overall, the individual years are heterogeneous, with several extremely wet
years (1951, 2018), one exceptionally dry year (2000) and many with mixed anomaly patterns.
The different drought responses during the Oct-Dec short rains during each La Niña type is

consistent with observed differences in the Indian Ocean SSTs. During Oct-Dec, the influence of
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Fig. 3. Average precipitation (a,c) and runoff (b,d) z-scores in the Horn of Africa during single-year La Niñas

during the Oct-Dec short rains and the subsequent Mar-May long rains. Grey regions indicate climatologically

dry areas, defined as receiving less than 30% of annual precipitation during the plotted months.

the tropical Pacific is mediated by the Indian Ocean (Goddard and Graham 1999). In particular, the
negative phase of the Indian Ocean Dipole (IOD) - e.g. warm SSTs in the eastern tropical Indian
Ocean and cool SSTs in the western tropical Indian Ocean - acts to reduce precipitation across
the Horn of Africa (Saji and Yamagata 2003) due to a suppression of the Indian Ocean branch
of the Walker Circulation (Behera et al. 2005). During Oct-Dec of single year La Niñas and the
first year of double La Niñas, cold tropical Pacific SSTs co-occur with warm western Pacific SSTs
and the negative phase of the IOD (Fig. 5a, c), resulting in widespread and statistically significant
reductions in precipitation (Fig. 3a, 4a) and runoff (Fig. 3b, 4b). Both the warm western Pacific
SSTs and the negative phase of the IOD act to weaken the Indian Ocean branch of the Walker
Circulation. During Oct-Dec of second-year La Niñas, however, neither the warm western Pacific
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Fig. 4. Average precipitation (a,c,e,g) and runoff (b,d,f,h) z-scores in the Horn of Africa during multi-year

La Niñas during the Oct-Dec short rains of first-year events and the subsequent the Mar-May long rains during

first-year events (a-d), as well as during the Oct-Dec short rains of second-year events and the subsequent the

Mar-May long rains during second-year events (e-h). Grey regions indicate climatologically dry areas, defined

as receiving less than 30% of annual precipitation during the plotted months.

SSTs nor the negative IOD are present, resulting in dry but statistically insignificant reductions in
precipitation and runoff (Fig. 4e,f) despite the presence of La NiÃśa conditions in the tropical
Pacific (Fig. 2a, 5e).
The reasons for the discrepancy between Mar-May rainfall responses following first-year events

of both types as compared to second-year La Niñas is not immediately obvious. It is true that the
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Tropical Pacific SST in the Niño 3.4 region during the Mar-May of a first-year event in a double
La Niña tends to be cooler than that of a single-year event or than that of a second-year event. But
that doesn’t explain why the Mar-May rainfall and runoff following a single-year La Niña is drier
than that following the second year of a double La Niña, both of which have similar SST values
in the Niño 3.4 region (Fig. 2a,b). The double-bootstrap superposed epoch analysis indicates that
these differences in rainfall and runoff are unlikely to have occurred by chance. Given this, and
provided that there is some indication that all three ocean basins may affect the rainfall in the Horn
of Africa long rains, we first investigate the differences in SST anomalies outside of the Niño 3.4
region before linking these SST anomalies to the observed pattern of drought.
Tropical SST anomalies differ considerably during Mar-May following single-year La Niñas,

during the first-year of double La Niñas, and during the second year of double La Niñas. During
Mar-May after the first-year of double La Niñas (Fig. 5d), the SST in the Tropical Pacific is
considerably colder than during either single-year events (Fig. 5b) or second-year events (Fig. 5f).
Both single-year events and the first-year of double La Niñas, however, tend to have cold Western
Indian Ocean SSTs, warm tropical West Pacific SSTs, and warm tropical Atlantic SSTs. The SST
anomalies in the tropical Atlantic and West Pacific during the Mar-May following a second-year
event, however, are relatively cooler and not statistically significant. Based on past literature, the
differences in Atlantic SST anomalies have the potential to favor drought by enhancing cross-
continental moisture transport (Camberlin and Okoola 2003; Okoola 1999a,b), while strong zonal
SST gradients in the Pacific and warm West Pacific SSTs are likewise conducive to drought due to
an enhanced Walker Circulation (Funk et al. 2019, 2018; Ummenhofer et al. 2018; Williams and
Funk 2011; Hoell and Funk 2013, 2014; Liebmann et al. 2017; Lyon and DeWitt 2012). And while
the zonal overturning cell associated with the Walker Circulation is less coherent during MAM
than OND (Hastenrath et al. 2011), the clear impact of double La Niñas on Mar-May precipitation
strength suggests a possible role for the basin-wide vertical circulation. To assess whether these
mechanisms support the enhanced probability of drought during first-year as compared to second-
year La Niñas, we create composites for winds (Fig. 6) and vertically integrated moisture transport
(Fig. 7) using ERA 5 data from 1950-present.
During first-year events of both types, atmospheric ascent is stronger than normal over thewarmer

than normal Atlantic and West Pacific SSTs, while over the Horn of Africa there is stronger than
normal descent in the middle and upper atmosphere (Figure 6a,c). Second-year La Niña events, on
the other hand, tended to have enhanced subsidence over the tropical Atlantic rather than enhanced
ascent, as well as mid-tropospheric ascent over the Horn of Africa. And while the Mar-May
following second-year La Niña events do tend to show slightly enhanced ascent over the West
Pacific, it is weaker than during first-year La Niñas and the subsequent anomalous descent tends
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Fig. 5. Sea surface temperature anomalies during the short rains (left column) and long rains (right column)

of single-year La Niñas (a,b), as well as during the first-year (c,d) and second-year (e,f) of multi-year La Niñas.

Hatching indicates sea surface temperature anomalies that are not significant at the p<0.9 level.

to be over the Eastern tropical Indian Ocean near 80-100E rather than over the Horn of Africa.
An eastward-shifted subsidence would be less effective at suppressing convection over the Horn
of Africa, consistent with the observed wetter conditions during second-year La Niña events. This
result is consistent with that of Hoell et al. (2014) (Hoell et al. 2014), who find that La Niñas that
occur with warmer West Pacific SSTs tend to shift the descending branch of the Walker Circulation
further west over the Horn of Africa, while those with cooler West Pacific conditions are associated
with descent over the Indian Ocean instead. That the long rains following second-year La Niñas
tend to be wetter than those following first-year La Niñas, therefore, may be partially the result
of a Walker Circulation that is shifted further westward during first-year events as compared to
second-year events.

14
Accepted for publication in Journal of Hydrometeorology. DOI 10.1175/JHM-D-22-0043.1.Unauthenticated | Downloaded 11/22/22 03:07 PM UTC



a b

c d

Fig. 6. Atmospheric circulation climatology (top left) and anomalies averaged from 5S to 5N during single-year

La Niñas (top right), as well as during the first-year (bottom left) and second-year (bottom right) of multi-year

La Niñas.

Figure 7 illustrates the climatological and anomalous vertically integrated moisture transport
during the Mar-May long rains following each type of La Niña. Moisture is transported from
the southeast into the region before being transported to the west across the continent either over
Northern Tanzania or through the Turkana Channel (Fig. 7a,b). During all La Niñas, more
moisture than normal is transported into the region from the southeast and more moisture is also
diverged out of the region to the northeast. The result of this is that there is little difference
between first-year La Niñas and second-year La Niñas in terms of the vertically integrated moisture
transport through the North, South, or East boundaries of the region (Fig. 7, calculation not
shown). The major difference between the types of La Niñas is in the amount of moisture moved
westward across the continent. During first-year events either a normal or greater-than-normal
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e f

g h

Fig. 7. Vertically integrated moisture transport - defined as moisture transport integrated from the surface

of the Earth to the top of the atmosphere - climatology (a,b) and anomalies during single-year La Niñas (c,d),

as well as during the first-year (e,f) and second-year (g,h) of multi-year La Niñas. Shading in each plot shows

the magnitude of transport. In the c-h positive values indicate transport that enhances the mean-state transport

while negative values indicate moisture transport that is in the opposite sense of the mean-state transport. The

left column shows an all Africa domain, while the right column shows the same quantities over East Africa.
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amount of moisture is moved westward through the Turkana channel and over Northern Tanzania
out of the region, while during second-year events less moisture than normal is diverged out of
the region across the continent, resulting in a greater net divergence of moisture out of the region
during first-year events as compared to second-year events (Fig. 7c-h). To test how robust the
relationship between Tropical South Atlantic SSTs and cross-continental moisture transport is, we
created similar composites based on tropical South Atlantic SST anomalies during ENSO neutral
Mar-May years, which showed that a warm tropical South Atlantic tends to be associated with
greater east-to-west moisture transport as compared to years with a cool tropical South Atlantic
(SI Fig. 6). These results agree with past analyses that observe greater cross-continental moisture
transport and surface divergence over East Africa when the Tropical South Atlantic is warm and
the Indian Ocean is cold (Camberlin and Okoola 2003; Okoola 1999a,b)

4. Discussion

We demonstrate that multi-year La Niña events favor drought in the Horn of Africa for three
consecutive seasons (OND-MAM-OND), but that they do not tend to increase the probability of a
fourth season of drought owing to the different sea surface temperatures and associated atmospheric
teleconnections in the MAM long rains season following second-year La Niña events as compared
to those following first-year La Niña events. During the long rains season following first-year La
Niña events the ascending branches of theWalker Circulation are intensified over relatively warmer
waters in the Tropical Atlantic and the West Pacific, while subsidence is increased over the Horn
of Africa, which contributes to the observed dry conditions in those years. Second-year La Niña
events, on the other hand, are associated with weaker ascent near 140E and enhanced atmospheric
descent over the Indian Ocean rather than over the Horn of Africa and as a result the long rains are
relatively wetter. The warmer tropical South Atlantic during first-year La Niñas as compared with
second-year La Niñas is associated with increased cross-continental moisture transport out of East
Africa and drier conditions in the Horn of Africa.
Atmospheric teleconnections during the long rains following first-year La Niñas are distinct

from those following second-year La Niñas, therefore, due to differing sea surface temperatures
throughout the tropics that affect the associated teleconnections. We note, however, that there exists
substantial heterogeneity among second-year La Niña events in terms of both SST patterns and
subsequent precipitation anomalies throughout the Horn of Africa. For example, second-year La
Niñas have been associated with drought recently in 2000 and 2009 (Fig. S4). It is for this reason
that we stress the importance of the SST patterns that are associated with drought conditions rather
than the distinction between first-year and second-year La Niñas alone.
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Our analysis is observationally-based, which has the benefit of circumventing persistent model
deficiencies in simulating both the mean state and variability of rainfall in East Africa (Yang et al.
2014, 2015). Our observational approach, however, is limited by a relatively small sample size. We
identified only 25 La Niña events over the entire observational record, of which sixteen were part
of a double La Niña and nine were single La Niñas. Our conclusions, therefore, would benefit from
being further evaluated in a modeling environment provided sufficient model skill in both the long
rains and short rains seasons. In particular we highlight that a modeling environment could clarify
the relative importance of a westward-shifted Walker Circulation as compared to an enhanced
cross-continental moisture transport for drying East Africa during the long rains following first-
and second-year La Niña events.
When considering these results, and future potential outcomes, it is important to note that the dra-

matic long-term drying ofMar-May rains in the Horn of Africa has been linked to ongoingwarming
in the West Pacific compared to the Central and East Pacific (Funk et al. 2019, 2018; Williams
and Funk 2011; Lyon and DeWitt 2012; Funk and Hoell 2015). The observed strengthening of
zonal SST gradients in the Pacific is consistent with a response to anthropogenic forcing known
as the ocean dynamical thermostat mechanism (Clement et al. 1996; Seager et al. 2019). SST
patterns favoring drought in the Horn of Africa may, therefore, continue to occur more frequently
in the future compared to the first half of the twentieth century. Likewise, we may reasonably
expect multi-season droughts to continue occurring at the relatively higher rates seen in the last
twenty years (Hoell and Funk 2014), ensuring that they remain a major source of climate risk in
East Africa. Past research has demonstrated that by using these zonal SST gradients in the Pacific
droughts in Mar-May can be predicted as early as January Funk et al. (2014). Such forecasts were
developed using a statistical approach based on SST indices Funk et al. (2014) and using climate
analogs Shukla et al. (2014), both of which demonstrate greater skill in Mar-May than the coupled
dynamical climate model-based forecasts of the time. Improving our understanding of and our
ability to predict these droughts should be a priority for adapting to anthropogenic climate change.
Our results provide physical understanding of the sources and limitations of predictability stem-

ming from multi-year La Niña forecasts in the Horn of Africa. Such forecasts would be of
considerable value for predicting acute food insecurity given the climate sensitivity of livelihoods
in the region. The majority of the areas that we identify as experiencing multi-year drought during
mult-year La Niña events are pastoral or agropastoral livelihood zones. Agropastoralists in this
region already use seasonal forecasts to inform planting and harvest decisions (Luseno et al. 2003),
while nomadic pastoralist households often rely upon food aid during times of drought (Rufino
et al. 2013). Multi-season forecasts would allow for the coordination of food aid policies that often
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take months to complete, such as the direct shipment of grain to a region, as well as allowing
agropastoral households to consider a wider variety of management strategies.
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