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Abstract. Interannual variability in Pprecipitation #s-across the Middle East exhibitstarge-interannualvariabilitywhiehis of

high societal and environmental relevance given the region’s arid climate and limited water resources. While previous

studies have linked the El Nifio-Southern Oscillation (ENSO) to interannual precipitation variability in the Middle East, the
understanding of this linkage and the underlying mechanisms remain fragmented. Using observation-based datasets and a
range of diagnostics, this study quantifies the influence of ENSO on Middle Eastern precipitation variability during the
extended cool season (October-May) and presents an integrated perspective on the driving atmospheric mechanisms.
Consistent with previous studies, we find that El Nifo is associated with increased precipitation, whereas La Nifia is
associated with decreased precipitation. This relationship is asymmetric and varies substantially within the cool season, with
a strong precipitation increase during autumn and a modest increase in spring under El Nifio conditions, and a persistent
precipitation decrease throughout the cool season under La Nina conditions. These precipitation increases (decreases) during
El Nifio (La Nifia) are associated with an equatorward (poleward) displacement of the subtropical jet and increased
(decreased) Rossby wave breaking frequencies at the poleward flank and beneath the jet core. Simultaneously, a mid-
tropospheric cyclonic (anticyclonic) circulation anomaly over the Middle East strengthens (weakens) atmospheric moisture
transport into the region, contributing to enhanced (reduced) tropospheric moisture content and instability. From a global
perspective, Fthree different atmospheric mechanisms contribute to these regional circulation patterns: (1) a zonally
symmetric shift in the meridional position of the subtropical jet along with anomalies in Rossby wave breaking frequency,
(2) a barotropic Rossby wave response emanating from the tropical Pacific toward the Middle East via the extratropics, and
(3) a baroclinic perturbation in the tropical circulation extending westwards over the Indian Ocean and South Asia consistent
with a Gill-Matsuno-type response. Co-varying circulation patterns over the Indian Ocean, associated with the Indian Ocean

Dipole, likely contribute to intraseasonal variability in ENSO’s influence on Middle Eastern precipitation. Our findings
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advance process understanding of precipitation variability in the water-scarce Middle East, having implications for seasonal

prediction, flood and drought warning, and the evaluation of climate projections.

1 Introduction

The majority of the Middle East has an arid climate, making the region susceptible to water scarcity. Annual precipitation
can reach up to 500 mm along the eastern Mediterranean coast and exceeds 1000 mm in parts of the Zagros Mountains and
the Iranian Plateau but falls below 200 mm across most of the region, reaching as low as 20 mm in its hyper-arid deserts
(Fig. 1b,c). Moreover, precipitation in the Middle East experiences strong interannual variability, making the region prone to
both flooding and drought, which significantly impact society, the economy, agriculture, and ecosystems (Lelieveld et al.
2012; Barlow et al., 2016; Zittis et al. 2022; Coleman et al., 2026; Sohrabi, 2025). These hydrometeorological hazards can
exacerbate geopolitical and social tensions in the region, while pre-existing tensions can make the population more
vulnerable to such hazards. For example, the multi-year drought from 2007 to 2011 is believed to have acted as a catalyst for
the Syrian uprising and civil war that began in 2011, as this drought caused widespread agricultural failure and displacement
of over a million people in the region (Gleick, 2014; Kelley et al., 2015). The Libya flooding of September 2023, leaving
more than 13,000 people dead or missing, was caused by heavy rainfall and the breaching of two dams, which were poorly
maintained due to armed conflict and political dispute in the Derna region (Armon et al., 2025). Given the large impacts of
precipitation deficits and surpluses on society and the environment, it is ersetal-important to better understand the

interannual variability of precipitation in the Middle East and the underlying drivers.

From a global perspective, the Middle East stands out as a region receiving most of its annual precipitation during the
extended cool season. More than 95% of the annual rainfall occurs between October and May across a region stretching from
Libya in the west to Pakistan in the east, and from the Zagros Mountains in the north to the central parts of the Arabian
Peninsula in the south (Fig. 1a). During the hot summer months of June to September, the region remains almost entirely dry
due to the influence of the South Asian monsoon, which induces strong subsidence over the eastern Mediterranean and
Middle East (Rodwell and Hoskins, 1996, 2001; Tyrlis et al., 2013). During the transition seasons and in winter, the
westerlies and subtropical jet migrate southward and can steer midlatitude weather systems into the region, contributing to
most of the precipitation during these seasons. The midlatitude forcing typically manifests as extratropical Rossby waves
propagating and breaking toward lower latitudes, whereby the associated upper-tropospheric cyclonic circulation anomalies
interact with the tropical low-level circulation (Kahana et al., 2002; Kumar et al., 2015; De Vries et al., 2016, 2018). These
tropical-extratropical interactions can direct warm, moist tropical air masses into the Middle East, supporting the

development of convective storms and heavy precipitation.
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Interannual variability of cool-season precipitation in the Middle East is strongly linked to the El Nifio-Southern Oscillation
(ENSO). The ENSO warm phase, El Nifio, generally leads to an increase in precipitation over the Middle East, while its cold
phase, La Nifia, leads to a decrease. Previous studies have demonstrated this connection based on various types of
observations, such as precipitation and river streamflow data in Iran, Israel, and Saudi Arabia (Kiladis and Diaz, 1989; Price
et al., 1998; Nazemosadat and Cordery, 2000; Nazemosadat and Ghasemi, 2004; Athar, 2015; Saghafian et al., 2017),
gridded precipitation datasets (Mariotti, 2007; Hoell et al., 2015a; Alizadeh and Mousavizadeh, 2025), climate model
simulations (Kumar et al., 2016; Hoell et al., 2018, 2024), and seasonal predictions (Abid et al., 2016). The relationship
between ENSO and precipitation in the Middle East is not constant over time but varies on interdecadal scales and within the
cool season. While El Nifio has been associated with a consistent precipitation increase throughout the 20" century, the link

between La Nifia and reduced precipitation becomes apparent only from the 1970s onward (Price et al., 1998; Kang et al.,

2015; Hoell et al., 2017; Dasari et al., 2021). Although precipitation tends to increase during El Nifio and to decrease during
La Nifia, several studies suggested that the strength of this linkage varies during the wet season, with the strongest influence
during autumn, a weak influence during winter, and a modest influence in spring (Mariotti et al., 2005; Mariotti, 2007,

Bahrami et al., 2021; Hochmann et al., 2024; Alizadeh and Mousavizadeh, 2025; Nuroozi et al., 2025).

Previous studies have suggested various mechanisms by which forcing in tropical Pacific Sea surface temperatures (SSTs)
can modulate precipitation variability over the remote Middle East (Barlow et al., 2016). Anomalies in tropical convection,
linked to SST variability in the tropical central Pacific, generate a barotropic Rossby wave train that propagates eastward
from the Pacific towards the Middle East via the extratropics (Kumar et al., 2016; Hoell et al., 2013b; Hoell et al., 2015a;
Abid et al., 2020). During El Nifio, these circulation patterns are accompanied by a cyclonic anomaly over the Middle East,
enhancing precipitation through the advection of warm, moist air and large-scale ascent (Chakraborty et al., 2006; Mariotti,
2007; Hoell et al., 2018). Conversely, during La Nifia, an anticyclonic circulation anomaly emerges over the region, reducing
precipitation through cold air advection, weakened moisture transport, and large-scale descent (Abid et al., 2016; Hoell et al.,
2014a, 2014b, 2018). Furthermore, El Nifio conditions are associated with an equatorward shift of the subtropical jet over
North Africa and the Middle East, leading to increased westerly winds and storm activity over the region, and thereby
increasing precipitation (Kumar et al., 2016; Alizadeh-Choobari et al., 2018; Sandeep and Ajayamohan, 2018; Hoell et al.,
2024). Conversely, under La Nifia conditions, a poleward displacement of the subtropical jet leads to decreased westerly
winds, storms, and precipitation. Other studies have suggested that tropical convection anomalies over the Indo-Pacific
modify the tropical circulation through a Rossby wave response in the form of an upper-tropospheric warm structure
extending northwestward toward the Middle East region, consistent with the Gill-Matsuno model (Barlow et al., 2002; Hoell
et al., 2012; Hoell et al., 2015a, 2018). In summary, previous studies have suggested that Indo-Pacific SST wvariability can
influence Middle East precipitation through three atmospheric pathways: a barotropic Rossby wave response moving
eastward via the midlatitudes, a meridional displacement of the subtropical jet, and a baroclinic response in the tropical

circulation to tropical convection extending westward in the form of a Gill-Matsuno gyre.
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Previous work has also identified an influence of Indian Ocean SSTs on Middle East precipitation. Variability in Indian
Ocean SSTs is often expressed by the Indian Ocean Dipole, with positive SST anomalies in the west and negative anomalies
in the east during its positive phase, and vice versa during its negative phase (Saji et al., 1999). Over the past four decades,
the positive (negative) phase of the Indian Ocean Dipole has been associated with enhanced (reduced) precipitation across
the Middle East (Athar et al., 2015; Pourasghar et al., 2019; Tuel et al., 2022; Hochman et al., 2024). Moreover, it has been
argued that El Nifio (La Nifia) events co-occurring with a positive (negative) Indian Ocean Dipole have an amplifying effect
on precipitation anomalies (Chakraborty et al., 2006; Abid et al., 2020; Hochman and Gildor, 2024; Hoell et al., 2025). It is
important to note that ENSO and the Indian Ocean Dipole are interconnected, but that they exhibit different seasonality. El
Nifio tends to coincide with the positive phase of the Indian Ocean Dipole, while La Nifia aligns with its negative phase
(Schott et al., 2009; Stuecker et al., 2017). ENSO usually peaks during boreal winter, whereas the Indian Ocean Dipole is
mainly active during boreal summer and autumn (Schott et al., 2009). This suggests that the Indian Ocean basin can act as a
pathway through which ENSO influences precipitation variability in the Middle East during specific seasons (Abid et al.,
2020).

While the relationship between ENSO and Middle East precipitation variability has been widely investigated, previous
studies tend to focus on (1) cool season averages or single seasons only, (2) specific areas or countries within the broader
Middle East, (3) correlation with indices that represent ENSO variability without accounting for the asymmetric influences
of ENSO warm and cold phases, and (4) only one of the mechanistic pathways through which ENSO can modulate Middle
East precipitation variability. This study presents an integrated perspective on the influence of ENSO on Middle East
precipitation variability at local and spatially aggregated scales during the cool-season and its individual months.
Furthermore, this study explores the atmospheric processes through which ENSO shapes precipitation variability in the
Middle East by quantifying anomalies in large-scale circulation patterns and synoptic-scale weather systems. Specifically,
we extend previous studies by diagnosing the latitudinal position of the subtropical jet stream and its linkage with Rossby
wave breaking and by quantifying thermodynamic characteristics of the atmosphere such as atmospheric moisture content
and transport and tropospheric instability. Finally, we synthesize various mechanisms by which tropical Pacific SST

variability shapes regional circulation patterns and hydroclimatic conditions over the Middle East.

This study is structured as follows. Section 2 details the methodology, diagnostics, and data used. Section 3 quantifies the
influence of the warm, neutral, and cold ENSO phases on Middle East precipitation variability at local and regional scales
and during the extended cool season and its individual months. Section 4 explores the influence of ENSO on the subtropical
jet and extratropical Rossby wave breaking. Section 5 examines the effect of ENSO on tropospheric moisture and instability
over the Middle East. Section 6 discusses different mechanisms and pathways from a global perspective. Finally, section 7

summarizes the main findings and limitations of the study.
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2. Data and methodology
2.1 ENSO events and tropical Pacific SST variability

To quantify tropical Pacific SST variability, we compute the Oceanic Nifio Index (ONI) using monthly SSTs from the
Extended Reconstructed Sea Surface Temperature dataset version 6 (ERSSTv6; Huang et al., 2025a, 2025b). We compute
SST anomalies in the Nino3.4 region (5°S to 5°N, 120°W to 170°W) using linearly detrended timeseries over the period of
1979-2024. For defining ENSO phases during the cool season, we use the Nino3.4 index based on 5-monthly running mean
SST anomalies from October to February. Warm, neutral, and cold ENSO phases are then defined by values = 0.5°C, > —
0.5°C and < 0.5°C, and < —0.5°C, respectively (cf. Casselman et al., 2021). Similarly, we define tropical Pacific SST
variability for the analysis at monthly timescales by using the Nino3.4 index based on 3-monthly running mean SST
anomalies to account for intraseasonal variability in tropical Pacific SSTs, having particular relevance for autumn and spring

months.

2.2 Precipitation data and region of interest

Precipitation observations covering the Middle East region are subject to limitations in data quality and availability.
Measurements from in-situ stations often have missing data and limited spatial coverage, particularly over less populated
areas and they are often not publicly available. Satellite-based measurements offer high spatial and temporal resolution but
may be of lower quality in regions without station data, which are used to adjust satellite estimates. Moreover, satellite data
generally span relatively short periods starting in 1998, which severely reduces the sample size of ENSO events available for
analysis. Reanalysis precipitation data are physically consistent and provide full spatial and temporal coverage but are
derived from short-range numerical model forecasts. For these reasons, we use the Multi-Source Weighted Ensemble
Precipitation (MSWEP) version V280 for the period 1979-2020 (Beck et al., 2019). This dataset combines precipitation

estimates from reanalysis, stations, and satellites to leverage the respective strengths of each data source.

To quantify the influence of tropical Pacific SST variability on spatially aggregated precipitation and atmospheric conditions
over the arid Middle East, we define a target region within 10-70°E and 10-45°EN. We define our target region based on
three criteria, that is, grid points (1) receiving more than 95% of their annual precipitation totals during the extended cool
season, lasting from October to May, (2) having an arid to hyper-arid climate, defined by the aridity index (Middleton and
Thomas, 1997) — the ratio of precipitation to potential evapotranspiration — falling below 0.2 in monthly data from the
Climate Research Unit (CRU; Haris et al., 2020), and (3) covering land area only, based on the ERAS5 land sea mask with

values equal or larger than 0.5. These three criteria are demonstrated by the contour lines in Fig. 1. Note that our region of

interest extends somewhat beyond the area typically defined as the Middle East and covers a substantial portion of

Southwest Asia. Nevertheless, following common practice, we use the term Middle East throughout this study when

referring to the region of interest.
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2.3 Precipitation and dry-day events

To provide a reference for interpreting how ENSO shapes the atmospheric circulation modulating precipitation variability in
the Middle East, we construct atmospheric circulation composites based on precipitation and dry-day events. To this end, we
compute time series of daily precipitation aggregated over the target region as described in section 2.2. Precipitation events
are defined by at least two consecutive days with spatially aggregated precipitation amounts that exceed the 21-day running
mean climatology by 100% (i.e., a doubling). Likewise, dry-day events are defined by at least two consecutive days with
daily spatially aggregated precipitation falling 90% below climatology (i.e., less than 10% of the climatological
precipitation). Note that, while dry conditions are very common in the Middle East at the local scale, dry-day events are here
based on spatially aggregated precipitation over a very large area. The 21-day running mean is used to account for the strong
seasonal cycle of precipitation. While the chosen thresholds of 100% and -90% are somewhat arbitrary, they give
approximately similar sample sizes of precipitation events (n = 377) and dry-day events_(n = 394).

2.4 Atmospheric reanalysis and diagnostics

To determine the large-scale atmospheric circulation and synoptic-scale processes through which ENSO modulates
precipitation variability in the Middle East, we use ERAS reanalysis data (Hersbach et al., 2020) of the European Centre for
Medium-Range Weather Forecasts (ECWMF). The ERAS reanalysis provides a global reconstruction of past weather by
combining numerical model simulations with a wide range of observations. We linearly detrend cool season and monthly
mean data for the period of 1979-2020 to remove the influence of trends and to focus on interannual variability. We estimate
the significance of anomalies in spatial fields and spatially aggregated values for ENSO phases relative to climatology by
using a Monte Carlo test with 10,000 randomly drawn samples of cool season or monthly means during the reference period.
The Monte Carlo simulations are used to construct a random distribution for testing the significance of observed values by

applying a two-sided test at the p < 0.05 level, unless otherwise specified.

We use several diagnostics to characterize the large-scale circulation patterns, synoptic-scale processes, and the
thermodynamic state of the atmosphere under different ENSO conditions. The latitudinal position of the jet axis is derived
from the zonal mean (20-60°E) 250-hPa zonal wind maxima across the latitude range of 18-44°N in a similar fashion as in
Hart et al. (2018). This relatively simple measure provides an estimate of the meridional position of the jet axis over the

North Africa and Middle East region during the cool-season average and in individual months.

We also use a diagnostic for identifying Rossby wave breaking given that previous studies linked this atmospheric process to
precipitation in arid subtropical regions, including the Middle East (De Vries et al., 2018, 2024; De Vries, 2021). Rossby
wave breaking is defined by elongated and separated structures of stratospheric air masses at the dynamical tropopause with

potential vorticity (PV) values > 2 PV units (PVU; 1 PVU = 1*10 kg K'! m? s!), so-called PV streamers and cutoff lows
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(Wernli and Sprenger, 2007). More specifically, we use 2 PVU contours on isentropic surfaces between 275 and 360 K with
5 K intervals at 6-h timesteps. PV streamers are defined by geometric criteria and PV cutoff lows are tested for stratospheric
origin by applying thresholds on absolute and relative humidity to remove diabatic structures. Hereafter, these objectively
identified PV streamers and cutoff lows are referred to as stratospheric PV structures. For more details on the methodology,

we refer to De Vries et al. (2024).

Finally, we quantify atmospheric moisture content and atmospheric moisture transport by using vertically integrated water
content, i.e., total column water (TCW), and vertically integrated horizontal water vapor transport (IVT), both directly
available in ERAS. Furthermore, we use a proxy of tropospheric instability based on vertical profiles of moist static energy,
similar to Hart et al. (2018). More specifically, we compute moist static energy (h), defined by the sum of internal, latent

heat, and potential energy:
h=CT+ L,g+¢ (1)

where C,, is the specific heat at constant pressure, T is air temperature, L, is the latent heat of vaporization, g is specific
humidity, and ¢ is geopotential. We consider vertical profiles of moist static energy in monthly mean data whereby a
decreasing h with height (dh/dp > 0) represents a conditionally unstable layer. To diagnose tropospheric instability (Zmax)
within a given vertical profile, we vertically integrate the mass-weighted difference between h;,, and h(p) from a given
pressure level (ppo;) to the pressure level o, qurop, WHETE Pyyrgurop, corresponds to the pressure level that yields the largest

value of the integral:

Imax = 97" [0 (hyor —h(@) dp (2)

DPmaxto

where g is gravitational acceleration. To compute the maximum value Imax Within a given vertical profile, we repeat this
computation by taking different pressure levels for p,,; and integrating over pressure levels upward. In this sense, I, s
analogue to most unstable convective available potential energy (CAPE) but is based on the moist stratification of
tropospheric layers instead of a parcel-based perspective, and is therefore less sensitive to the relatively coarse vertical
resolution of reanalysis data. I,,,,, provides an estimate of the susceptibility of the tropospheric environment for developing
deep moist convection and includes the effects of deep convection on this environment. This quantity is typically very large
in the tropics and low in midlatitudes and thus provides a helpful measure to diagnose the influence of warm, moist tropical

air masses on Middle Eastern precipitation variability.
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3. Precipitation variability

Figure 2 presents the spatial distribution, time evolution, and relationship between cool-season Middle Eastern precipitation
and ENSO as represented by the Nino3.4 index. Consistent with the consensus in the literature, we observe an increase in
precipitation during El Nifio and a decrease during La Nifia. During El Nifio events, precipitation exhibits a weak but
significant increase over parts of the Middle East, exceeding 10% and locally reaching up to 20% above climatology (Fig.
2a). In contrast, La Nifia events show a moderate and significant decrease in precipitation falling below 20% of climatology
across much of the region and decreasing by more than 35% over the Sinai Peninsula, the southern parts of the Arabian
Peninsula, and the southern coasts of Iran and Pakistan (Fig. 2¢). During the neutral ENSO phase, precipitation does not
deviate significantly from climatology apart from the northern part of the Red Sea and surrounding land areas, where

precipitation increases by up to 35% (Fig. 2b).

Consistent with the spatial distribution, the timeseries of spatially aggregated cool-season precipitation generally show
positive anomalies during El Nifio events and negative anomalies during La Nifia events (Fig. 2d). Particularly striking are
the multi-year La Nifia events during 1998/1999-2000/2001 and 2007/2008-2011/2012, both of which were associated with
severe drought (Barlow et al., 2002; Hoell et al., 2014a). The timeseries also indicate some atypical seasons, such as a
decrease in precipitation during the El-Nifio seasons of 1986/1988, 2002/2003, 2009/2010, and 2014/2015, and an increase
in precipitation during the La Nifia seasons of 1984/1985 and 1995/1996. These deviations from the commonly observed
ENSO — Middle East precipitation patterns have previously been linked to variations in SST gradients between the western
and central Pacific and to the extension of Pacific SST anomalies into the eastern Indian Ocean (Hoell et al., 2013a, 2014b).
The timeseries also hint at interdecadal variability in Middle East precipitation, typically showing wet conditions during the
period from 1979 to 1998, followed by two decades of dry conditions from 1999 to 2017. Earlier studies have suggested a
linkage with multi-decadal variability in both the Pacific and Atlantic Oceans (Kang et al., 2015; Hoell et al., 2015b; Dasari
et al., 2021; Rezaei, 2023; Saharwardi et al., 2024), although their respective contributions and underlying mechanisms

remain unclear.

Importantly, the relationship between cool-season precipitation and ENSO exhibits substantial asymmetry (Fig. 2¢). Linear
regression of cool-season precipitation amounts as a function of the Nino3.4 index shows that precipitation increases by
approximately 25.4-5 mm and 6-49.1 mm per degree of central Pacific SST anomaly undernegative-and-pesitive-Nino3.4

index values_below -0.5 and above 0.5, respectively, corresponding to nearly a factor of 4-3 difference. The precipitation

response to ENSO forcing is significant for regative-Nino3.4 index values below —0.5 € with a p-value =< #-60.11) and non-

significant for pesitive-Nino3.4 index values_above 0.5 (p-value = 0.412). The Pearson correlation between the Nino3.4
index and spatially aggregated precipitation amounts is 0.60-44 and 0.19-24 for negative-and-pesitive-Nino3.4 index values

below -0.5 and above —0.5, respectively. These computations demonstrate that the Middle Eastern precipitation response to
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ENSO forcing is much stronger for La Nifa than for El Nifio._Note that these numbers are sensitive to the period under

consideration. When repeating these computations for the two first and the two last decades of the study period, the slope

and correlation are similar for El Niflo and La Nifia conditions during 1979-1999 but rather different between both ENSO

phases during 2000-2020 with a strengthened slope and correlation for La Nifia conditions and a near-zero slope and

correlation for El Niflo conditions (not shown).

On monthly timescales, Middle East precipitation shows a similar relationship with ENSO as in the cool-season average,
albeit with some inter-monthly variations (Figs. 3 and A1). During El Nifio conditions, the spatially aggregated precipitation
increases substantially during autumn and modestly during spring compared with neutral ENSO and La Nifia conditions
(Fig. 3a). The spatially aggregated precipitation average is more than doubled in October and approximately one-and-a-half
times larger in November compared with neutral ENSO conditions. In the spring months (March, April, and May),
precipitation also enhances under El Nifio conditions compared with neutral ENSO conditions with a significant increase in

the spatially aggregated mean for the month of May only. Note that the precipitation increase under El Nifio conditions is not

only apparent from the mean, but also from the precipitation distribution in general, showing substantial increases for the

25" 50™ and 75™ percentiles (Fig. 3a). Conversely, La Nifia conditions consistently exhibit a substantial reduction in

precipitation compared with El Nifio and neutral ENSO conditions throughout the cool season with significant decreases in
the spatially aggregated mean during October, December, March and May at the p < 0.05 level and for November and April
at the p < 0.1 level (Fig. 3¢). During the core winter months of January and February, precipitation tends to be higher under
neutral ENSO conditions compared to both El Nifio and La Nifia conditions, with a significant increase in the spatially
aggregated mean for the month of January at p < 0.1 (Fig. 3b). Consistent with this notion, Hoell et al. (2015a) documented
different correlation patterns of hydroclimate conditions over Southwest Asia with tropical Pacific SST anomalies for the

month of January compared with other cool-season months.

In summary, our findings show that ENSO has an asymmetric influence on Middle East precipitation with a stronger
decrease during La Nifia and a somewhat milder increase during El Nifio (cf. Hoell et al., 2018). This relationship varies
strongly within the cool season with, under El Niflo, the largest precipitation increases during autumn (cf. Mariotti et al.,
2005; Mariotti, 2007; Bahrami et al., 2021; Hochmann et al., 2024; Alizadeh and Mousavizadeh, 2025) and modest increases
during spring, contrasting with a persistent precipitation decrease under La Nina conditions throughout the cool season. The
asymmetric influence and intraseasonal variations are largely missed when considering cool-season averages or simple
correlations with ENSO indices, and thus must be considered when assessing ENSO-related precipitation variability and

predicting hydrometeorological hazards in the region. Note that the influence of ENSO on Middle Eastern precipitation

variability is susceptible to decadal variability, and thus, does not ensure a similar relationship before and after our period of

consideration nor a stationary relationship during our period of consideration (1979-2020).
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4. Midlatitude dynamical forcing: the subtropical jet and Rossby wave breaking

Midlatitude forcing plays a key role in the formation of precipitation across the Middle East during the cool season.
Extratropical Rossby waves propagate and break towards lower latitudes, resulting in the formation of upper-level troughs
and often cut-off lows (Kahana et al., 2002; Kumar et al., 2015; De Vries et al., 2016, 2018; Tuel et al., 2022; Francis et al.,
2025). These upper-level cyclonic circulation patterns can induce cyclogenesis near the surface, intense atmospheric
moisture transport from southerly directions, and large-scale ascent, leading to tropospheric conditions conducive to the
occurrence of deep moist convection. In this section, we analyze the anomalies in the subtropical jet and Rossby wave
breaking occurrences during precipitation and dry-day events at daily timescales to provide a reference for interpreting

similar anomalies during ENSO warm and cold phases at seasonal to monthly timescales.

Figure 4 shows anomalies in zonal wind and relative anomalies in Rossby wave breaking frequencies based on precipitation
and dry-day events in the Middle East. Rossby wave breaking frequencies are here defined by the counts of stratospheric PV
structures summed across isentropic surfaces from 300 to 350K with 5K intervals. Anomalies in zonal winds demonstrate
that precipitation events are accompanied by increased zonal winds at the equatorward flank of the subtropical jet over North
Africa and the Middle East and decreased zonal winds at its poleward flank, suggesting an equatorward shift of the
subtropical jet (Fig. 4a,b). Rossby wave breaking frequencies more than double, evident from relative anomalies in
stratospheric PV structure frequencies exceeding 100% above climatology, primarily on the poleward flank of the
subtropical jet (between 20-33°N) and beneath the jet core (between 800 and 200 hPa), confirming the central role of Rossby
wave breaking in Middle Eastern precipitation (Fig. 4a,b). In contrast, during dry-day events, the subtropical jet shifts
poleward and Rossby wave breaking frequencies decrease at the poleward edge and beneath the subtropical jet (Fig. 4c,d).
The southwest-northeasterly orientation of PV structure frequency anomalies during both precipitation and dry-day events is
suggestive of anticyclonic Rossby wave breaking imposing an upper-tropospheric trough and ridge over the region during
wet and dry conditions, respectively. Furthermore, during both precipitation and dry-day events, anomalies in PV structure
frequencies of opposite sign emerge farther upstream and downstream of the largest anomalies over the eastern
Mediterranean, reflecting the typical structure of Rossby wave packets with multiple neighboring troughs and ridges

embedded within wave packets.

Consistent with previous studies (Kumar et al., 2016; Alizadeh-Choobari et al., 2018; Sandeep and Ajayamohan, 2018),
Figure 5 shows that El Nifio conditions are associated with an equatorward shift of the subtropical jet, whereas La Nifia
conditions are associated with a poleward shift of the jet. During El Nifio events, positive zonal wind anomalies appear on
the equatorward flank of the jet, peaking above its core near 150 hPa, while negative zonal wind anomalies occur on the
poleward flank of the jet (Fig. 5a,b). These changes in the background zonal wind go along with increased frequencies in

stratospheric PV structures exceeding 10% on the poleward flank and beneath the subtropical jet core (Fig. 5a,b).

10
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Conversely, La Nifia events demonstrate opposite patterns with negative zonal wind anomalies on the equatorward side and
positive anomalies on the poleward side of the jet, going along with a reduction of more than 10% in stratospheric PV
structure frequencies poleward and beneath the subtropical jet (Fig. 5c,d). In essence, composites of anomalies in the
subtropical jet and Rossby wave breaking occurrences during ENSO warm and cold phases resemble the patterns observed
during precipitation and dry-day events. This suggests that El Nifio events bring about wet conditions through an
equatorward displacement of the subtropical jet accompanied by increased Rossby wave breaking occurrences, while La
Nifia events exhibit dry conditions linked to a poleward displaced jet associated with decreased Rossby wave breaking
occurrences. Figure 5 also shows anomalies in stratospheric PV structure frequencies with opposite sign at the equatorward
flank of the subtropical jet (between 10-20°N), that is, negative anomalies during El Nifio and positive anomalies during La
Nifia. However, given that these anomalies arise outside regions of stratospheric PV structure imprints during precipitation
and dry-day events, shown by purple and green contours in Fig. 5, respectively, we consider these anomalies irrelevant for

understanding precipitation anomalies during ENSO warm and cold phases.

On monthly timescales, similar patterns emerge as during the cool season average, displaying an equatorward (poleward)
displacement of the subtropical jet during El Nifio (La Nifia) conditions (Figs. A2, A3). Increased (decreased) Rossby wave
breaking occurs beneath and poleward of the subtropical jet during El Nifio (La Nifia) conditions, primarily during October,
November, and December and to a lesser extent in March and May. To further quantify the relationship between ENSO and
the large-scale circulation over the Middle East, we evaluate the distribution of the latitudinal position of the jet stream
during each month and ENSO phase (Fig. 6). The multi-year monthly mean jet position during different ENSO phases,
depicted by the dots, generally aligns with the monthly distribution of anomalies in precipitation and Rossby wave breaking
occurrences. Under El Nifio conditions, the jet is displaced southward in October (p < 0.05), November (p < 0.1),
December and April (non-significant) compared with neutral ENSO conditions (Fig. 6a), consistent with increased
precipitation and wave breaking frequencies during these months (Figs. 3a, A2, A3). Under La Nifia conditions, the jet is
displaced poleward in January, February, and May (p < 0.05) and in November and March (non-significant), compared with
neutral ENSO conditions (Fig. 6c), consistent with decreased precipitation and wave breaking frequencies during these
months (Figs. 3c, A2, A3). Some months deviate from these patterns, showing jet displacements that are inconsistent with
anomalies in precipitation and/or Rossby wave breaking frequencies. For example, under El Nifio conditions, the jet shows a
significant southward displacement in February (Fig. 6a), which contrasts with the non-significant precipitation decrease
during that month relative to neutral ENSO conditions (Fig. 3a). Similarly, under La Nifia conditions, the mean jet position
in December is very similar to that under neutral ENSO conditions (Fig. 6¢), despite the significant decrease in precipitation

and Rossby wave breaking frequencies compared with neutral ENSO conditions during this month (Figs. 3c, A2, and A3).

In summary, apart from some deviations in specific months, the atmospheric circulation composites generally show that El

Nifio conditions are associated with a southward displaced jet and increased wave breaking frequencies at its poleward flank
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and beneath its core, while La Nifia conditions are associated with a poleward displaced jet and decreased wave breaking
frequencies. The similarity between the ENSO-based composites and those based on precipitation and dry-day events
suggests that El Niflo and La Nifia events induce wet and dry conditions, respectively, through latitudinal shifts in the jet

stream accompanied by anomalies in Rossby wave breaking frequencies.

5. Thermodynamic considerations: tropospheric moisture and instability

Precipitation in the Middle East is associated with intrusions of warm and moist air masses from southerly directions that
support the formation of deep moist convection. Previous studies have shown that ENSO variability is linked to anomalies in
atmospheric moisture content and transport over the Middle East (Chakraborty et al., 2006; Mariotti et al., 2005, Mariotti,
2007; Hochman and Gildor, 2024). Consistent with these findings, Fig. 7a shows increased atmospheric moisture content
and strengthened moisture transport from southwesterly directions during El Nifio conditions. It is important to note that
climatological moisture transport over the Middle East is primarily from southwesterly directions (not shown). Conversely,
under La Nifia conditions, atmospheric moisture content decreases, and anomalies in atmospheric moisture transport have
northeasterly directions, suggesting reduced moisture transport into the region (Fig. 7c). These anomalies emerge at the
southeastern flanks of mid-tropospheric cyclonic and anticyclonic circulation anomalies, pointing to ENSO forcing on
midlatitude circulation patterns through which El Nifio and La Nifia conditions strengthen and weaken moisture transport
into the Middle East, respectively. The alignment of anomalous IVT vectors with 500-hPa geopotential height anomaly
contours suggests a barotropic Rossby wave response to tropical Pacific SST forcing. However, farther southeast from the
region of interest, anomalous IVT vectors display an approximately perpendicular or even opposing alignment with 500-hPa
geopotential height anomalies, suggesting a baroclinic response of tropospheric circulation to ENSO variability. We will

return to this aspect in section 6.

On monthly timescales, anomalies in atmospheric moisture content and transport show patterns very similar to the cool
season average (Fig. A4), while monthly variations in these patterns align with the monthly precipitation anomalies (Fig.
Al). Spatially aggregated total column water content follows a strong seasonal cycle with the highest values in summer and
the lowest values during winter (Fig. 8). Despite the greatest availability of moisture in summer, the region remains dry due
to large-scale subsidence over the broader Middle East, which suppresses upward motion (Tyrlis et al., 2013). During
autumn, westerly winds and the subtropical jet migrate southward, along with the decay of the South Asian summer
monsoon circulation, allowing extratropical disturbances to reach the region. The availability of both dynamically forced
ascent and atmospheric moisture during the transition seasons and in winter facilitates the occurrence of precipitation during
this period of the year. Spatially aggregated mean values of atmospheric moisture content show a significant increase under
El Nifio conditions during October (p < 0.05), November (p < 0.1), and May (p < 0.05); (Fig. 8a). Conversely, La Nifia

conditions show decreases during all cool season months compared with neutral ENSO condition with significant departures
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from climatology (p < 0.05) during October-December and March-May (Fig. 8c). In January, moisture content is
significantly increased for neutral ENSO conditions (Fig. 8b), consistent with the precipitation increase during that month

and ENSO phase (Fig. 3b).

To provide a complementary perspective on how ENSO shapes a tropospheric environment conducive to deep moist
convection, we evaluate the spatial distribution and spatially aggregated mean values of tropospheric instability. During the
cool season, Imax exhibits patterns similar to those in TCW with significant positive anomalies across the Middle East during
El Nifio and significant negative anomalies during La Nifia (Fig. 9). Anomalies are particularly large over the Arabian
Peninsula and along the southern flanks of the Zagros Mountains. Anomalies of opposite sign emerge over the Red Sea and
Persian Gulf, that is, negative anomalies during El Nifio and positive anomalies during La Nifia, most likely resulting from
weak negative and positive SST anomalies over these waters during El Nifio and La Nifia conditions, respectively (not
shown). On monthly timescales, Imax shows a strong seasonal cycle with the largest values during summer and the lowest
values during winter (Fig. 10). Monthly anomalies in Imax for ENSO conditions follow anomalies in TCW and precipitation
(Fig. AS). Under El Nifio conditions, spatially aggregated mean values of Imax show positive anomalies during October,
November, December and April being significant (p < 0.05) for October only (Fig. 10a). During La Nifia conditions,
negative anomalies persist throughout all cool season months with significant departures from climatology in October and

May at p < 0.05 and March and April at p < 0.1 (Fig. 10c).

6. A global perspective on ENSO mechanisms modulating Middle Eastern precipitation variability

We now have a clearer understanding of how precipitation and regional circulation patterns over the Middle East relate to
ENSO. Still, the question remains how remote SST forcing in the tropical Indo-Pacific brings about these changes in
atmospheric circulation and surface weather over a region on the opposite side of the globe. As articulated in the
introduction, previous studies have proposed various mechanisms and pathways through which ENSO influences the

hydroclimate of the Middle East (Barlow et al., 2016). Here we argue, based on physical reasoning and global composites,

that all three previously proposed atmospheric mechanisms hold validity, and that co-varying atmosphere-ocean interactions

over the Indian Ocean are likely responsible for the seasonally varying influence of ENSO on Middle Eastern precipitation.

Seager et al. (2003, 2005) have shown that hemispheric symmetric variability in precipitation at interannual timescales can
be attributed to ENSO (see also Figs. 11a, +2ad). During El Nifio conditions, increased heating of the tropical atmosphere is
associated with an equatorward shift and strengthening of the subtropical jet in the global zonal mean along with increased
baroclinicity at lower latitudes (Seager et al., 2003). While their focus was primarily on the eastward extension of the
subtropical jet over the East Pacific, leading to a regional increase in precipitation over the West Coast of North America and

the southern United States (Seager et al., 2005), the equatorward shift in the subtropical jet also manifests over North Africa,
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the Middle East, and South Asia (Fig. 11c). This equatorward shift goes along with increased Rossby wave breaking
frequencies on the poleward flank of the jet over northwest Africa, the Middle East, and southwest and central South Asia.
This notion is consistent with previous studies reporting an equatorward shift of the subtropical jet and increased (extreme)
precipitation at the western flanks of the Himalayas (Cannon et al., 2017; Bharati et al., 2025; Hunt et al., 2025). Conversely,
during La Nifia conditions, zonal winds weaken at the southern flank of the subtropical jet and strengthen at its poleward
side across a region spanning from the East Atlantic through North Africa, the Middle East, South Asia, and reaching the
west Pacific coast (Fig. +2el 1f). Rossby wave breaking occurrences are significantly reduced along the entire poleward flank
of the subtropical jet. Therefore, ENSO forcing induces a zonally symmetric response in the circulation, manifested
manifesting as a meridional shift of the subtropical jet and modifications in Rossby wave breaking frequencies at its
poleward flank, bringing about precipitation anomalies across a larger region encompassing the Middle East and southwest

and central Asia (Figs. 11a-and-12a.d).

Seager et al. (2005) also recognized a zonally asymmetric component of the precipitation response to ENSO, which is
generally explained by a Rossby wave response to anomalous tropical Pacific SSTs and convection (Wallace and Gutzler,
1981; Hoskins and Ambrizzi et al., 1993). These stationary Rossby wave patterns emanate from the tropical central Pacific
and arch in an eastward direction across North America, the North Atlantic, and reach North Africa and Europe (Figs. 11b,
1+2be). During El Nifio events, this Rossby wave response appears as an anticyclonic anomaly over northwest Africa and
southwestern Europe and a cyclonic anomaly over the Middle East (Fig. 11b), offsetting and strengthening the precipitation
response to the zonally symmetric shift of the jet stream and wave breaking anomalies, respectively. During La Nifia events,
the signs of these anomalies reverse, with cyclonic and anticyclonic circulation patterns over northwest Africa-southwestern
Europe and the Middle East, respectively (Fig. +2b11¢). These patterns correspond to previously documented responses of
the atmospheric circulation to tropical convection anomalies in the Indo-Pacific at interannual timescales, manifesting as an
equivalent barotropic Rossby wave response derived from their consistent vertical structure (Hoell et al., 2012, 2013b,
2015a; Kumar et al., 2016). Additionally, Sseveral studies have also identified a baroclinic response in the tropical
circulation over the Indian Ocean — South Asia sector to tropical convection anomalies over the Warm Pool, taking the form

of a Gill-Matsuno-gyre (Barlow et al., 2002; Hoell et al., 2012; Hoell et al., 2015a). The Gill-Matsuno response explains that

anomalous tropical heating (cooling) leads to a Rossby wave response, interacting with the mean flow, in the form of an

upper-tropospheric anticyclonic (cyclonic) circulation anomaly to the northwest and southwest, accompanied by a lower-
tropospheric cyclonic (anticyclonic) circulation anomaly (Matsuno, 1966; Gill, 1980). Accordingly, Fig. 11b shows an
upper-tropospheric cyclonic circulation anomaly centered over southeast Asia (100°E and 30°N) to the northwest of reduced
tropical convection over the Warm Pool. This cyclone extends westward across South Asia and the Middle East. In the lower
troposphere, an anticyclonic circulation anomaly is evident based on the clockwise orientation of anomalous atmospheric
moisture transport over the Indian Ocean and South Asia, including anomalous southwesterly IVT over the Middle East,

implying strengthened atmospheric moisture transport into the region. The reversed pattern manifests during La Nifia, with
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an upper-troposphere anticyclonic anomaly emerging over southeast Asia to the northwest of enhanced tropical convection
over the Warm Pool. This circulation anomaly extends westward across South Asia and the Middle East, accompanied by an
anomalous counterclockwise circulation in the lower troposphere, setting up anomalous northeasterly moisture transport over

the Middle East, and thus reducing moisture transport into the region (Fig. 42blle). The circulation response over the

Middle East to Indo-Pacific tropical convection anomalies is consistent with the monsoon-desert mechanism of Rodwell and

Hoskins (1996, 2001). According to this mechanism, reduced (enhanced) tropical convection sets up west-to-east upsloping

(down sloping) isentropic surfaces facilitating isentropic upward-moving (down-gliding) air masses, resulting in large-scale

ascent (subsidence), favoring (suppressing) precipitation formation (Barlow et al., 2005, 2007). This mechanism is evident

from widespread mid-tropospheric ascent (descent) over the broader Middle East region in Fig. 9a (Fig. 9¢).

To summarize, buidingupenbringing together the findings from previous research and supported by composites in Figs. 11

and12, we postulate that ENSO modulates precipitation variability in the Middle East through a combination of at least three
distinct atmospheric pathways_(Fig. 13): (1) a zonally symmetric latitudinal shift in the subtropical jet stream_(Kumar et al.,
2016; Alizadeh-Choobari et al., 2018; Sandeep and Ajayamohan, 2018; Hoell et al., 2024) alongside changes in Rossby

wave breaking occurrences at its poleward flank, (2) a barotropic Rossby wave pattern arching from the central tropical

Pacific eastward across North America, the Atlantic, and the European — North Africa region (Kumar et al., 2016; Hoell et

al., 2013b; Hoell et al., 2015a; Abid et al., 2020), and (3) a baroclinic response in the tropical circulation extending

westwards from the Warm Pool across the Indian Ocean-South Asia sector into the Middle East, consistent with a Gill-

Matsuno-type response_(Barlow et al., 2002; Hoell et al., 2012; Hoell et al., 2015a)+Fig—4). While these mechanisms

contribute to precipitation anomalies during the cool season, the inter-monthly variations of precipitation to ENSO forcing
remain enigmatic. To investigate this aspect further, we focus our attention on the co-varying state of the atmosphere over

the Indian Ocean.

Figures 11b.e and+2b-not only shows outgoing longwave radiation anomalies over the central and western Pacific, but also
over the western Indian Ocean. To further explore this signal, we construct Hovmoller diagrams of anomalies in monthly
mean outgoing longwave radiation across the equator as a function of longitude and season under El Nifio and La Nifia
conditions (Fig. 132). Besides the expected dipole in tropical convection over the central and western Pacific, which persists
throughout the year, we also notice a seasonally asymmetric response in tropical convection over the western Indian Ocean.
Specifically, under El Nifio conditions, we observe significantly increased tropical convection over the western Indian Ocean
(40-70°E) from October to December and weak anomalies of the same sign in May. Conversely, under La Nifia conditions,
tropical convection decreases significantly over the western Indian Ocean from October to December and again in April and
May. In essence, ENSO-driven tropical convection anomalies over the western Indian Ocean follow the same pattern as the

seasonally varying and asymmetric response of precipitation in the Middle East to ENSO (Fig. 3). This suggests that ENSO,
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beyond the three atmospheric pathways, also influences the Middle East hydroclimate through its effect on the Indian Ocean
and atmospheric state (cf. Abid et al., 2020; Hochman and Gildor, 2024).

7. Summary

This study provides a comprehensive analysis of how ENSO influences precipitation variability in the arid Middle East
during the extended cool season (October-May), when the region receives most of its annual rainfall. Understanding how
tropical Indo-Pacific SST variability modulates rainfall over the water-scarce Middle East is highly relevant to society, given
the profound impacts of drought and flooding on the population, economy, and agriculture. While several of the findings
presented in this study have been documented in previous studies, we present here, for the first time, an integrated
perspective on the precipitation response to ENSO forcing and the underlying atmospheric drivers. We extend previous work
by quantifying the influence of ENSO on precipitation variability at local and regional scales during the cool season and
individual months. Furthermore, we employ various diagnostics to quantify the influence of ENSO on the latitudinal position
of the subtropical jet stream and the occurrence of Rossby wave breaking and on thermodynamic characteristics such as
tropospheric moisture content, moisture transport, and instability. This section summarizes how ENSO forcing shapes the
Middle Eastern hydroclimate by synthesizing knowledge from existing studies, complemented with the new findings

presented in this study.

Consistent with existing literature (e.g., Price et al., 1998; Nazemosadat and Cordery, 2000; Nazemosadat and Ghasemi,
2004; Mariotti, 2007; Athar, 2015; Kumar et al., 2016; Alizadeh and Mousavizadeh, 2025), we find that El Niflo is generally
associated with increased precipitation over the Middle East and La Nifia with decreased precipitation. The precipitation
response to ENSO is asymmetric and varies within the cool season. The spatially aggregated precipitation response to ENSO
forcing is nearly four times stronger during La Nifia than during El Nifio. At intraseasonal scales, precipitation is strongly
increased during autumn and moderately enhanced in spring under El Nifio conditions. Conversely, during La Nifia
conditions, precipitation decreases throughout the cool season with significant reductions relative to climatology in autumn
and spring. In the core winter months of January and February, precipitation increases under neutral ENSO conditions. The
influence of ENSO on Middle East precipitation variability is directly relevant to hydrometeorological hazards. Consecutive
La Nina events have been linked to multi-year droughts during the periods of 1999-2001 and 2007-2011 (Barlow et al.,
2002; Hoell et al., 2014a). Similarly, El Nifio conditions coincided with several devastating floods in the Levant during-in
autumn #-of 1987, 1994, and 1997200920145 —and 2048-as—~wel-as and in the United Arab Emirates in spring +982-and
2024 (Krichak et al., 2012; De Vries et al., 2013;2046-Al-Mutairiet-al5 2049 Yeussefetal52021; Kadhum et al., 2022;

Francis et al., 2025; Hussein et al., 2025), corresponding to regions and seasons with increased precipitation under El Nifio

conditions (Fig. Al).
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These precipitation anomalies during the ENSO warm and cold phases are associated with consistent changes in regional
circulation patterns over the Middle East. During El Nifio conditions, the subtropical jet shifts equatorward, as pointed out by
Kumar et al. (2016), Alizadeh-Choobari et al. (2018), and Sandeep and Ajayamohan (2018), accompanied by increased
Rossby wave breaking frequencies at the poleward flank and beneath the jet. Consistent with this pattern, a mid-tropospheric
cyclonic circulation anomaly dominates over the Middle East along with elevated atmospheric moisture content and
strengthened atmospheric moisture transport at its southeastern flank. Likewise, tropospheric conditions are more prone to
deep moist convection, facilitated by anomalous warm and moist air advection in the lower troposphere and anomalous cold
air in the upper troposphere. Under La Nifia conditions, these patterns are reversed. The subtropical jet shifts poleward (cf.
Hoell et al., 2024) with a reduction in Rossby wave breaking frequencies at its poleward flank. A mid-tropospheric
anticyclonic circulation anomaly emerges, associated with reduced atmospheric moisture content and conditional instability

over the Middle East along with weakened atmospheric moisture transport into the region.

These regional precipitation and atmospheric circulation patterns over the Middle East are the combined result of three
atmospheric mechanisms (Fig. 143). From a zonal mean perspective, El Nifio conditions are associated with an equatorward
shift and strengthening of the subtropical jet (Seager et al., 2003, 2005) accompanied by increased Rossby wave breaking at
its poleward fringe across North Africa, the Middle East, and southwest-central Asia (Fig. 143a). Anomalous heating in the
central Pacific sets up a well-known stationary barotropic Rossby wave pattern arching across North America, the North
Atlantic, Europe and North Africa, and culminating in a cyclonic circulation anomaly over the Middle East (Hoell et al.,
2013b, 2015a; Kumar et al., 2016). This cyclonic circulation anomaly is merging with a strong upper-tropospheric cyclonic
anomaly centered over southeast Asia, which can be understood as a Gill-Matsuno-type response to reduced tropical
convection over the tropical Warm Pool, extending westward over South Asia (Barlow et al., 2002; Hoell et al., 2012,
2015a). Consistent with this baroclinic circulation response, an anticyclonic circulation anomaly in the lower troposphere
steers-feeds increased warm, moist air masses into transient storms passing by from the west (Mariotti et al., 2005; Mariotti,
2007). La Nifia conditions generate opposite circulation patterns, thereby reducing precipitation over the Middle East (Fig.
143b). Besides these three atmospheric pathways, ENSO likely also influences precipitation in the Middle East via its effect
on Indian Ocean SSTs and atmospheric conditions (Abid et al., 2020; Hochman and Gildor, 2024). Hence, the distinct
seasonal cycle of the Indian Ocean Dipole, mainly active during boreal summer and autumn, may explain why the influence

of ENSO on Middle East precipitation varies within the cool season. While our analysis brings together various mechanisms

through which tropical Pacific SST forcing modulates precipitation variability over the Middle East, future research may

further quantify and disentangle the relative importance of these mechanisms, for example, based on numerical model

experiments. Based on our findings, we anticipate that the relative importance of these mechanisms may vary across ENSO

phases and seasons.
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The findings in this study are subject to several limitations. First, the precipitation dataset used inherits the limitations of the
underlying data sources, although qualitatively similar results based on ERAS precipitation strengthen the confidence in our

findings (not shown). Second, Oour study covers a 42-year period, which inherently limits the sample size of ENSO events

and ENSO-like conditions. Third, our analysis does not account for ENSO diversity, such as variations in west-central

Pacific SST gradients or the eastward extent of Pacific SST anomalies into the eastern Indian Ocean (Hoell et al., 2013a,

2014b, 2017, 2018), which may modify the Middle Eastern precipitation response. Fourth, our study does not account for

non-stationarity in the ENSO-Middle East precipitation relationship, which has been shown to vary across the 20" century
(Price et al., 1998: Kang et al., 2015; Hoell et al., 2017; Dasari et al., 2021). Nonetheless, our study provides clear evidence

of how ENSO modulates precipitation variability over the Middle East and the underlying atmospheric mechanisms bringing
about these precipitation anomalies. Improved process understanding of how tropical Pacific SST variability shapes
hydroclimatic conditions in the Middle East is directly relevant to seasonal prediction of precipitation over this water-scarce
region, with implications for drought and flood preparedness, as well as for identifying climate model biases and reducing

uncertainty in climate projections (Barlow et al., 2021).
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Figures_(all figures are newly inserted and therefore show up as tracked changes even if figures were unchanged)
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Figure 1. (a) Fractions of cool season precipitation from annual totals in MSWEP (1979-2020) whereby the cool season is defined
from October to May in the Northern Hemisphere and from April to November in the Southern Hemisphere; (b) the aridity index
across the Middle East region, computed from monthly CRU data (1979-2020) and defined as the ratio of precipitation to potential
evapotranspiration; and (c) annual precipitation amounts in MSWEP (1979-2020) in shading, the 95% contour of the cool-season
precipitation fraction from the annual total in orange, and the aridity index contour of 0.2, marking an arid to hyper-arid climate,
in purple. Opaque shading highlights the target region used for computing spatially aggregated quantities in this study, while
areas outside the target region are plotted in semi-transparent colors.
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Figure 2. The spatial, temporal, and statistical distribution of cool-season precipitation in the Middle East and ENSO represented
by the Nino3.4 index. Relative precipitation anomalies during the cool season for (a) El- Nifio, (b) neutral ENSO, and (c) La Niiia
events from climatology. The numbers in the figure title denote the number of ENSO events and the blue contour highlights the
region of interest; see the text for details. Hatching denotes statistical significance based on a Monte Carlo test with 10,000
randomly drawn samples and applying a two-sided test at the p < 0.05 significance level. (d) Timeseries of cool season precipitation
(not detrended) amounts in the bars in green and brown colors for values larger and smaller than the multi-year annual mean,
and the Nino3.4 index based on the 5-monthly running mean SST anomalies from October to February in red, grey, and blue dots
representing the ENSO warm, neutral, and cold phases, respectively. Upward and downward pointing triangles indicate the
poleward and equatorward displacements of the subtropical jet over the Middle East region, respectively. The years on the x-axis
refer to Oct-Dec of the previous year and Jan-May of the current year; for example, 1980 represents Oct-Dec 1979 and Jan-May
1980. (e) The relationship of precipitation with the Nino3.4 index with the text indicating the slope (s) of precipitation based on
linear regression, the p-value (p) of this regression coefficient, and the correlation (r) for negative-and-pesitive-Nino3.4 values
corresponding to the El Nino, neutral ENSO, and La Nina phases in red, gray, and blue and-red-text, respectively.
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Figure 3. Monthly distribution of spatially aggregated non-detrended precipitation for (a) El Nifio, (b) neutral ENSO, and (c) La
Niiia conditions based on the Nino3.4 index computed from 3-monthly running mean SST anomalies. The boxes denote the lower
and upper quartiles, the whiskers the minimum and maximum values, and the line in the middle the median. The spatially
aggregated mean is shown by the circles, filled at the p < 0.05 significance level, semi-transparent at the p < 0.1 level, and open
circles for non-significance anomalies relative to climatology. The sample sizes are indicated in the number above the boxes. The
distribution of neutral ENSO conditions is overlaid in grey for reference for the El Nifio and La Nifia phases in (a) and (c).
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Figure 4. Composites of anomalies in zonal wind and Rossby wave breaking frequencies based on the onset of (a, b) precipitation
events and (c,d) dry-day events. (a,c) 250-hPa zonal wind anomalies in colors and relative anomalies of stratospheric PV structure
frequencies — aggregated over 300-350K - in hatching, as indicated by the legend. (b,d) The zonal mean (20-60E) zonal wind

anomalies in colors and relative anomalies of stratospheric PV structure frequen

cies in hatching at pressure levels interpolated

from data on isentropic surfaces between 275 and 360 K with 5 K intervals. These isentropic surfaces are plotted in grey contours.
Zonal wind and Rossby wave breaking anomalies are shown only where considered significant at p < 0.05_based on a Monte Carlo
test with 1,000 samples. Gray shading marks regions where climatological frequencies of vertically aggregated PV structure
occurrences over 300-350K in (a,c) are below 25 counts and of PV structure occurrences in (b,d) fall below 5 counts. The region of
interest is denoted in blue contours in (a,c) for reference. Sample sizes of precipitation and dry-day events are indicated in the

figure titles.
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Figure S. Composites of anomalies in cool-season zonal wind and Rossby wave breaking frequencies for (a,b) El Nifio and (¢,d) La
Niifia events. (a,c) 250-hPa zonal wind anomalies in colors and relative anomalies of stratospheric PV structure frequencies —
aggregated over 300-350K - in hatching, as indicated by the legend. (b,d) The zonal mean (20-60°E) zonal wind anomalies in colors
and relative anomalies of stratospheric PV structure frequencies in hatching at pressure levels interpolated from data on
isentropic surfaces between 275 and 360 K with 5 K intervals. These isentropic surfaces are plotted in grey contours. Zonal wind
and Rossby wave breaking anomalies are only shown where considered significant at p < 0.1. Gray shading denotes regions where
climatological frequencies of vertically aggregated PV structure occurrences over 300-350K in (a,c) are below 25 counts and of PV
structure occurrences in (b,d) fall below S counts. For reference, regions where relative anomalies in stratospheric PV structure
frequencies exceed 10% for precipitation events are outlined in green contours in (a,b), while those falling below -10% for dry-day
events are outlined in purple contours in (c,d).
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Figure 6. Monthly distribution of the latitudinal position of the subtropical jet axis for (a) El Nifio, (b) neutral ENSO, and (c) La
Nifia conditions. The latitudinal position of the subtropical jet is defined by the maxima in the zonal mean (20-60°E) of the non-
detrended monthly mean 250-hPa zonal wind between 18-44°N. The boxes denote the lower and upper quartiles, the whiskers the
minimum and maximum values, and the line in the middle the median. The mean jet position is depicted by circles, filled at the p <
0.05 significance level, semi-transparent at the p < 0.1 level, and open circles for non-significance anomalies relative to climatology.
The sample sizes are indicated by the numbers above the boxes. The distribution of neutral ENSO conditions is overlaid in grey
for reference for the El Nino and La Nina conditions in (a) and (c).
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signifieant-aAnomalies in total column water are only plotted where significant at the p < 0.05 level. The numbers in the figure title
denote the number of samples for each ENSO phase, and the blue contour highlights the region of interest.
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Figure 8. Monthly distribution of spatially aggregated non-detrended total column water for (a) El Nifio, (b) neutral ENSO, and
(c) La Nifia conditions. The boxes denote the lower and upper quartiles, the whiskers the minimum and maximum values, the line
in the middle the median, and the circle the mean, filled at the p < 0.05 significance level, semi-transparent at the p <0.1 level, and
open circles for non-significance anomalies relative to climatology. The sample sizes are indicated by the numbers above the boxes.
The distribution of neutral ENSO conditions is overlaid in grey for reference for the El Nifio and La Niiia phases in (a) and (c).
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plotted where significant at the p < 0.05 level. The numbers in the figure title indicate the number of samples for each ENSO
phase, and the blue contour highlights the region of interest.
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Figure 11. El - Nifie—eComposites of cool-season anomalies_for (a-c) EI-Nifio and (d-f) La Nifia. lin (a,d) precipitation (%) in

MSWEP, (b.¢) top thermal radiation (W m) in colors with negative

anomalies corresponding to enhanced tropical convection and

positive anomalies to reduced convection, 200-hPa geopotential height (m) contours at 4 gpm intervals with positive and negative
values in solid and dashed lines, respectively, and vertically integrated horizontal water vapor transport (kg m™' s) in red vectors,
and (c.f) 250-hPa zonal wind anomalies (m s™') in colors, the climatological mean of 250-hPa zonal wind in contours at 5 m s!
intervals, and relative anomalies in stratospheric PV structure occurrences, aggregated over 300-350K, in hatching, as indicated
by the legend. Anomalies in top thermal radiation are only shown where considered significant at p < 0.05 and in zonal wind and

Rossby wave breaking frequencies are-shewn-only-where considered
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Figure 143. A schematic representation of three different mechanism through which ENSO modulates Middle Eastern
precipitation variability during the cool season under (a) El Nifio and (b) La Nifia conditions: (1) a zonally symmetric
displacement of the subtropical jet (cf. Kumar et al., 2016; Alizadeh-Choobari et al., 2018; Sandeep and Ajayamohan, 2018: Hoell
et al., 2024) alongside modifications in Rossby wave breaking occurrences on the poleward flank and beneath the jet core, (2) a
barotropic Rossby wave response arching from the tropical Pacific via the extratropics toward the Middle East (cf. Kumar et al.,
2016; Hoell et al., 2013b: Hoell et al., 2015a; Abid et al., 2020)e.g-—Wallace—and, and (3) a regional baroclinic response in the
tropical circulation extending westwards from the tropical Warm Pool, consistent with a Gill-Matsuno- type response_(cf. Barlow
et al., 2002; Hoell et al., 2012; Hoell et al., 2015a)._This schematic is inspired by Fig. 9 from Barlow et al. (2016), showing
mechanism (2) and (3) for La Nifia conditions.

29



Appendix A
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685 Figure Al. As Fig. 2a,b,c but for individual months from October to May. The ENSO phases are defined based on 3-monthly
running mean SST anomalies in the Nino3.4 region. Sample sizes are indicated in text in the top right corner of each panel.
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Figure A2. As Fig. 5(a,c) but for individual months from October to May in rows and the ENSO phases - warm, neutral, and cold -
in columns. The ENSO phases are defined based on 3-monthly running mean SST anomalies in the Nino3.4 region. Sample sizes
690 are indicated in text in the top right corner of each panel.
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Figure A3. As Fig. 5(b,d) but for individual months from October to May in rows and the ENSO phases - warm, neutral, and cold
- in columns. The ENSO phases are defined based on 3-monthly running mean SST anomalies in the Nino3.4 region. Sample sizes
are indicated in text in the top right corner of each panel.
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Figure A4. As Fig. 7 but for individual months from October to May in rows and the ENSO phases - warm, neutral, and cold - in
columns. The ENSO phases are defined based on 3-monthly running mean SST anomalies in the Nino3.4 region. Sample sizes are
indicated in text in the top right corner of each panel.
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