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Abstract The mesoscale dynamics of a record-breaking Atmospheric River (AR) that impacted the Middle
East in mid-April 2023 and caused property damage and loss of life are investigated using model, reanalysis and
observational data. The high-resolution (2.5 km) simulations revealed the presence of AR rapids, narrow and
long convective structures embedded within the AR that generated heavy precipitation (>4 mm hr™") as they
moved at high speeds (>30 m s™') from northeastern Africa into western Iran. Gravity waves triggered by the
complex terrain in Saudi Arabia further intensified their effects. Given the rising frequency of ARs in this
region, AR rapids may be even more impactful in a warming climate, and need to be accounted for in reanalysis
and numerical models.

Plain Language Summary Atmospheric Rivers (ARs) are narrow and long bands of high water
vapor content, which largely originate in the tropics or subtropics and propagate into mid- and high-latitudes.
They can bring beneficial rain and snow but, in particular the most intense, can lead to catastrophic flooding and
loss of life. One of such occurrences in the Middle East in mid-April 2023 is investigated using model and
observational data. The high-resolution (2.5 km) simulation put in evidence narrow (5-15 km) and long (100-
200 km) convective structures within the AR, known as AR rapids, which produced heavy precipitation

(>4 mm hr™ "), further enhanced by gravity waves that developed over the high terrain in western Saudi Arabia,
and propagated at high speeds (>30 m s"). ARs are occurring more frequently in the Middle East as they are
globally, and with increased atmospheric water vapor in a warming climate, AR rapids may be even more
destructive.

1. Introduction

Atmospheric Rivers (ARs) are narrow and long filaments of moisture-rich air that typically originate in the
tropics/subtropics and propagate poleward into the mid- and high-latitudes (Gimeno et al., 2014; Zhu & New-
ell, 1998). They are generally detected based on the associated integrated vapor transport (IVT), which is the
column integral of the flux of water vapor carried by the horizontal wind flow (Guan & Waliser, 2015; Guan
et al., 2023; Lora et al., 2020; Zhou et al., 2018), while their strength and impacts are typically a function of the
magnitude and persistence of high IVT values (Eiras-Barca et al., 2021; Esfandiari & Rezaei, 2022; Ralph
et al., 2019). ARs are associated with different time-scales, ranging from high-frequency (<10 days) predomi-
nantly over the mid-latitude storm tracks, to low-frequency in the summer monsoon regions, with intermediate
ARs found on the poleward side of subtropical highs (Park et al., 2023). While in monsoon and lower latitude
regions they further exacerbate rainfall events (Liang & Yong, 2021; Park et al., 2021; Vallejo-Bernal et al., 2023;
Yang et al., 2018), at high-latitudes and over the high-terrain, ARs can have a substantial effect on sea-/land-ice
and snow cover (Box et al., 2023; Bozkurt et al., 2021; Fonseca et al., 2023; Francis et al., 2020, 2021a, 2022a,
2022b; Meinander et al., 2023; Shields et al., 2022b; Wille et al., 2024a, 2024b; Zhang et al., 2023). When they
move over a dust source region, such as the Saharan and Arabian Deserts, the associated wind flow can trigger
dust lifting and create hazardous conditions (Dezfuli, 2020; Dezfuli et al., 2021; Francis et al., 2023; Nelli
etal., 2021a; Voss et al., 2021). Besides water vapor and dust, ARs can transport other aerosols such as black and
organic carbon and sea salt (Chakraborty et al., 2021, 2022; Lapere et al., 2024). They account for up to 50% of the
wintertime precipitation in mid-latitude regions (Lavers & Villarini, 2015), and are projected to be stronger and
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more persistent in a warming climate (Espinoza et al., 2018; Massoud et al., 2020; Nellikkattil et al., 2023; Payne
et al., 2020; Shields & Kiehl, 2016; Tian et al., 2023; Wang et al., 2023).

ARs in the Middle East are more frequent and the strongest in March, when about 23% of all ARs take place, and
least frequent and the weakest in November, when roughly 13% occur (Esfandiari & Rezaei, 2022). This is in
contrast with Europe and the United States, where ARs make landfall mostly in the colder months of October to
March (Lavers & Villarini, 2015). The difference in the timing can be explained by the different mechanisms that
promote the development of ARs. In Europe and the United States, they are typically associated with baroclinic
weather systems, which are more active in the colder months when the pole to equator temperature difference is
maximized. On the other hand, the paths of Middle East ARs are modulated by the position of the Arabian
Peninsula's subtropical high (Alghamdi & Harrington Jr, 2022, 2023), the Red Sea Trough (de Vries et al., 2013,
2016), and mid-latitude troughs (Esfandiari & Lashkari, 2020; Francis et al., 2023). The Red Sea Trough is more
active during spring and autumn compared to winter (Tsvieli & Zangvil, 2007), while cyclogenesis in parts of the
southern Mediterranean is more frequent in spring (Flaounas et al., 2022; Lionello et al., 2016). ARs in the Middle
East tend to be less intense, in terms of the associated IVT, compared to those in Europe and North America,
owing to the aridity of the neighboring north Africa and Sahara (Bozkurt et al., 2021; Eiras-Barca et al., 2021;
Esfandiari & Rezaei, 2022). However, their horizontal and vertical structures are similar to those of ARs else-
where, despite regional variations in intensity and impact (e.g., Bozkurt et al., 2021; Dezfuli, 2020; Dezfuli
et al., 2021; Payne et al., 2020). In terms of frequency of occurrence, ARs make landfall up to two to three times
more frequently in the west coast of Europe and North America compared to the Middle East (Wang et al., 2024).
Dezfuli (2020) reported on an AR in March 2019 that delivered up to 400 mm of rainfall, leading to widespread
floods and loss of life in parts of Iran. The IVT exceeded 350 kg m™"' s~ with contributions from the tropical
Atlantic, Arabian Sea and Mediterranean Sea, further enhanced as the AR moved over the Red Sea and Arabian
Gulf. Dezfuli et al. (2021) and Francis et al. (2023) highlighted the role of ARs in triggering dust storms in the
Middle East: in the former dust is lifted directly by the atmospheric circulation that promoted the development of
the AR, while in the latter density currents emanated from deep convection fueled by the ARs promoted dust
emission.

In the aforementioned studies, in-situ observations and reanalysis data sets at relatively coarse spatial resolution
(no higher than 25 km) and temporal resolutions as low as once daily, are used to investigate the ARs and their
impacts. Box et al. (2023) made use of a 2.5 km reanalysis product over Greenland to investigate extreme pre-
cipitation events in coastal regions, with daily totals in excess of 300 mm. They found linear, along-flow updraft
regions embedded within the AR, termed “AR rapids,” with a width of 5-15 km, 100-200 km long, and 3 km deep
flowing about 2 km above sea level. AR rapids moved at high speed (>30 m s™"), persisted for more than 24 hr,
produced precipitation in their tracks, and were driven by buoyancy from condensation. Gravity waves triggered
by the high-terrain further amplified the diabatic heating, increasing the rainfall rate by up to a factor of four. Such
a complex structure will not be represented in coarse resolution modeling and observational products. However, if
found to be ubiquitous in ARs, in particular in the more active ones, it may help explain their devastating impacts.
It is important to stress that AR rapids are distinct from narrow cold-frontal rainbands, which exhibit a zig-zag or
scalloped appearance in radar reflectivity and rain accumulation maps, are characterized by a “gap and core”
structure with the bow-shaped core having a length of about 25-50 km, are coincident with and parallel to the cold
front, and typically move at 10-20 m s~ (Collins et al., 2020; Crosier et al., 2014; de Orla-Barile et al., 2022;
Jorgensen et al., 2003). They are also distinct from mesoscale convective systems (MCSs; Nelli et al., 2021b),
which are characterized by a broad area of deep convective clouds (>40,000 km?) with a smaller precipitation
region inside (>1,000 km?), typically only lasting for a few hours (6-10 hr) and moving at lower speeds of 10—
20 m s'. MCSs and AR rapids also leave contrasting imprints in the precipitation field, the former generating
broader structures (Nelli et al., 2021b; da Silva and Haerter, 2023; Nelli, Francis, et al., 2021; Da Silva &
Haerter, 2023) while the latter is characterized by linear streaks (Box et al., 2023). MCSs and AR rapids are
therefore two different types of organized convection within an AR, with the former also existing outside ARs, for
example, in association with convective outbreaks such as those that occur in the region in particular in the
warmer months (Francis et al., 2021b).

The primarily goal of this study is to investigate AR rapids in mid-latitude regions such as the Middle East by
scrutinizing the unusually strong AR of mid-April 2023, which caused widespread damage and loss of life in
particular in Iraq (Al-Monitor, 2023) and Iran (Alarabiya News, 2023). This is achieved using a combination of
observational, reanalysis data and a Weather Research and Forecasting (WRF; Skamarock et al., 2019) modeling
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product. The findings of this work will help to further our current understanding of the dynamics of ARs and their
interaction with other meteorological phenomena, and ultimately improve their prediction and contribute to
minimizing their impacts.

The manuscript is structured as follows. The methods and data sets used in this work are summarized in Section 2.
The large-scale dynamics that promoted the occurrence of the AR and its extreme nature are described in Sec-
tion 3, with the mesoscale structure of the AR being discussed in Section 4, where the signatures of AR rapids are
highlighted. The main findings of this study are outlined in Section 5.

2. Data Sets and Methodology

The large-scale processes that promoted the development of the AR are analyzed using ERA-5 reanalysis data
(Hersbach et al., 2020), which has a spatial resolution of 0.25° (~27 km) and a temporal resolution of 1 hr. This
state-of-the-art reanalysis data set has a good performance in the Middle East and North Africa in comparison
with in-situ and satellite-derived measurements (Alghamdi, 2020; Fonseca et al., 2022b; Gleixner et al., 2020;
Nogueira, 2020). ERA-5 is used to detect ARs using the same algorithm described in Guan and Waliser (2019),
which employs a detection criteria based on intensity (above 85th percentile, or 100 kg m™" s™', whichever is
greater) and geometry (>2,000 km long, with a >2 length-to-width ratio) thresholds of IVT. This approach fa-
cilitates identifying ARs in traditionally IVT-low areas, helping to extend research into previously underexplored
regions, such as that focused in the current study (Ma et al., 2021, 2024; Massoud et al., 2020; Wang et al., 2020;
Zhang et al., 2023). It is one of the methods recommended by the Atmospheric River Tracking Method Inter-
comparison Project for application in dry regions (Rutz et al., 2019; Shields et al., 2018). Satellite images
generated from the measurements collected by the Spinning Enhanced Visible and Infrared Imager (SEVIRI;
Martinez et al., 2009; Schmetz et al., 2002) instrument onboard the Meteosat Second Generation spacecraft,
available every 15-min at a resolution of 0.05° (~5.6 km), are used to visualize the associated cloud structure.
Satellite-derived precipitation estimates from the Integrated Multi-Satellite Retrievals for the Global Precipitation
Measurement (GPM) mission (IMERG; Huffman et al., 2020; Pradhan et al., 2022), available every 30-min at
0.1° (~11.1 km) resolution, and ground-based observations from weather stations that comprise the National
Oceanic and Atmospheric Administration's Global Surface Summary of the Day (Lackey, 2020b) catalog, are
used to assess the precipitation generated by the AR. In-situ hourly meteorological observations (Herz-
mann, 2024) and up to twice daily sounding profiles (Oolman, 2024) at airport stations are considered to inspect
the local effects of the ARs. The moisture sources that contributed to the AR are identified through back-
trajectories obtained with the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT; Stein
et al., 2015) model driven by ERA-5 data.

In order to investigate the convection embedded within the AR and shed light on AR rapids, a numerical
simulation is conducted with the WRF model, given the lack of high-resolution observational and reanalysis
products for this region and time period. The WRF configuration used (Table S1) reflects the best set up for
simulations of small-scale convective cells in the Arabian Peninsula (Fonseca et al., 2022a; Francis et al., 2021b;
Gopalakrishnan et al., 2023; Taraphdar et al., 2021). The model is run in a 7.5-2.5 km nested configuration
(Figure Sla in Supporting Information S1), with the innermost grid comprising the full Arabian Peninsula and
having a spatial resolution that is high enough to resolve AR rapids (Box et al., 2023). An evaluation of the model
predictions against ground-based and sounding data (Figure S1b in Supporting Information S1) revealed a good
performance (Table S2 in Supporting Information S1).

3. Synoptic Dynamics and the Extreme Nature of the Atmospheric River

A dipole of pressure anomalies in the North Atlantic, projecting onto the positive phase of the North Atlantic
Oscillation (NAO; Visbeck et al., 2001), a trough over southeastern Europe, and a ridge over India extending into
the southeastern Arabian Peninsula are the main low-level large-scale circulation features over southern Europe,
North Africa and the Middle East during 09-13 April 2023 (Figure 1a). The ridges over southwestern Europe and
western Russia lead to a deflection of the polar jet, which converged with the subtropical jet over northeastern
Africa (Figure 1b). The low over southeastern Europe is located to the north of the jet exit region, an area that is
favorable for cyclogenesis (Wallace & Hobbs, 2006). This low, together with the ridge over India, Arabian Sea
and Arabian Peninsula, led to a strong south-westerly flow in the Middle East, which fostered the development of
the AR.
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Figure 1. Synoptic atmospheric circulation averaged over 09-13 April 2023: (a) 850 hPa streamfunction (shading;

10° m? s72) and horizontal wind (arrows; m s~') anomalies. The major cyclonic and anticyclonic systems are highlighted
with a red “L” and a blue “H,” respectively. (b) 200 hPa horizontal wind speed (shading; m s™1) and vectors (arrows). The
position of the polar and subtropical jets are identified in the map. All fields are extracted from the ERA-5 reanalysis data,
and are shown for the domain 60°W—-60°E and 0°-60°N, with the anomalies computed with respect to the 1979-2022 3-
hourly climatology.

Figure 2a shows the 500 hPa geopotential height and IVT on 11 April at 12 UTC, roughly 30 hr before the AR
reached its peak intensity on 12 April at 18 UTC (Figure 2b). The AR on 12 April 2023 has a contribution from
three moisture sources: (a) tropical Atlantic around 10°-20°N from the southwest; (b) North Atlantic and
Mediterranean Sea from the northwest; (c) Red Sea, Gulf of Aden and Arabian Sea from the southeast and south.
This is confirmed through back-trajectories (Figure S2 in Supporting Information S1). The maximum IVT
associated with this AR was 1,176 kg m~! s_l, reached at 18 UTC on 12 April (Figure 2b), which makes it the
strongest AR on record ahead of the 22 January 2005 AR (1,102 kg m™' s™"), reported to be the strongest AR in
the Middle East in the 50-year period 1971-2020 (Esfandiari & Rezaei, 2022).

In order to further emphasize the extreme nature of this AR, Figure 2c shows a histogram of the 3rd spatial quartile
of the hourly IVT in the Arabian Peninsula (10°-40°N and 30°-60°E) for the period 1979-2023, with the colored
lines giving the minimum, mean and maximum values for 12 April 2023. The IVT values on 12 April are in the
top 1% of the distribution, corresponding to a percentage of occurrence under 0.4%. The AR gradually
strengthened during 11-12 April followed by a rapid weakening into 13 April, when the storm shifted eastwards
and the AR moved over the Zagros mountains in Iran. As the moisture supply was cut off and the AR moved into
high terrain and then further polewards, it quickly faded away. The presence of the Zagros mountains helped to
spatially confine the moist air and led to the very high IVT values at 18 UTC on 12 April (Figure 2b).

4. Mesoscale Structure of the Atmospheric River—AR Rapids

Further insight into the dynamics of the AR is achieved through a high-resolution numerical simulation with the
WRF model as detailed in Section 2. Figure 3a shows the observed and modeled near-surface fields at the location
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Figure 2. Atmospheric River during 11-13 April 2023: 500 hPa geopotential height (every 50 m; black contours) and Integrated Vapor Transport (IVT; the shading gives
the magnitude and the arrows give the vectors; kg m~ s Hon(a)ll April at 12 UTC and (b) 12 April at 18 UTC from ERA-5. In (a) the fields are shown over 0°-50°N
and 30°W-60°E, while (b) is a zoom-in map over the Middle East (0°-45°N, 10°E-70°E). The thick black line corresponds to the outline and extent of the AR while the
thick purple line indicates the AR's axis where the IVT is strongest. (c) Histogram of the 3rd quartile of hourly IVT values in 10°-40°N and 30°-60°E from 1979 to 2023.
The 1st, 5th, 95th and 99th percentiles are given the dotted, dashed, dash-dot and dash-dot-dot-dot black lines, respectively. The red, green and blue solid lines indicate
the minimum, mean and maximum hourly values on 12 April 2023, respectively.

of the Baghdad International Airport (star in Figures 3b and 3c), a site that was directly affected by the AR and
where its impacts were particularly severe (Al-Monitor, 2023).

The passage of the AR at 15 UTC on 11 April is characterized by a 12 K drop in air temperature, a 65% increase in
relative humidity, a nearly tripling of the wind speed from 5 to 14 m s~ with the wind direction shifting from
southeast to west, and a 5 hPa variation in pressure in one hour, with the occurrence of rain and thunderstorms.
This variability is more pronounced than that observed in a flood-producing AR in southwestern United States
(Neiman et al., 2013), which is consistent with the extreme nature of this AR. The cold front associated with the
mid-level trough moved over the site at 19 UTC on 13 April, when the skies cleared (Figure 3c), the wind di-
rection shifted to the northwest, the relative humidity dropped by about 21%, and the air temperature decreased by
roughly 4 K (Figure 3a). These changes are on the lower side of those reported in mid-latitude studies conducted
in the northeastern Pacific (Norris et al., 2020) and Southern Ocean (Finlon et al., 2020; Rauber et al., 2020),
probably due to the moderation of the cooler and drier air behind the cold front as it moved the warmer waters of
the Mediterranean Sea and the northern Arabian Peninsula.

One way to gain further insight into the nature of the convection within the AR is through the isentropic
streamfunction (Gopalakrishnan et al., 2023; Pauluis, 2016; Pauluis & Mrowiec, 2013). In Figures 3d and 3e, it
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is plotted for the domains highlighted by the yellow boxes in Figure 3c. In the local morning hours of 12 April,
deep moist convection took place within the AR (note the maximum around 400-500 hPa at a 65 of around
332.5 K) with convective downdrafts starting around 700 hPa and descending to the surface (65 ~ 327.5 K).
This is consistent with the observed convection in ARs (Finlon et al., 2020). The evening convection over
eastern Iraq and western and southwestern Iran is very deep, with convective overshoots (i.e., strong updrafts
above their level of neutral buoyancy) and the formation of extensive anvil clouds, and was associated with
very high IVT values in excess of 1,100 kg m™" s™' (cf. Figure 2b). Compared to the morning convection, the
updrafts in the evening convective event are not as energetic as the surface is colder (note the lower 0y values),
even though there is a reduced level of entrainment of the drier ambient air (compare the tilt of the updrafts in
Figures 3d and 3e).

In order to explore the evolution of the convection in the AR, in Figures 4a and 4b the observed and WRF
vertical profiles of equivalent potential temperature, relative humidity, and horizontal wind speed and direction
at a station over northern Saudi Arabia (Figure S1b in Supporting Information S1) from 09 to 13 April are
given. The model captures the major features such as the (a) jet streak at ~200 hPa on 13 April with speeds in
excess of 60 m s™', (b) shift of the wind from a southerly to a northerly direction on 11-12 April after the
passage of the AR accompanied by a drying of the mid-troposphere, with a roughly ~90% drop in relative
humidity, and (c) drop in Og on 13—14 April, as drier and cooler air was advected into the site. These changes
are consistent with those observed in the passage of the trailing cold front behind the AR (Finlon et al., 2020;
Norris et al., 2020).

The 30-min WREF profiles are able to better resolve the features of the AR, including the presence of narrow
but tall towers of high humidity on 10-12 April not seen in the 12-hr sounding profiles. These structures,
called AR rapids, are roughly 2 km above the surface and extend up to the tropopause, propagating at high
speed. The Hovmoeller plot in Figure 4c reveals they move at about 30 m s™', last at times for more than
24 hr, and generate copious amounts of precipitation in their wake, with rain rates in excess of 4 mm hr™".
Their spatial and temporal scales match those of the AR rapids reported in Box et al. (2023), except that here
they are deeper (5-7 vs. 3 km), in line with the fact that convection over southern Greenland is typically not
as deep as in the Middle East. Vertical cross-sections confirm the presence of AR rapids (Figure S3 in
Supporting Information S1), which are largely absent in ERA-5 data (Figure 4d) that just show broader re-
gions of ascent. It is important to note that AR rapids are not present in satellite-derived products such as the
SEVIRI images (Figures 3b and 3c), neither in the Infrared Brightness Temperature (Meyer, 2024) maps.
Higher spatial (at least 2.5 km) and temporal (at least 30-min) frequency data are required to detect these
features.

The Ha-il station is located downstream of the high-terrain in western Saudi Arabia (Figure S1b in Supporting
Information S1), suggesting that gravity waves, seen in vertical cross-sections (Figures S3b and S3c in
Supporting Information S1), may further increase the depth of the convection towers. Figure 4e gives the
accumulated precipitation and maximum 10-m wind speed for 11-13 April. The wind speed field shows the
signature of gravity waves, with peak values up to 35 m s~'. The linear nature of the AR rapids seen in the
Hovmoeller plot (Figure 4c) is also present in Figure 4e, and contrasts with the rainfall behind the mid-level
trough, which shows a cyclonic curvature and is associated with the cooler and drier northwesterly air mass
flowing over warmer sea surface temperatures. A similar spatial pattern is present in the satellite-derived
GPM IMERG estimates (Figure S4a in Supporting Information S1). The 3-day accumulated rainfall ex-
ceeds 200 mm over the high-terrain, with peak values just over 450 mm. The peak value in the ~11 km
satellite product is roughly half of that predicted by WRF's 2.5 km grid, ~210 mm, and is largely comparable
to the ~240 mm predicted by WRF's 7.5 km grid. This suggests the increased rainfall amounts in the finer
nest may arise from a more detailed representation of the complex topography of the Zagros Mountains. There

Figure 3. Convection within the Atmospheric River: (a) Observed (red) and WRF (blue) hourly air temperature (°C), relative humidity (%), sea-level pressure (hPa) and
horizontal wind direction (°), and speed (m s™") at the Baghdad International Airport, station #30 in Figure S1b in Supporting Information S1 and star in panels (b) and
(c), from 09 to 13 April 2023. Times when precipitation and/or thunderstorms occurred at the site are highlighted with crosses in the top panel. SEVIRI false-color
satellite images on (b) 11 April at 15 UTC, and (c) 12 April at 19 UTC, the times highlighted with a vertical line in panel (a). Isentropic streamfunction (10> kg m—>s™")
on (d) 12 April averaged over 25°-30°N and 40°—45°E, bottom yellow box in panel (c), and 04-09 UTC, and (e) 30°-35°N and 45°-50°E, upper yellow box in panel (c),

and 18-23 UTC.
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are very few weather stations in this region, and even fewer with full precipitation records from 11 to 13 April
2023. The highest accumulated rainfall is ~120 mm for a station in northern Iraq (Figure S4b in Supporting
Information S1), for which the WRF's 2.5 km grid (~94 mm) and GPM IMERG (~92 mm) estimates are not
too far off.

5. Discussion and Conclusions

ARs can deliver life-threatening amounts of rainfall in mid- and high-latitudes, even though the precipitation can
be beneficial in drier subtropical regions and during drought periods (Lamjiri et al., 2017). Despite the extensive
research conducted on this topic, and owing to the sparse observational measurements and the still low spatial
resolution modeling and reanalysis data sets, very few studies have delved into the finer structure of the con-
vection within an AR such as AR rapids. In this study, the anatomy and dynamics of one of the strongest AR to
impact the Middle East in mid-April 2023 that wreaked havoc leading to extensive damage and multiple deaths in
particular in Iraq and Iran, is investigated. This is achieved using a combination of observations and reanalysis
data and a nested model simulation.

The presence of a ridge over India extending into the southeastern Arabian Peninsula and a trough over
southeastern Europe promoted the development of the AR. Both tropical and extratropical moisture sources
contributed to the exceptionally-high IVT values. The third quartile of the IVT in the Arabian Peninsula is in
the top 1% of the climatological distribution, with a maximum IVT of 1,176 kg m™"' s™'. Ground-based ob-
servations and radiosonde profiles exhibit the classic signatures of AR conditions and the passage of the cold
front behind the AR, which are generally well simulated by the numerical model. The 30-min vertical profiles
revealed the presence of AR rapid-like structures, composed of convective cells with similar characteristics to
those reported by Box et al. (2023), albeit deeper in the vertical (5—7 vs. 3 km), as the environment in the
Middle East is more conducive for convection. Such features are not explicitly present in the ~27 km resolution
ERA-5 data.

The findings of this research pave the way for new research and investigation avenues. Moving forward, future
work can build upon these results to delve deeper into the dynamics behind ARs, in particular of its multi-scale
nature and the interaction between larger-scale convection and smaller-scale features such as AR rapids, their
seasonality and variability. It will also be of interest to investigate whether AR rapid-like structures are present
in all ARs or just in specific ones, whether their main features (length, width, depth, propagation speed and
duration) vary from one AR to another, and where and at what stage of the AR they are more likely to occur.
These questions can be addressed through the analysis of a reanalysis product at 2.5 km resolution or higher, or
through the modeling of a large number of individual events.

The circulation patterns that promote ARs comprising AR rapid-like structures should also be investigated.
Once a basic understanding is gained, the focus should be on multi-scale interactions, for which observations
collected during dedicated field campaigns will be crucial. Feature extraction and tracking techniques, spectral
analysis and regression and composites (Fonseca et al., 2019; van der Linden et al., 2016) are some of the
methodologies that can be considered. The potential role of the low- and high-level jets on AR rapids
development are also worth exploring. Ultimately, the development of an index or scale for AR rapids will be
vital for operational purposes, and help in mitigating their potential devastating impacts. As ARs are projected
to become more frequent and intense in a warming climate (Payne et al., 2020; Shields et al., 2023; Wang
et al., 2023), including in the Middle East (Espinoza et al., 2018; Massoud et al., 2019), understanding their
dynamics in the present climate will contribute to a better comprehension of their projected changes in the
future.

Figure 4. Atmospheric River Rapids: (a) Equivalent potential temperature (0; K), relative humidity (%) and horizontal wind speed (m s™!) and direction (°) from
radiosondes launched at the Ha-Il Regional Airport (station #6 in Figure S1b in Supporting Information S1) every 12-hr from 09 to 13 April 2023. Panel (b) is as (a) but
with the 30-min WRF output. (c) Hovmoeller plot of the WRF model's 30-min 600 hPa vertical velocity (107> m s~') and precipitation rate (mm hr™") averaged over
30°-35°N from 09-13 April 2023. The AR rapids are highlighted by the green arrows. Panel (d) is as (c) but with the hourly ERA-5 data. () Maximum 10-m wind speed
(m s™"; shading) and accumulated precipitation (10 mm contour plotted as a solid blue line; blue dots indicate regions where it exceeds 50 mm) for 11-13 April from
WREF. Satellite-derived and in-situ measured precipitation amounts for the same period are given in Figure S4 in Supporting Information S1.
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