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1 Introduction

Lower tropospheric atmospheric dynamics are key to understand many meteorological phe-
nomena [1]. Water vapour plays a key role in describing these lower atmospheric dynamics.
Water vapour is a variable constituent of the atmosphere, and accounts for 0-4% by volume of
tropospheric air. The vapour content of the atmosphere decreases with height, as the saturation
vapour pressure increases exponentially with temperature, lead to maximum atmospheric water
vapour concentrated in the lower troposphere [2]. At the same time, this concentration of water
vapour in the lower atmosphere has significant impact on troposphere atmospheric dynamics.
Many processes contribute to the transport and circulation of water vapour in the atmosphere.
Molecular and turbulent diffusion, convection, and advection are some of them. The vertical
flux of evaporation from the oceans and the land surface into the atmospheric boundary layer
is accomplished by diffusion, and the vapour is vertically mixed by diffusion and convection.
Advection is the dominant mechanism on the temporal and spatial scales of lateral transport.
On these scales, water vapour can be treated as a scalar admixture advected by the horizontal
wind [2].

Atmospheric general circulation plays a vital role in circulating the water vapour in the
lower troposphere. The large-scale land-ocean atmospheric exchange of water demonstrate the
coupling of atmospheric branch of hydrological cycle. The global and continental scale transport
of water vapour has important implications for climate variability and hydrology owing to the
following factors: (1) enormous amounts of energy are consumed or released upon phase changes
of H2O; (2) the distribution of the suspended liquid phase (clouds) and the ice phase of water
(snow or sea ice) significantly reduce the efficiency with which the Earth system converts the
incident solar radiation to energy available and useful for driving dynamic atmospheric motion;
(3) water vapour is the principal greenhouse gas responsible for re-radiating the longwave flux
emitted by the heated Earth’s surface; (4) water is a limiting factor in the functioning of the
biosphere, which exerts significant control over various hydrologic and atmospheric processes.
These factors interact and have influential feedbacks on each other [2]. Hence, atmospheric
scientists must consider studying climatological, meteorological and hydrological aspects of the
transport of moisture in the lower atmosphere [1], [3]. It is particularly important to understand
the conceptual models of moisture transport to aid research into the origin of continental
precipitation [4]. Also, moisture transport in mid latitudes plays a key role in guiding global
atmosphere and climate dynamics in various temporal and spatial scales.

Major part of the water vapour transported meridionally across the mid-latitudes (>90%
of the total mid latitude vertically integrated water vapour flux) takes place through narrow
corridors called atmospheric rivers (ARs) [5]. These transient filamentary regions occur within
the warm conveyor belt (WCB) of extra-tropical cyclones, and are characterised by high water
vapour content and strong low level winds (a low level jet). In the present work, we attempt to
discuss and describe the water vapour transport in the mid-latitudes which occurs due to ARs
and assess different meteorological and hydrological implications.

This work introduce the theoretical framework aimed at studying the ARs and their rela-
tionship with the extreme hydro-meteorological events like extreme precipitation and winds
etc., causing socioeconomic losses over Euro-Atlantic region. The study focus on understand-
ing (parameterizing) air-sea fluxes at source and landfall using reanalysis, numerical modelling
and machine learning approaches to quantify the ARs and associated extremes. My work plan
includes aforementioned aspects in the context of recent climate change. Thus, this work is
designed as follows: Chapter 2 describes the ARs, impacts and their importance. Chapter 3
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describes formation and meteorological parameters associated with ARs, different algorithms,
methods, data sets and scale to categorise ARs. Chapter 4 describes the air-sea interactions,
synoptic conditions, thermodynamics and dynamics of of ARs. This includes dynamics of ARs
at the source region and the effect of coastal processes on ARs at the landfall. Chapter 5 de-
scribes challenges and uncertainties in studying ARs. Chapter 6 focuses on the spatio-temporal
variability of North Atlantic ARs (NAARs) and extreme hydro-meteorological events over the
Europe. Chapter 7 contains some discussions. Chapter 8 presents the current and planned work
to study the impact of climate change, energetics of ARs, numerical modelling and machine
learning approaches to study ARs.

2 AR: Definition

There are a wide variety of definitions that are in use to define and describe the AR. The
American Meteorological Society (2017) glossary defines an AR as ”A long, narrow, and
transient corridor of strong horizontal water vapor transport that is typically as-
sociated with a low-level jet stream ahead of the cold front of an extra-tropical
cyclone. The water vapor in ARs is supplied by tropical and/or extra-tropical
moisture sources. ARs frequently lead to heavy precipitation where they are forced
upward for example, by mountains or by ascent in the warm conveyor belt. Hor-
izontal water vapor transport in the mid-latitudes occurs primarily in ARs and
is focused in the lower troposphere. ARs are the largest “rivers” of fresh wa-
ter on Earth, transporting on average more than double the flow of the Amazon
River” [6] [7]. So, these transient filamentary regions occur within the WCB of extratropical
cyclones, and are characterized by high water vapor content and strong low level winds (a low
level jet). Thus, most of the water vapor transported meridionally across the mid-latitudes
(>90% of the total mid-latitude vertically integrated water vapor flux) takes place through
these narrow corridors [5].

These narrow bands (about 2000 km length and 300-500 km wide) are also called as ”tropo-
spheric rivers”. The term ”rivers” is used because they transport water at volumetric flow rates
similar to those of the world’s largest rivers. The word ”tropospheric” has slowly diminished
and changed to ”atmospheric rivers” [8]. There is still some disagreement on the appropriate-
ness of this term, with alternatives being ”tropical moisture exports” [9] or ”moisture conveyor
belts” [10] as an analogy with the conveyor belt model of extra-tropical cyclones [11], in which
the warm conveyor belt is a broader feature of extra-tropical cyclones that plays a central role
in the transport of sensible and latent heat polewards, to balance the contribution of other
components of the cyclone that transport relatively cool and dry air equator wards. Other
non-technical terms commonly used by forecasters to refer to ARs are ”Hawaiian fire hose”
or ”Pineapple Express” [12]; over the central United States ARs are called the ”Maya Ex-
press” [13].

AR from composite Integrated Total Column of Water Vapor (IWV) between 00 and 18 UTC
19 November 2009 is shown in the Figure 1a, which was associated with extreme precipitation
event that affected the United Kingdom (UK) [14]. Though ARs are more frequent in the mid
and high latitudes due to their strong coupling with the extra-tropical cyclones and storms
moving pole ward from mid-latitudes; these filaments like meteorological phenomena are not
cramped to a particular region. Four or five ARs are present in each hemisphere at any one time
and thus, footprints of ARs can be seen over different parts of the globe in different flavours
(Figure 1b). These regional ARs flavours consists of windy, wet and dusty ARs based on their
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characteristics, place of origin and land falling regions [15], [16]. The white rings in the Figure
1b show land areas where ARs have been linked with extreme rainfall and floods, including
parts of Europe and North and South America.

Figure 1: (A) Composite Integrated Total Column of Water Vapor (IWV) between 00 and 18 UTC 19 November 2009 showing
an AR associated with extreme precipitation events that affected the United Kingdom (UK). Data: ERA-Interim. (B) A general
distribution of areas of occurrence of ARs (red contours) based on [17], [8]. White contours showed the continental areas where
there are reported cases of ARs linked with extreme precipitation and floods [14]

Although first discovered some time ago [18] [19] the scientific community involved in AR
research has expanded greatly in recent times. The study of ARs has rose from 10 publications
in its first 10 years in the 1990s to over 400 papers in 2018 alone [20] as shown in the Figure 2.
This growth in scientific interest is wide spread around the globe (Figure 2) and founded on the
vital role ARs play in the water budget, precipitation distribution, extreme events, flooding,
drought, and many other areas with significant societal relevance including understanding the
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global water cycle. This is evidenced by several campaigns including the multi-agency supported
CalWater (Precipitation, Aerosols, and Pacific ARs Experiment) and ACAPEX (ARM Cloud
Aerosol Precipitation Experiment) field campaigns in 2015 with deployment of a wide range
of in situ and remote sensing instruments from four research aircraft, a research vessel, and
multiple ground-based observational networks [21], [22], [23].

Figure 2: a) Peer review journal articles referring to the topic of ARs published per year. Papers were counted via Google Scholar.
b) Locations of researchers by education level, instructors, and study areas of ARs from Figure 1a [20].

2.1 Importance of ARs

ARs, in many cases, are a form of extreme weather events like those of tropical cyclones that
affects many areas of the globe. As per the conservative estimates, on average, at least 300
million people around the world are exposed to floods and droughts linked to ARs each year.
Though the AR storms affects relatively small percentage of Earth’s population, the effects
are quite significant [24]. ARs are often embedded within extreme winter storms and cause
heavy precipitation along the west coasts of mid-latitude continents, including the western US,
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western Europe, and Chile [25], [22], [23], [26], [27], [28]. Their influence stretches as far as the
polar caps as ARs transfer large amounts of heat and moisture pole-ward, influencing the ice
sheets’ surface mass and energy budget [29], [30], [31], [32]. Intense ARs can weaken ice shelf
stability at the Antarctic Peninsula eventually led to their dramatic collapse [33]. Despite their
short-term hazards (e.g., extreme winds and precipitation, landslides, flooding), ARs provide
long-term benefits to regions such as western US and Europe, by contributing substantially to
mountain snow-pack [34]; provide precipitation and ultimately refill reservoirs. The sequence of
precipitating storms that often accompany ARs may also contribute to relieving droughts [34].
Figure 3 shows the role of ARs in the frequency of occurrence of global hydrological droughts
and floods. In the most significant cases, the absence of ARs can increase the frequency with
which such hydrological drought events occur by up to 90%. Regions where this behaviour is
observed include the Central Valley in California. The role of AR-driven fluxes in increasing the
periodicity of high flow events is shown in Figure 3b. This observed signal is more widespread
than that for hydrological droughts. For instance, in the Central Valley in California (partic-
ularly in the upper parts and at the coastal ends of those catchments), periods of high flows
follow closely the variation in the occurrence of ARs.

Figure 3: (a) Increase in the occurrence of droughts events due to the absence of ARs and (b) increase in the occurrence of flood
events due the presence of ARs. A hydrological drought event is detected when, within a monthly aggregate of daily flows, its
minimum value is observed to be below the Q90 threshold. A flood event is detected when, within a monthly aggregate of daily
flows, its maximum value is observed to be above the Q10 threshold. Total increase in the occurrence of events for the period
1979-2010. Catchments with drainage area < 75 km2 are not labelled [24].

Figure 4 shows the various hydro-meteorological extremes connected to ARs and an AR
event during November 2009 which led to flooding in Cumbria county, UK. Because ARs play
such an important role in the global hydrological cycle [35] as well as for water resources
in areas such as the western coasts, understanding how they may vary from sub-seasonal to
interannual timescales and change in a warmer climate is critical to advancing understanding
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and prediction of regional precipitation [36]. On the other hand, over the past four decades,
78% of ARs over northwestern Africa have led to extreme dust events over Europe. These
are called as ”aerosol ARs” or ”dust rivers”. The same atmospheric dynamics that give rise
to a water vapor river-specifically strong winds-can act to pick up and transport dust as the
storm moves across desert areas [37]. A narrow, elongated regions of extreme aerosol mass
transport-can play an important role in climate and air quality around the world. Such events
can decrease the amount of sunlight reaching the surface through reflection and absorption,
affect cloud formation, and decrease temperatures. Dust can degrade air quality and have
negative health effects. Also, these dust rivers can darken the snowpack and lead to more rapid
snowmelt compared to a pristine AR.

(a)

(b)

(c)

Figure 4: (a) Different hydro-meteorological impacts connected to ARs (source: NOAA) (b) AR event during November 2009 which
caused flooding in Cumbria, UK (source: University of Readings) (c) A snapshot of flooding in Cumbria during November 2009
(source: The Guardian)

2.1.1 Global water cycle

In addition to their incredible importance in relation to the water cycle of the Earth, study-
ing ARs can help atmospheric and climate scientists to determine the quantity, quality and
durability of the water cycle including the flow and volume characteristics of this vital water
transportation entity. The importance of ARs in the global water cycle has been revealed
through extensive field campaigns carried out across the Pacific Ocean and Atlantic over the
years [23], [21], [38]. Measurements from dropsonde and weather instruments during storm
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conditions into a series of winter storms allowed scientists to build up a cross-sectional view
of ARs that would have been impossible from satellite images alone. This cross-sectional view
revealed that warm moist air of an AR is typically channelled by low-level winds into a strong
“jet”. When the AR hits land, the winds are forced upwards. The moisture in the air then
cools and condenses to form clouds, bringing a deluge of rainfall. The flows found within the
strongest ARs are comparable in magnitude to some of the largest rivers in the world. Thus,
the moisture they deliver to their landfalling locations is important both in terms of flood
risk and water supply. It is worth noting that ARs are also beneficial. For regions such as
California, where the majority of their annual water budget may arrive in the form of several
winter storms. Thus, the occurrence-or not of an AR can significantly impact the availability
of water resources from one year to the next. Across western Europe, ARs bring up to 30-50%
of the monthly rainfall during the winter months [27]. Therefore, the arrival of several events
in succession lead to devastating hazards and impacts. For example, lengthy and persistent
ARs can remain over a given location well after the accompanying storm has passed. This can
lead to more than 24 hours of persistent rainfall as was the case for several ARs.

Globally, precipitation from ARs contributes 22% of the total water that flows across Earth’s
land surfaces. In certain regions-such as the west and east coasts of North America; Southeast
Asia; and New Zealand-that contribution can exceed 50% [24]. These impacts come from just a
handful of AR storms each year. In places where their influence is strongest around the world,
ARs make floods and droughts far more likely-increasing the occurrence of floods by 80% in
those areas. Similarly, their absence may increase the occurrence of droughts by up to 90%.
On contrary, US Geological Survey research has found that 33-74% of droughts on the West
Coast of US between 1950 and 2010 were broken by the arrival of AR storms [39].

2.1.2 Socio-economic impacts of ARs

The connection between ARs and wind extremes is most prominent in the mid-latitude
ocean basins, and thus of importance to maritime weather considerations. Equally important
considerations are the impacts associated with AR landfalls [40], [41]. Across most mid-latitude
regions globally, ARs are associated with up to half of the extreme events in the top 2% of
the precipitation and wind distribution (Figure 5). Landfalling ARs are associated with about
40−75% of extreme wind and precipitation events over 40% of the world’s coastlines. ARs are
associated with a doubling or more of the typical wind speed compared to all storm conditions,
and a 50−100% increase in the wind and precipitation values for extreme events.
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Figure 5: (a) Fraction of wind extremes associated with ARs at the coastal regions. Also shown is the frequency of AR occurrence
out of all times at each pixel (size of the circles) (b) The highest rank (shading) and 10 m wind speed (ms−1; size of the circles)
of AR-related wind extreme. (c),(d), As a,b but for precipitation extremes. In a and c, values are shaded only if statistically
significant at the 99% level [40].

The majority of extreme wind events over Europe with billion US dollar losses (Figure 6d)
were associated with ARs with a strong coupling between exponential increase in flood damages
and AR category [28] [42]. Thus, landfalling ARs can represent a significant hazard around the
globe, because of their association with not only extreme precipitation, but also extreme winds.
Over much of the mid-latitudes, where the frequency of occurrence of ARs is relatively high,
their connection with wind extremes is particularly high. In these regions, AR conditions occur
in conjunction with wind extremes about 30−60% of the time. For example, AR conditions
are associated with over 50% of the extreme wind events over the mid-ocean regions of the
Pacific, Atlantic and Indian Oceans. Moreover, the southern stretches of Southern Hemisphere
continents, western North America, northern Europe, southeast US, southern Greenland, and
west central South America also exhibit high concurrence between ARs and extreme winds
[28](Figure 6a−c). From 1978 to 2017, ARs accounted for 84.2% of all insured flood losses in
the 11 western states of U.S across all seasons. Figure 6d shows the insurance losses associated
with European wind storms (size of blue outlined circles). The blue outlined squares indicate
losses less than 1 billion US dollars or data not available. Red fills indicate cases for which ARs
are present at the grid cell with the highest local rank of wind speed (where the circles/squares
are drawn). In many areas in coastal northern California and the Pacific Northwest, ARs
accounted for over 95% of insured flood losses. Finally, these damages incurred due to ARs
are not uniform along the coasts across the globe and could penetrate inland due to ARs
orientation, topography and orography of the coasts where they landfall [43].
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(e)

Figure 6: a−c, Global 10 m wind strengths, in terms of their value on the Beaufort Wind Scale (BWS), over each grid cell over
land (a), along coastlines (b) and over oceans (c), with the blue dots representing all grid cells sampled, and the red dots the subset
of grid cells within detected AR boundaries. Grey dots indicate where the difference between the two histograms is statistically
insignificant at the 99% level. (d) Insurance losses associated with European wind storms [28]. (e) ARs accounted insured flood
losses in the 11 western states across all seasons [42].

3 How do ARs form?

Studies of heavy precipitation from ARs occurring in the winter over land in the mid-latitudes
have found that these events are almost always associated with extra-tropical cyclones [12], [44].
Composites of circulation and moisture fields around the ARs show that a strong cyclone is
located pole-ward and westward of the AR centroid, and a pronounced anticyclone is found to
be located equator-ward and eastward of the AR, together leads to strong horizontal pressure
gradient that forces moisture to be transported along a narrow corridor within the warm sec-
tor of the cyclone. Although stronger cyclones favour the occurrence of AR; AR intensity is
much better correlated with the pressure gradient between the cyclone and anticyclone than
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with the cyclone/anticyclone intensity alone [45]. The heavy precipitation events from ARs
often occur when warm moist air, located in the cyclone’s warm sector, encounters orography
(e.g., along the west coast of the United States or United Kingdom), resulting in significant
precipitation enhancement [25], [23]. These events involve a combination of large-scale synoptic
and mesoscale processes in an orographic precipitation-enhancement mechanism known as the
seeder-feeder mechanism [46]. Though this mechanism does not change the total cyclone asso-
ciated precipitation greatly, it can redistribute the precipitation and concentrate it over regions
of orography. The effectiveness of the process depends on sufficiently strong low-level moist
flow to maintain the cloud water content in the orographic feeder cloud and the continuing
availability of precipitation from the seeder cloud [47], [48]. In particular, moist air masses at
levels below 1 km have been found to be critical to the moisture convergence associated with
orographic precipitation enhancement in the coastal mountains of the western United States
and United Kingdom [49], [50].

Despite growing levels of interest in studying role of ARs on these orographic extremes,
there are a couple of important caveats associated with all studies of ARs, which merit special
scientific attention. ARs are generally defined based on phenomenological descriptions and
objective threshold-based methods, and have been so almost since their initial description [5];
however, this constitutes no guarantee that all so-called ARs follow the same meteorological
patterns [4]. What we may call an AR could in fact be something very different in meteorological
terms, and a number of different patterns could be associated with ARs for different regions
and seasons. The vast majority of studies on ARs are focused on the analysis of their impacts
in terms of associated precipitation and its extremes, amount and variability, as well as the
location of hot-spot regions (both historical and in the future) and predictability. However, ARs
arriving at the same or different locations may correspond to different meteorological patterns
(or weather systems), and this has important implications for the allocation of the amounts
and distribution of precipitation associated with them. The science of ARs and the studies of
their impacts in terms of precipitation (variability, amount, and location) would benefit greatly
if we could classify them using the different synoptic patterns to which they are related.

The initial notion of an AR [5] implicitly involves the concept of an extreme supply of
moisture from a subtropical area. Over the years, this has been proved to be true in many
cases. However, there are also many cases where moisture originates in regions far to the north
of the principal sources [51]. The relationship between ARs and moisture sources is clear [3].
The analysis of moisture sources linked to ARs would illustrate the clear differences between
extratropical and high- and low-latitude ARs, and add a new perspective to the topic and
enrich our understanding of AR mapping and tracking. The recent definition of an AR [52]
in the AMS glossary partly solves these limitations by leaving open the question of whether
the origin of the moisture is subtropical or extratropical, and by not linking all ARs with the
development of extratropical cyclones. According to the definition,”Water vapor in ARs
is supplied by tropical and/or extratropical moisture sources”. The definition in this
regard is clear; moisture can be either tropical or extratropical in origin, and although they
are typically associated with extratropical cyclones, this need not necessarily be the case in all
instances.

While most of ARs are in fact intense moisture fluxes from subtropical areas associated
with an upward warm stream (a WCB) of an extratropical cyclone, others clearly are not. The
latter cases are, for instance, those ARs identified at low-latitude regions (near the tropics) and
associated to monsoonal regimes, or even over central continental areas. “Monsoonal ARs”
have been studied recently over India and it has been found that this particular “monsoonal
ARs” are not connected with extratropical stormtrack activity [53], [54]. On the other hand,
“Continental ARs” often appear in global detection schemes. A notable example are the ARs
found in South America parallel to the Andes mountain range [55]. It is important to stress that
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the definition published in the AMS glossary clearly states that ARs are ”typically associated
with a low-level jet stream ahead of the cold front of an extratropical cyclone”, and a schematic
summary of the structure of this type of AR is shown in Figure 7. This clearly illustrates
the average characteristics of an AR based on dropsonde measurements and corresponding
reanalysis data, and its location within the frontal system (Figure 7a). The vertical cross
section is also shown (Figure 7b), in which the core of the water vapor transport in the AR
is clear (orange contours and colour fill). In addition, the most intense horizontal water vapor
flux (depth of the ARs) corresponds to a region 3−3.5 km deep (lower troposphere).

Figure 7: Schematics showing the structure and strength of an AR based on dropsonde measurements deployed from research
aircraft for many ARs and on corresponding reanalyses giving the plan-view context. The magnitudes of the variables relate to an
average mid-latitude AR. Average width is based on boundaries of an AR defined by vertically integrated water vapor transport
(IVT; from surface to 300 hPa) lateral boundary threshold of 250 kgm−1s−1. Depth corresponds to the altitude below which 75%
of IVT occurs. The total water vapor transport corresponds to the transport along an AR, bounded laterally by the positions of
IVT = 250 kgm−1s−1 and vertically by the surface and 300 hPa. (a) Plan view including parent low pressure system and associated
cold, warm, and warm-occluded surface fronts. IVT is shown by color fill (magnitude; kgm−1s−1) and direction in the core (white
arrow). Vertically integrated water vapor (IWV; cm) is contoured. A representative length scale is shown. The position of the
cross-section shown in (b) is denoted by the dashed line A−A0. (b) Vertical cross-sectional perspective, including the core of the
water vapor transport in the AR (orange contours and color fill) and the pre-cold-frontal low-level jet (LLJ), in the context of the
jet−front system and the tropopause. Water vapor mixing ratio (green dotted lines; gkg−1) and cross−section−normal isotachs
(blue contours; ms−1) are shown. Figure reproduced from Ralph et al. [52]. Schematic prepared by F. M. Ralph, J. M. Cordeira,
and P. J. Neiman and adapted from Ralph et al. [25], Cordeira et al. [56], and Ralph et al. [52].

3.1 Can ARs be forecasted?

The US has paved the way with regard to developing forecasts of ARs. The National Centres for
Environmental Prediction (NCEP) Global Forecast System (GFS) provides predictions of water
vapour flux up to seven days in advance for the Northern Pacific and Atlantic Oceans. The
Centre for Western Weather Extremes (CW3E), based at the Scripps Institute of Oceanog-
raphy in San Diego, has recently released a proposed AR Scale similar to the well known
hurricane scale, that goes some way to combining these ideas. Elsewhere, the European Centre
for Medium−Range Weather Forecasts (ECMWF) has developed the Extreme Forecast Index
(EFI). This compares the forecast at a given location to the average climate; thus, determin-
ing how “extreme” the forecast may be. There are proposals for a field campaign, similar to
that across the northern Pacific; to take place across the Atlantic [38]. This will be designed
specifically to improve our understanding of ARs and extreme rainfall events.

3.2 Generation, detection, tracking and landfall

For better forecasting and tracking of ARs it is primarily important to understand the gen-
esis/source regions, moisture accumulation in the ARs and their landfall. Figure 8 shows the
decadal frequencies of mid-latitude ARs, genesis and their terminus locations, resampled to a
5o-by-5o grid. There are approximately five hot spots for genesis and terminus of ARs (Figure
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8). The moisture in an AR has two origins, (1) local moisture convergence along the cold front
of the extratropical cyclone, and (2) direct poleward transport of tropical moisture [10]. The
different precipitation regimes observed in an AR event include ”cold” rainfall (mostly formed
by ice precipitation above the freezing level for more northern latitudes); ”warm” rainfall (lim-
ited amounts of ice in precipitation for temperatures above the freezing level); and regions of
mixed precipitation with both warm and cold rainfall [57]. These three regimes occur, on av-
erage, with equal frequency. One common method for identifying these warm, moist low-level
air masses is to detect filaments of high total column water vapor (TCWV) extending from
the subtropics using satellite data. These 2D filamentary structures suggest long−distance,
river-like moisture transport and are routinely used as a proxy for identifying regions of strong
water vapor transport. High TCWV and strong low-level winds in the pre–cold frontal region
lead to intense poleward moisture transport [25], [58] and have been associated with flooding in
the United States and United Kingdom [59], [49], [58], [60]. Trajectory case studies, however,
have shown that ARs do not represent true trajectories of water vapor transport [10]. Rather,
they depict the instantaneous position of corridors of enhanced water vapor in the portion of
an extratropical cyclone known as the WCB [61], which occurs near the leading edge of the
cold front. Figure 8 shows the AR frequency, genesis, and terminus locations of AR life-cycles
from 1983−2016 using AR detected using CONNected−objECT (CONNECT) method [62].
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Figure 8: (a) The annual climatology of AR objects, and the decadal climatologies of (b) AR genesis and (c) AR terminus locations,
re-sampled to a 5o-by-5o grid. Note the clear relationships between the three plots, demonstrating five notable hot-spots: two in
the Northern Hemisphere and three in the Southern Hemisphere, the latter of which are notably less distinguishable from each
other [62].

In a 23-year climatology of tropical moisture export, Knippertz et al., [9] showed that tra-
jectories that start south of 35oN largely recirculate toward the low latitudes before reaching
the extra-tropics. Thus, while long-range transport of moisture from southerly latitudes can
increase during AR events, the majority of precipitation in the extra-tropics is due to moisture
evaporating at local or nearby latitudes [63], [64]. Any tropical moisture transport that does
reach the extra-tropics appears to occur above the boundary layer and thus contributes to
mid-level moisture [63], [65]. Thus, although high TCWV bands appear to move and extend
eastward in satellite animations, their leading ends are actually the manifestation of moisture
convergence associated with WCB that move with the extratropical cyclone [66], [56].

Figure 9 shows the synoptic features of AR during February 2002 in the North Atlantic.
Understanding various characteristics of an AR shown in the figure on different time scales
during AR’s evolution would lead to better forecasting of precipitation and wind extremes
from ARs.
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Figure 9: Cyclone-centered fields at 0600 UTC 1 Feb 2002 (a) Infrared satellite image from EUMETSAT) (b) Met Office synoptic
analysis chart (c) Total precipitation [mm(6h)−1] (d) Total column water vapor (kgm−2) (e) The 1000−300 hPa column−integrated
saturation (%) and (f) 500−300 hPa divergence ×10−5s−1 overlaid with 300 hPa wind speed (ms−1). All figures are overlaid with
surface frontal positions.

3.3 Mapping ARs

Given the importance of the ARs in terms of their associated impacts and the critical role that
they play in the water cycle, there is a wide range of methods to identify and track them [67],
[68]. These different methods have been developed to answer specific research questions at a
global or local scale, using different criteria such as geometry, threshold values of key variables,
or even time dependence [69]. To understand and quantify uncertainties in the science of
ARs based on the choice of detection/tracking methodology, a collaborative project was set
in motion, namely the AR Tracking Method Intercomparison Project (ARTMIP) [7], [69].
Most AR tracking methods are based on the analysis of vertically integrated water vapor
transport (IVT) [5], [70], [71], vertically integrated water vapor (IWV) [25], [23], [72], or a
combination of these. Time integrated IVT, Meteograms, and cross-sections are some other
methods to study ARs. In recent years, machine learning techniques that do not require any
thresholds have been also used. The main advantage of these proposed techniques is that they
are threshold−free. Therefore, there is no need to include any subjective threshold criteria
for the detection method. This facilitates objective detection, and allows for comprehensive
comparison between different large climate datasets [73], [74], [75]. These techniques have also
proven to be useful for improving ARs forecasts [76].

However, most algorithms do not take full account of the definition of an AR, specifically
the reasoning that they are typically associated with a ”jet-stream ahead of the cold front of an
extratropical cyclone”. The only algorithm that accounts for this definition properly is that
of [77] for the sub−domain of South America, which imposes the restriction that an AR must

15



be associated with a frontal system. This have implications for impacts and the attribution
and modulation of the precipitation by the ARs in the present and future due to the expected
changes on their latitude distribution and in the intensity and number of events [78], [51], [79],
but also with the diverse associated meteorological systems such as cyclones, low-level jets, or
monsoonal circulation [80], [81], [82]. Figure 10 shows the example of how AR identification and
tracking methods differ over the northeastern Pacific, based on MERRA Version 2 data from
0000 UTC 15 February 2014 detected using the AR algorithms available over the region [68].

Figure 10: Example of how AR identification and tracking methods differ over the northeastern Pacific, based on MERRA Version
2 data from 0000 UTC 15 February 2014. Gray shading represents IVT (kgm−1s−1), and coloured contours represent the spatial
regions designated as ARs by the various methods. Note that only algorithms available in this region are shown [68].

Figure 11 shows the extent to which the ARTMIP methods agree or disagree on the iden-
tification of AR conditions along the North American West Coast during events of varying
intensity, and the relationship between the methods’ identification of ARs conditions and ob-
served precipitation [68].
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Figure 11: ARTMIP methods’ identification of AR conditions (dots) along a selected transect (hatched in the spatial panels), peak
IVT (light blue line, with values below 250 kgm−1s−1 dashed) and mean precipitation (blue line) along the transect. Composite of
IVT (IV T ≥ 250kgm−1s−1) and IV T ≥ 85th percentile contoured as black dashed and black solid lines, respectively), composite
of IWV (IWV ≥ 20 mm contoured as a solid black line), and cumulative precipitation for events centered on (a) 12−16 February
2014 and (b) 23−24 October 2006. The time steps composited for each event are lightly shaded in the top panel. Listed methods
use relative thresholds if italicised, no thresholds if bolded, and absolute thresholds otherwise [68].

3.4 Atmospheric variables, algorithms and datasets

Both IWV and IVT consider vertically integrated (between 1000 and 300 hPa or less) horizontal
water vapor transport (significant poleward moisture transport) when the standardised values
are greater than a threshold while mapping AR occurrence [70]. Hence, accurate atmospheric
parameters such as zonal and meridional winds, specific humidity, and the temperature at dif-
ferent pressure levels (Table 1) obtained from satellites and reanalysis products are essential
to study ARs [83], [84]. Though necessary parameters are available from different platforms,
atmospheric reanalysis is the best estimate of the historical state of the Earths’ atmosphere.
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These datasets are produced by assimilating meteorological/oceanic observations into numeri-
cal weather prediction model output.

Meteorological parameters:

Table 1: Atmospheric variables used in AR detection algorithms

Both IVT and IWV algorithms including the atmospheric variables from Table 1 are listed
below,

Integrated Water Vapour Transport (IVT):

IV T = g−1

√
(
∫ p

surface
QU dp)2 + (

∫ p

surface
QV dp)2

Integrated Water Vapour (IWV):

IWV = g−1
∫ p

surface
Qdp

where Q is specific humidity in kgkg−1, U and V are zonal and meridional components of
winds at different pressure levels measured in ms−1, P is the desired pressure (hPa) up to which
the atmospheric parameters are integrated (300/200 hPa); g is the acceleration due to gravity,
which is a constant and is given as 9.8 ms−2 [23], [85], [41].

3.5 A scale: how ARs are rated?

Similar to hurricanes, ARs are rated based on the intensity of water being carried and the level
of destruction due to precipitation and winds. In 2019, a scale for rating ARs was developed as
shown in Figure 12 [86]. Similary, Figure 12(b) shows the exponential increase of flood damages
over US west coast connected to AR category.
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Figure 12: (A) The Ralph et al. [86] AR scale classifies ARs into five categories depending on IVT and duration. For example,
an AR with a peak IVT of 800 (kgm−1s−1) and a duration of 78 hours is classified as a category 4 or extreme AR. (B) NDJFM
flood damages increase exponentially with AR category: Vertical scale is logarithmic; black bars are medians; boxes are 25th and
75th percentiles, and whiskers are 5th and 95th percentiles; dots are extrema; numbers in parentheses are the number of NDJFM
events in each category. Note that the total number of ARs in the Gershunov AR catalog (1603) is greater than the number of ARs
over the sample period using the Ralph et al. [86] AR scale (1134), which classifies events with a duration of less than 24 hours as
non-ARs.

From the USGS:

• AR Cat 1 (Weak): Primarily beneficial. On Feb. 2, 2017 AR hit California, lasted 24
hours at the coast, and produced modest rainfall.

• AR Cat 2 (Moderate): Mostly beneficial, but also somewhat hazardous. An AR on Nov.
19-20, 2016 hit Northern California, lasted 42 hours at the coast, and produced several
inches of rain that helped replenish low reservoirs after a drought.

• AR Cat 3 (Strong): Balance of beneficial and hazardous. An AR on Oct. 14-15, 2016
lasted 36 hours at the coast, produced 5-10 inches of rain that helped refill reservoirs after
a drought, but also caused some rivers to rise to just below flood stage.

• AR Cat 4 (Extreme): Mostly hazardous, but also beneficial. For example, an AR on
Jan. 8-9, 2017 that persisted for 36 hours produced up to 14 inches of rain in the Sierra
Nevada and caused at least a dozen rivers to reach flood stage.

• AR Cat 5 (Exceptional): Primarily hazardous. On Dec. 29 1996 to Jan. 2, 1997 AR
lasted over 100 hours at the Central California coast. The associated heavy precipitation
and runoff caused more than $1 billion in damages.

4 Air-sea interactions

The assessment of sources of moisture is key to the understand hydrological cycle at different
time scales. Because it enables the establishment of source−sink relationships and the identifi-
cation of the main moisture transport conveyors and associated processes such as precipitation.
ARs act as bridges or conveyors between oceanic evaporation and continental precipitation.
Thus, ARs require the availability of water vapor and associated processes in the atmosphere
for moisture transport. Hence, moisture must have evaporated and accumulated in certain areas
before its uptake by an AR [3], [87], [88]. The interannual variability of anomalous moisture up-
take displays a significant increase over the period 1980−2017, close to the Clausius-Clapeyron
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(CC) scaling, at 7% per degree of surface temperature rise (Figure 13a). The anomalous mois-
ture uptake for each region was identified as those areas where moisture uptake was intensified
during each landfalling AR event using the Lagrangian model FLEXPART v9.0 forced by ERA-
Interim reanalysis [89], [90], [91]. Western Hemisphere Warm Pool (WHWP) centred on the
Gulf of Mexico and the Caribbean Sea shows significant increase at the regional scale and an
asymmetric supply of oceanic moisture, in which the maximum values are located over the
region. Latitudinal variability of anomalous moisture uptake is shown in Figure 13b, and this
follows a bimodal distribution. Higher values of anomalous moisture uptake are located around
40oN in both hemispheres, and these are twice as high in the Northern Hemisphere, in which
the maximum occurrence of landfalling AR was identified. The interannual variability is rather
small (the shaded gray area in Figure 13b), implying that there is scarcely any latitudinal vari-
ation in the anomalous moisture uptake regions from year to year. Nevertheless, a significant
increase in inter annual anomalous moisture uptake of about 0.9% per decade is occurring on
the global scale (Figure 13c) [87].

Figure 13: (a) Annual sum of positive anomalies of moisture uptake for AR detections over the main landfalling regions. The red
lines define the region between the Tropics of Cancer (23.43oN) and Capricorn (23.43oS). The anomalies are calculated over the
period 1980−2017. (b) Zonal average of anomalous moisture uptake (black line) and its interannual variability (shaded gray area).
(c) Global annual variability of anomalous moisture uptake. The red line shows the corresponding linear regression [87].

4.1 Thermodynamic and dynamic responses

The current relentless rise in global mean surface temperature is closely linked to the increase
in atmospheric water vapor [92], [93]. The greater availability of water vapor favours a larger
transport of moisture, and hence an intensification of extreme precipitation events and floods
triggered by ARs. The water-holding capacity of the atmosphere increases about 7% per Kelvin
at lower troposphere and for the column integrated moisture, which is mostly concentrated in
the lower troposphere leading to an intensification of extreme precipitation events at similar
rates. Under climate change, ARs may be affected by changes in dynamics that could alter
the strength of the winds [94] or increase the anticyclone activity [95]. However, it is generally
accepted that thermodynamically driven component dominates [85], [96] as shown in Figure 14.
Dynamical changes are most discernible at lower latitudes, where the projected expansion of
the subtropics and the poleward shift of the jet have the most influence. In this context, as the
amount of moisture in the atmosphere increases, so does the moisture transport. Therefore,
weak ARs are bound to grow substantially in future warmer climates achieving more often
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the magnitude of extreme events, with a potential for a greater impact for humans ecosystems
and build-up areas. Accurately modelling changes in the vertical distribution of water-vapour
transport is critical to predicting future hydroclimate, particularly over interior continental
regions positioned downstream of topography [96]. Mid−level water−vapour transport, for
example, is an important process producing heavy precipitation on the lee side. Therefore, the
fractional change in IWV is a reasonable approximation to the thermodynamic contribution to
IVT change [78].

A natural starting point for understanding the change in the thermodynamic component
of IVT is the CC equation, which states that the water−vapour content of saturated air, q∗,
increases nearly exponentially with temperature T according to

dq∗

dT
= α(T )q∗

α(T ) is the CC scaling factor, defined as

α(T ) =
L

RvT 2

where L is the latent heat of vaporization and Rv is the gas constant of water vapour. Within
the saturated environment at the core of an AR (where q ≈ q∗), implies that the fractional
change in humidity per degree of surface warming ∆Ts is approximately given by

1

∆Ts

∆q

q
= α(T )

∆T

∆Ts

where ∆T/∆ Ts represents the magnitude of warming at a particular height relative to the
surface. At the surface, where ∆ T =∆ Ts, specific humidity scales with temperature at the rate
of the CC scaling factor, α(T ). This scaling is approximately 6.6%K−1 for surface temperatures
characteristic of ARs making landfall in California in the present climate (Ts = 13oC) [84].

Above the surface, however, the IVT response to warming is complicated by two factors.
First, α is not constant but varies with temperature from ∼6% K−1 in the tropical boundary
layer to >7%K−1 at temperatures below freezing [97]. Given that temperature decreases with
height, α is, therefore, larger in the upper troposphere than at the surface, amplifying the
change in specific humidity (q) aloft. Second, an increase in q results in more latent heat
being released as saturated air ascends, in turn decreasing the lapse rate with warming and,
thus, increasing ∆T with height. Under the saturated, moist-neutral conditions of an AR, the
combination of these factors implies a rate increase in column−integrated water vapour that is
substantially larger than that of near−surface water vapour: 9.5%K−1 compared with 6.6%K−1

when Ts = 13oC [84]. While the larger increase in IVT relative to surface water vapour has
been described as super CC scaling, it is, in fact, a straightforward consequence of CC scaling
applied to a saturated, moist-neutral environment.

The response of atmospheric circulation to warming is much less certain. As a consequence,
the dynamical responses of IVT is focused on two aspects that are vitally important to the
impact of ARs on land: their location of landfall and intensity. These aspects are modified by
changes in the large-scale circulation patterns and by the energetics of the atmosphere. Uncer-
tainty in the mid-latitude-circulation response originates from the many competing influences
on the location of the eddy-driven jet in a warming climate system. The jet stream is the guide
against which cyclones propagate and, consequently, is closely related to the location of ARs
and the high IVT that characterizes them. However, generally, models show a poleward shift
in the eddy-driven jet, which leads to increased static stability in the subtropics [98] and up-
ward expansion of the storm track, all consistent with an increase in the upper-level meridional
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temperature gradient [99], [100]. The response of the eddy-driven jet will shift future ARs pole-
ward. Those events occurring at lower latitudes may also be shifted equator-ward, depending
on the location and strength of the subtropical jet shift, which shows a similar poleward shift
and strengthening with warming [101].

Figure 14: Thermodynamic (left column) and dynamic (right column) responses to warming for the West Pacific (a), Australasia
(b), South Pacific (c), North Pacific (d), North Atlantic (e) and South Atlantic (f). The panels show the average response over
all available ARTMIP catalogues that participated in the Tier 2 project based on high-resolution (0.25o, 3 − hourly) climate-
change simulations from the International CLIVAR C20C+ Detection and Attribution project [102]. Stippling in the right column
indicates agreement in the sign of the change between 80% of algorithms. There is no disagreement in the sign of the change in the
thermodynamic response, so stippling is not shown in the left column. The historical climatology of integrated vapour transport
(IVT) for landfalling ARs is illustrated in black contours (contours starting at 200 (kgm−1s−1) and increasing in intervals of 50).
The decomposition methodology follows that of Gao et al., [78], in which IVT is rescaled so that the left column shows the change
in moisture between Representative Concentration Pathway 8.5 (RCP 8.5) (2073-2096) and the historical period (1979-2002), and
the right column shows the change in winds between RCP 8.5 and the historical period [96].
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4.2 Water vapor budget

To understand the physical processes responsible for high TCWV band formation, Boutle et
al. [103] performed idealized modeling of an extratropical cyclone. Moisture is evaporated
from the sea surface and transported large distances within the boundary layer toward the
base of the WCB airflow. Horizontal divergence forced by boundary layer drag and large-scale
ageostrophic flow transports moisture away from these regions, which maintains the saturation
deficit, allowing strong evaporation to be maintained. This is a continual process occurring
throughout the life cycle, ensuring that the base of the warm conveyor belt airflow always
contains moisture [104]. Thus, rather than consuming water vapor in preexisting high TCWV
bands, as suggested by Zhu and Newell [5], individual cyclones contribute to the formation and
maintenance of high TCWV bands at the leading end by adding moisture accumulated ahead
of their cold fronts [66], [63]. Studying the individual terms in the water vapor budget for
each gridbox column within the cyclone system determine the relative importance of processes
leading to the formation of high TCWV bands in the atmosphere.

P − E = −1

g

∫ ps

P500

∂q

∂t
dp− 1

g

∫ ps

P500

∇(qu)dp

where P is the surface precipitation flux (kgm−2s−1), E is the surface evaporation flux
(kgm−2s−1), g is the acceleration due to gravity (ms−2), q is the specific humidity (kgkg−1), t
is time (s), and u is the horizontal wind vector (ms−1). Terms on the right-hand side of the
equation are integrated from the surface to 500 hPa as water vapor transport above 500 hPa is
found to contribute only a small amount (∼1%) to the gridbox total, reflecting the decrease in
specific humidity with height. The first term on the right-hand side of above equation represents
the vertically integrated rate of change of water vapor in the column dq/dt. The second term
on the right-hand side of the above equation represents the vertically integrated divergence of
water vapor from the column. Usually the negative of the second term is used and commonly
referred to as the moisture flux convergence (MFCTOT ). The moisture flux convergence term
in above equation can be split into two parts,
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The first term on the right-hand side of the above equation represents the vertically inte-
grated horizontal advection of water vapor (MFCADV ), and the second term represents the
vertically integrated water vapor−weighted mass convergence (MFCCONV ). This term, of
course, could also be written in terms of the water vapor weighted vertical mass flux [64].

23



Figure 15: Cyclone-centered water vapor budget terms at 0600 UTC 1 Feb 2002: (a) precipitation, (b) evaporation, (c) vertically
integrated rate of change of water vapor, (d) vertically integrated total moisture flux convergence, (e) vertically integrated mass
convergence, and (f) vertically integrated advection. All figures have units of ×10−3kgm−2s−1 and are overlaid with frontal
positions [64].

Figure 15a shows the surface precipitation flux at 0600 UTC 1 February 2002 for an AR
event on 1st February 2002 in the North Atlantic. Figure 15b shows the surface evaporation flux
at the same time. There is widespread evaporation from the sea surface within the domain,
although the evaporation fluxes are generally small (< 0.2 × 10−3kgm−2s−1). The greatest
surface evaporation at this time occurs in the cold sector immediately behind the cold front.
Figure 15c shows the negative of the rate of change of water vapor in each column of the domain.
The rate of change of water vapor in each column is calculated using the instantaneous values
6 h prior to and 6 h after the time of interest. This results in a smoother field than would be
calculated if fields at higher frequency were available. The dominant feature in Figure 15c is
the dipole of positive and negative values on either side of the cold front. This indicates that
water vapor content decreases in columns behind the cold front but increases in columns ahead
of the cold front in the warm sector due to moisture convergence and advection (Figures 15e
and 15f).

Figure 16 shows the domain−integrated water vapor budget for a climatology of 200 ex-
tratropical cyclones [64]. Domain−integrated precipitation dominates, peaking 12 h before
maximum intensity. Evaporation also peaks 12 h before maximum intensity. The domain-
integrated rate of change of water vapor is negative (−dq/dt > 0) throughout almost the entire
period of the cyclone’s life cycle. The resultant moisture flux convergence is again small and
slightly positive in the very early stages of development but becoming negative during the
period of maximum intensification and decay [64].
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Figure 16: Time evolution of water vapor budget terms: domain-integrated precipitation (cyan); evaporation (dark blue); rate of
change of water vapor (green); total moisture flux convergence MFCTOTAL (black); MFC mass convergence term, MFCCONV

(yellow); and MFC advection term, MFCADV (red) for 200 extratropical cyclones.

Thus, the separation of the total MFC into its convergent and advection components
highlights the difference between the formation of the AR by advection of moisture and the
large−scale mass convergence and ascent beneath the cloud head and along the occluded front.
The total MFC or IVT cannot distinguish these two processes, which act in different parts of
the cyclone.

5 Challenges and uncertainties in studying ARs

The ARTMIP workshop held in Berkeley, California during 16−18 October 2019 identified gaps
in AR studies and proposed the following challenges and research priorities to improve AR
studies in the feature [105]. The physical drivers of AR genesis, development, and dissipation
are not completely understood, and this lack of understanding impedes our ability to constrain
the quantitative definition, detection, and tracking of ARs.

• What causes the genesis of ARs?

• What controls the frequency of ARs?

• What controls the duration of ARs?

• Are ARs always associated with extratropical cyclones (ETCs)?

• Are ARs always associated with some form of baroclinic instability?

Flavors of ARs: Existing tracking methods do not consider that there might be different
“flavors” of ARs.
Classes of AR algorithms: ARTMIP has documented different classes of AR detection al-
gorithms, which partially explains the spread in AR detection results.
Leveraging 3D structure: Most current AR detection algorithms are primarily based on 2D
features, which is partly due to computational considerations and data availability, but ARs
have distinct 3D structure.
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Common software infrastructure: There are a growing number of different AR detection
codes reflecting a diversity of quantitative AR definitions. Software differences make the sys-
tematic comparison of these definitions difficult.
Expert-labeled AR dataset: It is not clear whether differences among expert opinions about
AR boundaries are as large as differences among AR detection algorithms. Existing machine
learning methods for detecting ARs are based on heuristic algorithms.

5.1 Uncertainty in detection and understanding meteorological fea-
tures

Most detection algorithms take no account of meteorological factors such as the association of
ARs with extratropical cyclones or other systems. Instead, they rely solely on IVT and/or IWV,
thus all they identify ultimately is the anomalous transport of moisture. Figure 17 shows the
schematic diagram illustrating the diversity of AR identification and tracking methods found
in current literature by categorizing the variety of parameters used as criteria and then listing
different types of choices available per category [68]. In such schemes, ARs can be associated
with different meteorological patterns [88], all linked to the intense transport of moisture such
as in cyclones [106], [107], [63], low level jet systems, or even monsoons [108], [109]. An AR
can occur under unequivocally different meteorological patterns (Figure 18). Both ARs impact
the SE coast of the United States, coming from the Gulf of Mexico and flowing northwards to
cross the Great Plains that occurred on May 1, 2010 12 h and July 8, 2010 18 h. Both cases
were selected from the AR database of Guan and Waliser [110] that located landfalling ARs
over coastlines worldwide with no consideration of the meteorological conditions [111].

Figure 17: Schematic diagram illustrating the diversity of AR identification and tracking methods found in current literature by
categorizing the variety of parameters used as criteria and then listing different types of choices available per category [68]

The specific Guan and Waliser [110] algorithm was the first one to implement a ARs detec-
tion scheme and is one of the most widely used global-scale ARs database. Using the different
global AR detection schemes available in the ARTMIP, Lora et al. [55] analyzed the consensus
and disagreement between them. Regarding the ARs frequency, the global catalogues show
a high consensus, with the best degree of agreement in extratropical regions. Outside these
regions, the ARs detection is highly dependent on the method used and should be treated
with care. The climatological characteristics of ARs, such as AR frequency, duration, intensity,
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and seasonality (annual cycle), are all strongly dependent on the method used to identify ARs.
Many of the methods used are subjective to thresholds set on the different parameters and vari-
ables used to study AR. It is, however, the precipitation attributable to ARs that is perhaps
most strongly affected, and this has significant implications for our understanding of how ARs
contribute to regional hydro-climate now and in the future. Differences in AR identification
methods as well as the techniques used to attribute precipitation to ARs have important impli-
cations for understanding the hydro-climate and managing water resources across the western
continental land masses [84], [110]. ARTMIP focus at minimising the uncertainties in detecting
and tracking the ARs due to persisting diversity around the world in methods and algorithms
used to detect and track ARs. Hence, the following are the two goals set by the ARTMIP to
achieve the best results from the AR studies.

• Providing a framework that allows for a systematic comparison of how different AR iden-
tification methods affect the climatological, hydrological, and extreme impacts attributed
to ARs.

• To understand and quantify the differences and uncertainties in the climatological char-
acteristics of ARs, as a result of different AR identification methods.
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Figure 18: Schematic meteorological configuration (a,b) and vertical cross section (c,d), for two ARs that landfall on the SE coast
of the United States and flow northwards through the Great Plains on May 1, 2010 and July 8, 2010, selected from the database
of Guan and Waliser [110]. The ARs are denoted by the blue arrow, and the landfall location is marked by the red filled box. The
blue field represents high anomalies of IWV associated with the AR. The yellow arrow marks the position of the wind maximum.
Contours in black are mean sea level pressure (MSLP), and L and H are the position of a low level pressure and the anticyclone
location. Dark blue, red, and magenta lines around the L in (a) represent the typical cold, warm, and occluded fronts, respectively.
Dark green contours are the equivalent thickness at 500/850 hPa. Red filled area is the temperature advection at 500/1000 hPa.
The straight magenta line from A to B denotes the positions of the vertical cross sections used in panels below. The red box in the
abscissa in each plot marks the point of AR landfall. Contours in black represent the isentropes. The remaining colored contours
denote: in shaded blue the relative humidity (moist) content up to 80%, in orange the wind maxima, in green the positive vorticity
advection maxima (PVA), in magenta the wind convergence (con) and divergence (div), in red the warm temperature advection
(WA), in dashed blue the cold temperature advection (CA), and in light blue the vertical velocity (w).

5.2 Uncertainty in subtropical origin of the moisture in ARs

The origin of moisture associated with AR events has been the subject of much recent debate.
ARs are considered the main mechanism of meridional transport of moisture and latent heat on
the Planet [88]. In this sense, the articles that point to the importance of moisture advection
with (sub)tropical origin in shaping the structure of the AR are numerous [112], [51], [63].
However, the critical role played by the local convergence mechanism along the path has been
also identified as essential for maintaining the structure and ensuring its continuity [66], [64].
Much discussion has focused on the apparent discrepancy in determining whether the primary
source of moisture associated with ARs is of (sub)tropical origin, or whether it can be explained
by a local convergence mechanism. It appears reasonable that both mechanisms are real, and
probably necessary, and that the relative contribution of each varies according to the dominant
meteorological pattern for each event. ARs with a clear tropical contribution showed stronger
pre-cold-frontal low level jets and stronger warm advection. The events that have caused the
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most rainfall are those with a clear tropical connection, but even in these cases, most of the
precipitation associated with these events was not of subtropical origin [113], [114]. These
increasingly frequent results highlight the impossibility of attributing the entirety of moisture
transport to a single mechanism. Real events are proven to combine both with variable relative
contributions depending on different aspects. Algarra et al. [87], using the phenomenological
and objective ARs database of Guan and Waliser [110], identified 24 regions of maximum
occurrence of AR landfall activity around the Globe. After a filtering process in which the
regions mainly affected by monsoonal climatology were discarded, these authors made use of
the Lagrangian dispersion model FLEXPART to determine the regions of maximum evaporative
contribution to the structure of the AR, thereby identifying the main source regions from a
climatological perspective. Figure 19 shows the position of the aforementioned centroids, for
the set of regions found after filtering for monsoon activity. The regions are displayed in
four separate groups (a-d) for easier interpretation. The most notable results that can be
obtained from this analysis are as follows: (1) most of the regions show a relevant variability
in the positions of the centroids; (2) most centroids are located in an area comprising both
(sub)tropical and midlatitudes; particularly if the region of interest is below 45. This indicates
the notable variation in the relative contribution of advection of (sub) tropical origin and local
convergence in each case; and (3) some regions (R1, R12, R13, R18, R22, R23) show most of
their associated centroids far from what may be considered a (sub)tropical latitude. This shows
that the connection between the baroclinic structure and the tropical latitudes should not be
imposed in the characterization of ARs.

Figure 19: Positions of the centroids (colored dots) of the areas of moisture contribution associated with each of the landfalling
AR events analyzed in Algarra et al. [87]. Each region of landfalling AR is denoted by R and a number (from 1 to 24) and a color;
each AR centroid is dotted with the same color as its R of landfall.

5.3 Uncertainty in AR trends, projections and impacts on land

One of the most robust signals of climate change is the relentless rise in global mean surface
temperature, which is linked closely with the water-holding capacity of the atmosphere [96].
A more humid atmosphere will lead to enhanced moisture transport due to, among other
factors, an intensification of ARs activity, which are an important mechanism of moisture
advection from subtropical to extra−tropical regions. While physical theory has provided
valuable insight into warming-related changes in ARs, the short duration of the satellite record
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and lack of observations over regions where they develop hinders the identification of trends in
their behaviour. Evidence of change, therefore, exists in the form of regional case studies, trends
in precipitation extremes and long-term reanalysis records. Global climate models (GCMs), on
the other hand, offer an opportunity to understand projections of AR characteristics (including
intensity, frequency and location) in a warming climate. GCMs are excellent tools to investigate
the links between ARs and the large-scale circulation, and identify the thermodynamic processes
involved throughout the lifetime of ARs. To date, most projection studies have relied on
simulations from the Fifth Coupled Model Intercomparison Project (CMIP5), with a horizontal
grid spacing of roughly 1.5− 2.5o (150-250 km). This resolution is technically high enough to
detect ARs but is too coarse to capture the fine-scale features involved within ARs, including
interactions with orography. Globally, a comparison between the historical (1979-2002) and
future (2073-2096) periods identified a 50% increase in AR frequency of occurrence — of nearly
equal magnitude in the northern and southern hemispheres (Figure 20). Projections also reveal
a total decrease in the total number of AR events but an increase in those events’ width and
length in a future climate. It should be noted, however, that those increases may be an artefact
of the increases in IVT with warming [115]. Many studies also use GCMs to examine the
regional characteristics of ARs in a warming climate [51], [84], [41]. In Europe, for example,
the number of AR days is anticipated to increase by 127-275% under RCP 8.5 [78] when
comparing 1974-2004 to 2070-2099. A summary of these regional changes from different studies
is shown in Figure 20 revealing the high degree of uncertainty or absent information outside of
the western coastlines of North America and Europe. Within a theoretical framework, future
ARs are expected to carry more moisture, though moisture increases do not necessarily translate
to increases in moisture transport, as storm-track changes and jet shifts also play a role. Areas
with elevated terrain are most susceptible to increases in precipitation extremes attributable
to ARs; however, in the absence of topography, effects are expected to scale in line with CC
and thermodynamic responses. Projections further reveal increases in frequency and a general
poleward shift in landfall location. When combined with enhanced atmospheric moisture and
warmer temperature, the hydrological impacts of ARs may also be exacerbated. Despite a
strong theoretical basis for understanding AR projections in the future, simulations of sufficient
resolution to represent AR processes remain limited. Circulation drivers that modulate AR
landfall location and duration, for example, are vital to understand AR impacts on land, but are
a key source of uncertainty [116]. Dynamic contributions to changes in IVT are much smaller,
but may increase in importance in the transition regions between the expanding subtropics and
the mid-latitudes. Uncertainty in projecting changes in the transition regions is strongly tied
to uncertainty in projecting changes in tropical circulation and highlatitude processes, pointing
to the fundamental challenge in modelling convection and cryosphere processes, respectively,
in Earth-system models [96].
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Figure 20: Projected changes and impacts in ARs: Summary schematic of the main changes to AR characteristics and impacts
under warming. Red and blue symbols reveal increases and decreases, respectively; for frequency, red refers to a poleward movement
and blue an equatorward movement of landfall. Light red and blue symbols with ? indicate uncertainty in the projection. Grey
symbols indicate unknown changes. Background shading illustrating AR frequency increases is based on Espinoza et al [115].

6 North Atlantic ARs (NAARs)

The influence of ARs on precipitation in Europe was first identified in [117], which linked pre-
cipitation in Norway to tropical and subtropical sources via post-tropical cyclones. Subsequent
studies have shown that ARs landfalling in western Europe are strongly associated with ex-
tratropical cyclones [85], [27]. While ARs can occur in any season in western Europe [118],
much of the heavy precipitation and significant flooding associated with ARs occurs in the
winter months [119], [85], [27]. This seasonality of AR-related heavy precipitation is not spa-
tially uniform across Europe. For instance, Ramos et al. [120] demonstrate that the strongest
association between extreme precipitation and AR events in Portugal occurs in the transition
seasons, finding that April-May period experiences strong ARs from late-season extratropical
cyclones, and AR-related precipitation in September is enhanced by warm SSTs and mesoscale
convective systems. Similar to western North America, AR precipitation in Europe is enhanced
by topography, with AR precipitation maxima along the topography of Norway, the Alps, the
Pyrenees, and other areas of complex topography. While mountains generally have a blocking
effect on ARs, regardless of region, the geography of the mountains in Europe allow ARs to
penetrate further inland than in North America, with ARs being detected as far inland as
Poland, Germany, and Lithuania [41], [27].

ARs are further associated with precipitation extremes over much of western Europe, where
observations show the importance of topography for driving precipitation from landfalling
events. Compared with what is observed in the western USA, AR-related impacts reach far
inland in western Europe. Broadly, ARs contribute up to 30% of precipitation, but exact dis-
tributions are sensitive to seasonal variability. Over the UK, ARs are a dominant contributor
to wintertime precipitation extremes (50% compared with only 20% in the summer months)
and floods. In a study of nine different river basins, for example, 40-80% of flood events were
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associated with persistent ARs. Similarly, over Norway, ARs contribute 56 of 58 of the most
extreme daily-precipitation events and also tied to costly flood events over that region [119].
Over the Iberian Peninsula, the association with ARs is more nuanced, with a clear zonal
gradient in the importance of their landfall to precipitation extremes; some studies indicate
a weak relationship between summertime precipitation extremes and ARs, whereas others re-
veal that ARs still play a significant role in the summertime, at least in Portugal, explaining
9 of 10 precipitation extremes between 1950 and 2007 [120]. A major control on landfalling
location of ARs in western Europe is the phase of the North Atlantic Oscillation, with ARs
generally steered into southern (northern) Europe in the negative (positive) phase of the North
Atlantic Oscillation (Figure 21) [117], [118], [121], [122]. Recent work has shown that unusual
weather patterns can support ARs or AR-like features extending from across Africa and the
Mediterranean to make landfall in the Italian and western Mediterranean coasts [123] and carry
Saharan dust with them [16]. While these events are rare, their interaction with the coastal
topography can cause significant flooding, air pollution and socioeconomic losses [124].

Figure 21: Composite of geopotential anomaly (500 hPa) along 11oW using different bins for AR landfalling [121]

6.1 Spatio-temporal variability of NAARs and associated phenom-
ena

Figure 22 shows the IVT distributions for both the North America West Coast and the European
West Coast [125]. The distributions are not Gaussian but adequately fit a Gamma distribution.
In the case of the European West Coast, the distribution is slightly shifted to the right (Figure
22d), indicating that European ARs tend to be on average slightly more intense. However,
extreme events are similar (Figure 22b).
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Figure 22: Comparison of IVT distributions for North American West Coast (a) and European West Coast (b) for AR landfall
events throughout the period 1979−2016. Statistical box plot (c) and joint distributions (d) are also shown to easy comparison [125].

It is evident that recent climate change caused global warming altered the global water cycle.
On this note, it is important to look for changes in the ARs and IVT variability and trend on
the regional level in the past decades. Due to warming surface and enhanced evaporation, the
changing CC scaling factor α(T ) could increase the total water vapor content in the individual
atmospheric layers. These thermodynamic changes coupled with dynamics of the atmosphere
could further induce changes in the AR characteristics and their impacts. The decadal trend
and variability of IVT in the central North Atlantic is shown in Figure 23. The results show
an significant changes of IVT and associated atmospheric parameters in the recent decades in
Euro-Atlantic region with significant seasonal and interannual variability [121]. Though the
strong decadal variability was observed in the IVT and ARs mapped with the ERA5 data
during 1979−2018, the overall trend shows an increasing IVT anomaly over the region with in
the study period. The increase in the annual IVT trend in each decade is in conjunction with
the increase in IVT below 500 hPa. Particularly IVT below 750 hPa has contributed more to
the large increase in the second (1989−1998) and fourth decades (2009−2018). As the IVT is
proportional to Q, U, and V; changes in these parameters (thermodynamic and dynamic) could
impact these trends.
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Figure 23: Decadal trend and variability of (a) IVT, (b) specific humidity, (c) zonal wind, and (d) meridional wind of different
atmospheric layers in the central North Atlantic (30oN − 60oN, 80oW − 0) [121].

The frequency of occurrence, the associated probability of anomalous precipitation and
the amount of precipitation explained by each AR rank are provided across Europe for the
extended winter season (from October through March) (Figure 24). The AR scale uses an
Eulerian perspective based solely upon the time series of IVT over a given geographic location.
The scale assigns events with persistent, strong IVT at that location to one of five levels (AR1
to AR5), or if the IVT is too weak or short-lived it is determined not to be an AR. AR1 events
are primarily beneficial, AR2, 3 and 4 include a mix of beneficial and hazardous impacts, while
AR5s are primarily hazardous. AR1 and AR2 events are the most frequent [125] and explain
most of the observed precipitation, but they are associated with a low probability of extreme
rainfall. Although AR3, AR4 and AR5 events are much less frequent, and normally provide a
smaller fraction of annual precipitation, they are associated with a high probability of extreme
rainfall [125].
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Figure 24: Percentage of precipitation (extended winter, from October to March 1979-2019) explained by each category [125].

6.2 AR Recon Atlantic: Forecasting errors and uncertainties in
NAARs

The AR properties of interest to forecast are different at various lead times. First, at seasonal
time scales, it is sufficient to know the AR frequency and the associated total precipitation
within a season across a region which can be obtained through counting of AR events and
accumulating the forecast precipitation following the application of an AR detection algorithm
to seasonal forecasts. Second, in the late medium-range and early extended-range forecast hori-
zons (forecast week-2 and week-3), the approximate time period when an area (river catchment)
may experience extreme precipitation and flooding is desired to allow time for appropriate event
preparations. Finally, the most challenging questions for forecast in the short and early medium-
range (1-7 days), to know the intensity, location, and timing of ARs. The improvement of the
forecasts at these lead times will also affect the forecast skill at longer ranges [126]. The un-
certainties that can arise, for example from poor observation coverage within the storms over
ocean areas or from low predictability atmospheric features, such as mesoscale frontal waves
could lead to erroneous decisions on flooding and management of water resources [38].

Global numerical weather prediction centres regularly upgrade their forecast systems to in-
clude new earth-system process understanding using the latest observation sources, new satellite
retrievals, and more efficient and powerful supercomputers. These updates have all led to a
continuous improvement in numerical weather prediction [126] and more skilful forecasts of
extreme events, such as ARs. An important step to exploit these better forecasts is the devel-
opment of products to visualise and extract the relevant forecast information. ECMWF use
two newly available AR forecast products, the Extreme Forecast Index (EFI) for water vapour
flux [127] (Figure 25a) and the AR scale [86] (Figure 25b). The EFI compares the probability
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distribution of the ECMWF ensemble forecasts with its model climate; and the values range
from -1 to 1, where -1 indicates extremely low and 1 indicates extremely high values with re-
spect to the model climate. The AR scale uses two parameters, the maximum IVT and AR
duration (i.e., the duration of at least minimal AR conditions, IVT ≥250 kg m−1s−1) at a given
geographic location.

Figure 25 illustrates the EFI and AR scale for Storm Dennis for the period 00UTC 14
February 2020 to 00UTC 17 February 2020 (during forecast days 7-9). First, a clear sign of the
AR within Dennis is found in both products which elucidates the high water vapour flux and
hence the atmospheric processes at play, thus improving understanding of the forecast event.
This also suggests that although the two product formulations draw out and communicate
different information, they are complementary in identifying the AR conditions. Second, in
Figure 25a visual inspection of the areas with EFI exceeding 0.5 shows that at these forecast
lead times the EFI for IVT (yellow filled contour) is more skilful than the precipitation EFI (blue
line contour) in discriminating the large observed precipitation totals in western Britain (black
crosses). This highlights that the EFI for IVT can afford earlier awareness of the locations
likely to be affected. Therefore, this AR product has made progress in realising improved
precipitation forecasts during ARs.

A crucial advancement of late has been the development of an observational campaign called
AR Reconnaissance (AR Recon) in the northeast Pacific [128]. A key consideration for improv-
ing forecasts of ARs and their impacts is the organisation of a combined European-American
observational campaign in the North Atlantic, called ’AR Recon Atlantic’. AR Recon (At-
latic) consortium includes Research and Operations Partnership led by the Center for Western
Weather and Water Extremes (at Scripps Institution of Oceanography) and the US National
Weather Service/National Centers for Environmental Prediction, together with its core part-
ners of the US Naval Research Laboratory, US Air Force, the National Center for Atmospheric
Research, ECMWF, and multiple academic institutions. A complementary campaign was car-
ried out over the North Atlantic Ocean in 2016 as part of the North Atlantic Waveguide and
Downstream Impact Experiment, which has aided the understanding of the large-scale flow,
extratropical cyclones, and the WCB, and later used to improve modelling. The proposed cam-
paign currently would build on the operating procedures and airborne weather reconnaissance
strategies developed in AR Recon in the northeast Pacific and on the results from North At-
lantic Waveguide and Downstream Impact Experiment [129] over the North Atlantic, to probe
ARs, the associated WCB, and mesoscale dynamical features (e.g., mesoscale frontal waves).
Thus, the aim of AR Recon (Atlantic) is to improve the science and forecasts of landfalling ARs
to help better inform decision-makers on water management and flooding through improving
numerical weather prediction models. With the gathered observations, it is then possible to (1)
improve the next numerical weather prediction forecast by assimilating these observations from
the data-sparse regions and (2) undertake diagnostic studies and model experiments to iden-
tify model biases and improve the data assimilation and modelling systems, respectively [130].
Through the interdisciplinary and intercontinental collaboration of meteorologists, hydrologists,
and instrument operators would lead to new discoveries that advance the better representa-
tion of the global water cycle in numerical weather prediction; the ultimate result being the
improved forecast skill of ARs and their impacts.
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Figure 25: Forecasting the AR in storm Dennis (2020). (a) Extreme Forecast Index (EFI) in the European Centre for Medium-
Range Weather Forecasts (ECMWF) ensemble forecast for integrated vapour transport IVT (shaded contours and red dashed line)
and total precipitation (blue contour; areas inside the contour denote EFI for precipitation > 0.5). (b) AR Scale in the ECMWF
control forecast. The forecasts were initialised at 00UTC 8 February 2020 and are valid for the period 00UTC 14 February 2020 to
00UTC 17 February 2020 (forecast days 7−9). The nine black crosses in each panel in western Britain indicate rain gauges in the
synoptic network where the corresponding 3-day total exceeded 50 mm.

Figure 26 shows scatter plots of observations (O) versus background (EDA control)(B)
forecasts for specific humidity, temperature, wind speed, and water vapor fluxes in the 950-
1000 hPa layer, to illustrate the AR Recon (Atlantic) dropsonde data used to calculate the O-B
departures. Given the short forecast range, all variables have a strong linear correlation ranging
from 0.86 for water vapor flux (Figure 26d) to 0.97 for temperature (Figure 26b). Second, for
this particular layer, the mean O-B shows that the observed temperature is 0.23 K warmer
(Figure 26b) and the specific humidity is 0.15 gkg−1 moister (Figure 26a) than the model,
as highlighted by the location of many of the points below the 1:1 lines in Figures 26a and
26b. Third, the model has a tendency to underestimate low-level wind speeds (0.20 ms−1) and
subsequently underestimate low-level water vapor fluxes (the cloud of points for wind speed
(Figure 26c) and water vapor flux (Figure 26d) have a similar shape). This likely causes the
positive O-B values of 0.41 ms−1 and 6.06 gkg−1ms−1 for the wind speed and vapor fluxes,
respectively (Figures 26c,d) [131].
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Figure 26: Scatter plots of the observations vs the background (EDA control) forecasts at the dropsonde locations for (a) specific
humidity, (b) temperature, (c) wind speed, and (d) water vapor fluxes in the 950-1000 hPa layer. The linear correlation, mean
observed-minus-background (O-B) departure, root-mean-square departure (RMSD), number of observations, and the 1:1 lines (in
gray) are given. The striped nature of the observed winds in (c) results from the winds being reported to the nearest 1 ms−1 [131].

7 Discussion and conclusions

Studying ARs is key in understanding their role on hydro-meteorological impacts (both haz-
ards and benefits) regional/global water resources, climate, and socio-economic losses. Despite
their significance in the global water cycle, persisting uncertainties in their mapping, tracking,
categorising (flavours) and forecasting landfalling events makes them one of the challenging
branch of atmospheric sciences. These uncertainties and challenges increase with the increase
in the number of new approaches and algorithms being developed with the time. There are
several questions remain about the processes that contribute to their evolution before landfall,
which would limit forecasting capabilities. Thus, increased understanding of such processes-
including diabatic effects of ARs on downstream weather-system development [106] is needed
to improve prediction and, thereby, water-resource management. Current models do not ac-
curately represent the effects of latent-heat release [132]. Given the projected increases in
atmospheric moisture and, therefore, in IVT related to ARs, there is an urgent need to better
understand how they interact with large-scale circulation. This insight is particularly relevant
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in understanding the interactive feedbacks between ARs and cyclone intensification, which have
implications on their precipitation signatures on land AR characteristics. But an absence of
understanding or high degree of uncertainty over different regions (South America, South Africa
and East Asia) highly constrained by inadequate observational networks or field campaign data,
as well as lack of model validation. Exploration of ARs at the global scale, therefore, repre-
sents the next frontier, including the high latitudes is needed due to their role on surface melt
and glacial mass balance. Global and region-specific catalogues from the many ARTMIP sub-
projects need to be improved for this kind of work. An emerging area of research focuses on
the intersection between the physical and human-related impacts associated with ARs. In the
West Coast of US and Europe, flood damages linked to even a small increase in AR intensity
can translate to large economic losses [133], [41]. The interrelation between human activities,
such as expansion of human development and modification of surface processes, means that new
approaches are needed to communicate AR impacts. Model frameworks that bridge physical
impacts with economic costs and policy development can be useful in this regard [96]. Similar
approaches are needed to pass scientific understanding to stakeholders, such as water managers
and policymakers, especially for weather extremes that are projected to worsen in the future.

8 The way forward

The following methods are being used in studying the NAARs. Figure 27 shows the detection
of ARs with inline uncertainty quantification called ”TECA-BARD” [134]. This method use
a Bayesian framework to sample from the set of AR detector (BARD) parameters that yield
AR counts similar to the expert database of AR counts; this yields a set of ”plausible” AR
detectors from which quantitative uncertainty can be assessed. This probabilistic AR detector
has been implemented in the Toolkit for Extreme Climate Analysis (TECA), which allows for
efficient processing of petabyte-scale datasets.

Figure 27: Illustration of the steps in TECA AR v1.0.1 with ∆y = 15oN,P = 0.95, and Amin = 1 × 1012m2: (a) the input field,
IVT; (b) IVT after application of a ∆y = 15oN tropical filter (IVT’); (c) IVT’ (converted to percentile) after application of the
percentile filter and (d) after application of the minimum area filter [134].
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Another approach based on the image-processing algorithm called Image-processing-based
AR tracking (IPART) [74] which applies threshold to the spatio-temporal scale of ARs to
achieve the detection, thus making it magnitude independent and applicable to both IWV and
IVT-based AR detection. Compared with conventional thresholding methods, it displays lower
sensitivity to parameters and a greater tolerance towards a wider range of water vapor flux
intensities (Figure 28). This also includes new method of tracking ARs based on a new AR axis
identification method and a modified Hausdorff distance that gives a measure of the geograph-
ical distances of AR axes pairs. Both these methods are selected to reduce the uncertainty in
studying NAARs.

Figure 28: Illustration of 1-D and 2-D top hat by reconstruction (THR) processes. (a) Snapshot of IVT in kgm−1s−1 on 23 January
1984 at 00:00 UTC. The horizontal line denotes a zonal cross-section. (b) IVT profile along the zonal cross-section defined in panel
(a) as a blue curve. Green curves are profiles of erosion, red ones the reconstructions, and black ones the anomalies. Dashed lines
show results obtained via 1-D erosion/reconstruction and solid lines are results from 2-D versions. (c) A 2-D reconstruction of IVT,
in kgm−1s−1. (d) IVT anomaly defined as the difference between IVT and 2-D reconstruction, in kgm−1s−1 [74].
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The current and future works includes:

• Upper ocean variability, air-sea interactions, thermodynamics and dynamics of North
Atlantic on NAARs

• Application of dynamical system theory (DST) on AR study

• Machine learning approach using data from reanalysis and multi-model ensembles

• NAARs data from multiple reanalysis (produced with improved mapping techniques) with
a new scale to categorise ARs using storm severity index (SSI)

• Flavours of NAARs: Characterising the AR impacts over Euro-Atlantic

• Energetics of ARs and evaluating AR forecasts using data from existing ECMWF models

• Prospects in a changing climate using CMIP6 simulations

• Numerical modelling using improved parameterization of the air-sea fluxes

• Evaluating the impacts of coastal processes and topography in the regional coupled models
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