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A B S T R A C T   

The past few decades have witnessed an intensification of extreme precipitation (EP) events triggered by at
mospheric rivers (ARs), leading to massive flooding, highlighting the importance of studying the physical 
mechanisms associated with these types of events. This study aims to investigate the spatiotemporal evolution of 
ARs and related extreme precipitation (AR-EP) events, and the cascading effect of the synoptic-scale meteoro
logical patterns on underlying processes in the Coastal States of the Southeastern United States (SUES) during the 
1979–2019 period. The seasonal frequency of EP events associated with ARs suggests that more frequent AR-EP 
events occur during the colder months (November to April). In contrast, the AR-EP events are less frequent but 
more severe in the warmer months (May to October). A total of 12–15 AR-EP events, with severity exceeding the 
99th percentile precipitation threshold, were observed during the 3-month overlapping seasons between 
November and April from 1979 to 2019 that affected Georgia, Florida, Alabama, and South Carolina. On the 
other hand, the average precipitation magnitude of the AR-EP events is relatively higher (55–90 mm/day) in the 
warmer months (May to October). To explore the cascading nature of relevant meteorological forcing on the 
physical processes that favor such events, we performed an event-centered composite analysis based on the top 
100 severe AR-EP events observed during the extended cold and warm season, separately. It was observed that 
during the progression of the AR-EP events, the anomalies associated with composite mean sea level pressure 
(MSLP) and 850mb geopotential height (Z850) make a transition from the trough to ridge formation along with a 
south-eastward extension of Bermuda High in the cold season. The spatiotemporal evolution of these meteoro
logical variables is found to have a cascading effect on the mode of moisture transport indicated by integrated 
vapor transport (IVT) and moisture availability shown by total column water vapor associated with the major 
AR-EP events. The warm season IVT field gets stronger 2-days before the AR-EP event occurrences indicating a 
continuous increase in moisture influx into the Gulf and Atlantic Coastal Plains. Similar strengthening of IVT is 
noted over the Gulf Coastal Plains during the cold season. A cascading effect is also noted for the moisture 
availability indicated by a significant increase in total column water vapor (TCWV) over the Gulf of Mexico 2 
days before the events. Overall, the cold season AR-EPs are driven by relatively stronger dynamical systems 
indicated by greater IVT intensity. In contrast, the warm season AR-EPs are associated with a weaker IVT field, 
higher atmospheric instability, and more moist conditions.   

1. Introduction 

Recently, extreme precipitation events leading to massive floods 
have intensified in intensity, duration, and frequency in different parts 
of the world (Madsen et al., 2014; Mishra and Singh, 2010; Papalexiou 
and Montanari, 2019; Vu and Mishra, 2019). Much of this intensification 
is attributed to the acceleration of the hydrologic cycle caused by 
climate change (Schumacher and Rasmussen, 2020; Vu and Mishra, 
2019; Wang et al., 2013; Wen et al., 2020), a considerable proportion of 

which is associated with large-scale atmospheric features, such as at
mospheric rivers (ARs) (Payne et al., 2020). Extreme precipitation and 
flooding associated with ARs have been reported in various parts of the 
globe (Kamae et al., 2017; Lavers et al., 2012; Lavers and Villarini, 
2013a; Paltan et al., 2017; Ramos et al., 2015; Waliser and Guan, 2017), 
including the US (Barth et al., 2017; Debbage et al., 2017; Mahoney 
et al., 2016; Moore et al., 2011; Ralph et al., 2017; Ralph and Dettinger, 
2011). 

ARs are long, narrow corridors of strong poleward water vapor 
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transport across the mid-latitudes (Neiman et al., 2008b; Newell et al., 
1992; Zhu and Newell, 1998). They can be associated with the warm 
conveyor belt of extratropical cyclones and are often characterized by 
strong low-level winds. ARs are also responsible for approximately 90% 
of all pole-ward atmospheric water vapor transport across the mid-lat
itudes (Guan and Waliser, 2015; Zhu and Newell, 1998). 

ARs have a varied extent of societal and eco-hydrological impacts, 
which range from beneficial to devastating. For example, ARs are one of 
the major contributors to the snowpack and freshwater resources in the 
arid portions of the southwestern US and responsible for 20–50% of the 
region’s rainfall accumulation (Dettinger et al., 2011). ARs have been 
associated with 30% to 60% of the annual variability of total runoff, 
thereby impacting the seasonal availability of water resources in the 
west coast of the US (Chen et al., 2019). Landfalling AR storms are also 
recognized as potential drought busters in the Pacific Northwest by 
overcoming nearly 60–70% of all persistent droughts in the region 
(Dettinger, 2013). 

ARs are even known for causing megafloods, often dubbed as 
“ARkstorms”. These events impact thousands of square miles of urban 
and agricultural land across the US, disrupting millions of lives and 
causing massive economic damages (Porter et al., 2011). So far, more 
than 99% of all reported flood damages in the western US have been 
attributed to severe landfalling AR storms (Corringham et al., 2019). 
However, the impact of ARs is not limited to the west coast of the US. In 
the southeastern US, the major historical 1000-year flood event that 
occurred on May 1–2, 2010, has been attributed to ARs (Moore et al., 
2011), which affected significant parts of Tennessee, Kentucky, and 
Mississippi. This specific series of ARs resulted in sustained precipitation 
(for 48 h) as high as 344.7 mm over Nashville, Tennessee, leading to 
flash flooding that resulted in 26 fatalities and caused $2–$3 billion of 
property damages (Moore et al., 2011). 

Recognizing the potential socio-economic damages (e.g., agricultural 
and devastating flood damages) caused by the ARs in the SEUS, there has 
been a growing concern on the AR activities along the coastal southeast 
US (SEUS) (Gimeno et al., 2014). Many studies highlighted the possible 
association between major flood events in the central and southeastern 
US with strong water vapor transport into the SEUS from multiple 
moisture sources, such as the Caribbean Sea, the Gulf of Mexico, and the 
Atlantic Ocean (Dirmeyer and Kinter, 2010, 2009; Guan and Waliser, 
2015; Lavers and Villarini, 2013b; Moore et al., 2011; Pfahl et al., 2013). 
An enhanced source of moisture originating in the Caribbean and the 
Gulf of Mexico can trigger large-scale flood events in the mid-western US 
during May-July (Dirmeyer and Kinter, 2010). The study detected a 
narrow fetch of moisture steering along the coast of Central America, 
extending from the Yucatan Peninsula and moving all the way upwards 
to the western Gulf of Mexico, where it connects with the Great Plains 
low-level jet (GPLLJ), a phenomena dubbed “Maya Express” (Dirmeyer 
and Kinter, 2009). Further, (Lavers and Villarini, 2013b) highlighted 
that much of the annual maxima floods from 1105 basins across the 
central US and reported that in 42.5% of the basins, more than half of the 
flood events are associated with ARs interacting with the SEUS. The 
major flooding event in the Ohio River Valley (May 1–2, 2010) was 
triggered by the ARs that originated from the eastern tropical Pacific and 
the Caribbean Sea (Moore et al., 2011). These studies highlighted the 
significant role of ARs in causing major flood events. 

More recently, global (Guan and Waliser, 2015) and regional studies 
(Debbage et al., 2017; Mahoney et al., 2016; Miller et al., 2017; Rabi
nowitz et al., 2019) have provided crucial information on the climato
logical and synoptic aspects of ARs affecting the SEUS. More than 10% of 
AR landfalls, along the Gulf of Mexico and Gulf stream, contributed to 
more than 30% of the annual precipitation over most parts of the 
southeastern US (Guan and Waliser, 2015). During the period, 
1980–2010, nearly 41% of the heavy precipitation events (>100 mm/ 
day), and 52% of the spatially widespread heavy precipitation events 
(affecting 7000 km2 area) in the southeastern US were associated with 
ARs (Mahoney et al., 2016). Focusing on persistent AR events with a 

duration of at least 48 h, Debbage et al., 2017 reported that total ~40 
persistent AR events per year occurred along the SEUS coastline loca
tions between 1979 and 2014. The study also highlights the potential 
role of Great Plains Jet (GPJ) and Caribbean Low-Level Jet (CLLJ) on the 
SEUS ARs, which happens to interact with the western Gulf of Mexico. 
Miller et al., 2017 investigated the synoptic patterns associated with 
minor-major flood events in the Pigeon River basin located downstream 
of the southern Appalachian Mountains over 5 years period. The syn
optic patterns were found to reveal the role of a highly amplified slow- 
moving positively tilted trough formation that favored the AR-EP events 
over the region. Rabinowitz et al., (2019) selected 15 AR events between 
2000 and 2015 across the Mississippi river valley and categorized their 
associated synoptic patterns as progressive troughs. 

Multiple studies have highlighted the potential role of persistent 
atmospheric anomalies and structure of moisture transport for a better 
understanding of the behavior of AR-EP events (Dirmeyer and Kinter, 
2010; Moore et al., 2011; Rabinowitz et al., 2019; Steinschneider et al., 
2018; Zhu and Newell, 1998). More specifically, based on the available 
moisture sources and transport mechanism, it is possible to generate 
information related to the atmospheric conditions that are particularly 
moist and unstable at the same time. These synoptic conditions pro
gressively intensify with time, triggering a sequence of favorable con
ditions for moisture transport and advection until they finally lead to the 
occurrence of heavy precipitation events. In such a context, “cascading 
effects” have been increasingly investigated to understand the sequence 
of interconnected processes that ultimately lead to extreme precipitation 
events. The cascading effects can be examined based on the evolution of 
meteorological features and moisture influx associated with the days 
before the AR-EP events. While previous studies explored the role of ARs 
in driving EP events over the SEUS, the potential influence of atmo
spheric anomalies on such processes was partly explored (Debbage et al., 
2017; Mahoney et al., 2016). Furthermore, investigating the influence of 
atmospheric anomalies only for coastal interactions (Debbage et al., 
2017) limits our understanding of such processes driving EP events 
across the SEUS region. 

This study begins with determining the variation of EP events with 
respect to AR events. In the next step, the synoptic feature’s space–time 
evolution is investigated to understand its cascading effect on the 
moisture transport that influenced the 100 most severe AR-EP events 
during the cold and warm season separately. More specifically, the 
primary objective of this study is to address the following questions: 

(1) How are the AR events and AR-EP events distributed spatially and 
across different seasons in eight SEUS states (Florida, Alabama, Mis
sissippi, Louisiana, Georgia, North Carolina, South Carolina, and 
Texas)? 

(2) Is there a cascading effect of synoptic-scale meteorological forc
ing on the moisture availability and mode of advection associated with 
major AR-EP events observed in the region between 1979 and 2019? 

The rest of the manuscript is organized as follows: Section 2 focuses 
on the data and methodology applied in the study; the results and 
relevant discussions are provided in Section 3; and finally, the summary 
of major findings and concluding remarks are provided in Section 4. 

2. Data and methodology 

2.1. Data 

AR events are identified within the region bounded by latitudes 15◦N 
to 45◦N and longitudes −110◦W to −55◦W (hereafter referred to as the 
AR-detection region). Detection of ARs is performed by using specific 
humidity, and zonal and meridional wind fields for 20 pressure levels 
(between 1000 and 300 hPa inclusive), retrieved at 6-hourly time-steps 
for the period 1979–2019 from the high-resolution European Centre for 
Medium-Range Weather Forecasts Reanalysis 5 (ERA5) (0.25◦x 0.25◦

grid resolution). The hurricane track data from 1979 to 2019 is obtained 
from the Atlantic Hurricane database (HURDAT2) to segregate the ARs 
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from the Tropical Cyclones (TCs). The HURDAT2 is available at 6-hourly 
intervals provided by the National Hurricane Center (available at 
https://www.nhc.noaa.gov/data/#tcr). Mean sea level pressure (MSLP) 
and 850 mbar geopotential height (Z850) are selected to study the 
synoptic patterns and their cascading effect on the moisture transport 
mechanisms. As such, 6-hourly Z850, total column water vapor (TCWV), 
and MSLP data were obtained from the ERA-5 at the native spatial 
resolution for the 1979–2019 period. While MSLP and Z850 are exten
sively used to define the large scale meteorological patterns that have a 
primary influence on extreme precipitation events (Barlow et al., 2019), 
TCWV is an essential component to assess the moisture availability 
associated with AR-EPs (Gimeno et al., 2012; Zhang et al., 2019). 

The impact of ARs on the precipitation and EP events are studied for 
the SEUS region that includes the eight coastal states, namely, Alabama 
(AL), Georgia (GA), Louisiana (LA), Mississippi (MS), North Carolina 
(NC), South Carolina (SC), Texas (TX), and Florida (FL). The EP events 
are derived based on the daily observed precipitation dataset 
(1979–2019) obtained from the Climate Prediction Center (CPC) 
(https://www.esrl.noaa.gov/psd/), available at 0.5◦ horizontal grid 
resolution. The daily precipitation dataset provided by NOAA’s CPC is 
produced from Global Unified Gauge-Based Analysis (from over 30,000 
stations) with a daily time step (Chen et al., 2008). The CPC data has 
been validated against historical records and measurements at nearby 
stations, concurrent radar/satellite observations, and numerical model 
forecasts. To maintain consistency in spatial resolution across all data
sets used in the study, we apply the Synergraphic Mapping System 
(SYMAP) (Maurer et al., 2002) to regrid the reanalysis dataset at the 0.5◦

CPC precipitation grid resolution. Reanalysis data available at 0.5◦x0.5◦

is reasonable to capture the ARs and their potential influence on the EP 
events (Payne et al., 2020), and multiple studies investigated regional 
AR behavior at the same or coarser resolution (Debbage et al., 2017; 
Guan and Waliser, 2015; Lavers and Villarini, 2013b, 2013a; Mahoney 
et al., 2016; Paltan et al., 2017). 

2.2. AR-Detection methodology 

ARs are derived based on an AR-detection algorithm (Guan and 
Waliser, 2015), that incorporates the characteristics of vertically inte
grated vapor transport (IVT) within the lower troposphere at 6-hourly 
time-steps. The IVT measures the integrated moisture flux based on 
specific humidity and zonal and meridional wind characteristics. 
Considering the dual drivers of AR behavior (Integrated water vapor and 
wind), the IVT magnitude (or intensity) is increasingly used to diagnose 
ARs across various parts of the globe (Guan and Waliser, 2015; Mund
henk et al., 2016; Rabinowitz et al., 2019; Shields et al., 2018b; Waliser 
and Guan, 2017). The IVT intensity is calculated in a Eulerian frame
work by performing a mass-weighted vertical integration within the 
pressure levels ranging from 1000 to 300 hPa as follows: 

IVT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

1
g

∫ 300

1000
qudp

)2

+

(
1
g

∫ 300

1000
qvdp

)2
√

(1)  

where g is the acceleration due to gravity (=9.81 m s−2), q is specific 
humidity (kg kg−1), u is zonal wind (m/s), v is meridional wind (m/s), 
and dp is the pressure difference (Pa) between adjacent pressure levels. 
The algorithm has been applied in many recent studies related to ARs 
(Debbage et al., 2017; Huning et al., 2019; Kim et al., 2018; Waliser and 
Guan, 2017). The reader is referred to Guan and Waliser (2015) for a 
detailed discussion on the AR-detection algorithm, the underlying 
motivation, sensitivity analysis, and its application. A brief discussion on 
the AR-detection procedure is summarized in Appendix A1 of the Sup
plementary Material. 

It is important to note that, at any time-step, one or more AR landfalls 
may be detected provided all the requirements (see Appendix A1 of the 
Supplementary Material) are fulfilled. The algorithm detected a total of 
14,992 landfalling ARs in the AR-detection region, which is 25.03% of 

the total 59,900 six-hourly time-steps during the study period, 
1979–2019. 

2.3. AR event and AR-EP event identification 

The impact of the ARs on the EP events is investigated for the grid 
cells (0.5◦x0.5◦) located within the eight SEUS states. Tropical cyclones 
are seldom identified as a common source of heavy rainfall in the 
southeastern United States (Knight and Davis, 2009; Mahoney et al., 
2016). To assess the contribution from ARs alone, we removed the effect 
of Tropical cyclones (TC) from the analysis of AR-EP events. This is 
achieved by removing the AR days that coincide with the TC dates. Out 
of the detected landfalling ARs, we found 12,645 ARs occurring over at 
least one grid cell during the 1979–2019 period within or on the SEUS 
region boundary. AR duration is an important variable that controls 
precipitation magnitudes (Ralph et al., 2013). An AR event is identified 
based on the duration of ARs that occurred for three or more time steps 
(18 h or more) (Lavers and Villarini, 2013a; Ralph et al., 2013), and 
these AR events can generate extreme precipitation events (Lavers and 
Villarini, 2013a; Ralph et al., 2019, 2013). A similar methodology was 
used to examine the association between AR and extreme precipitation 
storms for the US’s west coast (Lamjiri et al., 2017; Ralph et al., 2019) 
and Europe (Lavers and Villarini, 2013a). The AR-events are identified 
based on all the 12,645 landfalling ARs. Two ARs were considered in
dependent (distinct) events if they were separated by more than 1 day. 

Extreme precipitation events are determined by applying the peak- 
over-threshold method (Mishra and Singh, 2010; Mondal et al., 2020) 
for the SEUS grid locations. The daily extreme precipitation events are 
first identified based on the 95th (EP95p) and 99th (EP99p) percentile 
threshold, separately. These percentiles are calculated for all non-zero 
daily precipitation totals observed during the whole time-period, 
1979–2019. Finally, an AR-EP event is defined as the extreme precipi
tation event observed during or one day after an AR-event. This concept 
of AR events facilitates the association with the daily precipitation data 
and have been extensively used in previous studies (e.g., Guan et al., 
2010; Huning et al., 2019; Lavers and Villarini, 2013a, 2013b; Neiman 
et al., 2008a). It should be noted that throughout the manuscript, the 
AR-EP events evaluated based on the 95th (99th) percentile threshold 
are referred to as AR-EP95p (AR-EP99p). 

2.4. Composite analysis 

An event-centered composite analysis is performed to examine the 
evolution of the synoptic meteorological features and moisture avail
ability and advection. So far, event-centered composite analysis has 
been extensively used in numerous studies to explore the relevant 
synoptic-scale meteorological features associated with a specific mete
orological event (Barlow et al., 2019). 

The event-centered composite analysis is performed based on the top 
100 severe AR-EP99p events, selected separately for the extended warm 
(May-October) and cold (November-April) seasons. Firstly, the AR-EP99p 
time-series for individual grids (across the SEUS region) for a given 
season (warm and cold) are selected to form a matrix, with the dates and 
the corresponding AR-EP magnitude representing the columns of the 
matrix. The daily AR-EP magnitudes are then arranged in a decreasing 
order to identify the top 100 AR-EP events with unique dates for the 
composite analysis. The selected event days are used to obtain the sea
sonal anomalies in composites of meteorological variables at zero-day, 
2-day, and 5-day lags. This approach is useful for exploring the 
sequence of interconnected processes (cascading effect) driving the top 
100 severe AR-EP events. 

More specifically, seasonal anomalies in the daily mean composites 
of the meteorological variables (MSLP, Z850, and TCWV) are calculated 
at every grid location by subtracting the mean of daily values coinciding 
with the time of occurrence of the selected top 100 AR-EP events from 
the long-term mean for the 1979–2019 period. Furthermore, a two- 
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sample Kolmogorov-Smirnov Test (KS-Test) is performed to determine 
the statistical significance (at 95% confidence level) of the anomalies at 
every grid location. To determine the moisture advection into the re
gion, we calculate the composite mean of the daily IVT field during 
which the top 100 AR-EP events are observed for every grid location. 
Finally, to assess their temporal evolution over time, each of these 
composite and composite anomalies are also calculated for 5 days and 2 
days prior to the occurrence of the top 100 AR-EP events. A similar 
approach has been adopted by Ridder et al. (2018) to investigate the 
temporal evolution of atmospheric conditions associated with AR- 
influenced EP along the Dutch coast. 

3. Results and discussion 

3.1. Spatial distribution of EP and AR events in SEUS 

EP events generally affect a varied range of areas (smaller to larger) 
across the SEUS throughout the year (Moore et al., 2015). To understand 
the spatial patterns associated with EP and AR events in the SEUS, we 
constructed spatial maps showing the number of EP95p, EP99p, and only 
AR (after removing the TCs) events. Fig. 1(a, c, and e) depicts the spatial 
distribution of the annual event counts of EP95p, EP99p, and AR, 
respectively, for the 1979–2019 period. The results are further sum
marized as boxplots based on the eight SEUS states shown in Fig. 1 (b, d, 
and f). 

Fig. 1(a-d) show that except for Texas, all other states are affected by 
11–16 (2–5) EP95p (EP99p) events per year. A homogenous spatial 
pattern is noted for the EP95p event counts across most parts of the SEUS 
region, eastward of Texas. The EP99p event counts, however, vary 
considerably across the SEUS, with a higher number of events clustered 
in the eastern Gulf coastal plains and the western part of the Florida 
peninsula. This is also indicated by the boxplots in Fig. 1(d) that show a 
comparatively greater (3–5) number of EP99p events per year observed 
over Georgia, Florida, Alabama, and South Carolina. 

Fig. 1(e-f) shows that the rate of AR activities is found to be relatively 
higher along the Atlantic coastal plain of the SEUS. More than 12 AR 
events are observed per year over the southeastern Appalachian range 
extending southwards along the Atlantic coastal plain up to the southern 
tip of the Florida peninsula. This spatial distribution is mirrored by the 
boxplots depicted for the eight SEUS states, as shown in Fig. 4 (f). A 
relatively greater (12–15) number of AR events per year affects the 
easternmost states, including larger portions of South Carolina, Florida, 
North Carolina, and Georgia. Furthermore, the spatial distribution of AR 
event counts closely matches the spatial pattern exhibited by the EP95p 
events, especially along the eastern coast of NC, SC, Georgia, and Florida 
located along the east side of the Appalachian range. 

Interestingly, the regions showing a higher frequency of AR events 
are found to be located along the trajectory of the Sub-tropical Low-level 
Jet streams (SLLJ) attributed to the Atlantic warm pool (Wang and Lee, 
2007). The SLLJ represents a persistent air mass influx into the subtro
pics and possibly supplies a significant share of moisture into the region 
combined with ARs that typically act along the CLLJ or westerlies in the 
region. This favors the influx of moisture into this region resulting in 
most AR activities along the coast of Atlantic coastal plains. 

3.2. AR-EP characteristics in SEUS 

ARs have been typically associated with EP events across different 
parts of the globe (Dettinger, 2011; Gimeno et al., 2014; Guirguis et al., 
2019; Mahoney et al., 2016; Moore et al., 2011; Rutz et al., 2013; Tsuji 
and Takayabu, 2019; Valenzuela and Garreaud, 2019). The pronounced 
temporal and location-dependent behavior exhibited by the number of 
AR event occurrences (as seen earlier) is likely to be reflected in the EP 
occurrences driven by the ARs, which is the focus of this analysis. As 
such, using daily observations of precipitation accumulation from CPC, 
the AR-EP events are identified at every grid point based on a peak-over- 
threshold approach, as discussed in section 2.4. Figure S1 shows the 
geographical distribution of 95th and 99th percentile thresholds based 

Fig. 1. (a–b) Total EP95p event counts per year, (c–d) Total EP99p event counts per year, (e–f) AR-event counts per year for the period, 1979–2019 (after removing 
the TCs). 
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on which the peak-over-threshold methodology is applied to the daily 
precipitation totals. 

In this section, we explore mainly two characteristics of AR-EP 
events, the spatial distribution of the frequency (per year) of the AR- 
EP events and the seasonal variation of the frequency and the average 
magnitude of these events across the SEUS region. The annual frequency 
of AR-EP events is examined at each grid point to identify any location- 
dependent behavior revealed by the observed AR-EP events during the 
selected period. Fig. 2(a–d) shows the spatial distribution of the annual 
frequency of AR-EP95 and AR-EP99 events for the SEUS region and eight 
states for the 1979–2019 period. In addition to that, we also examine the 
precipitation characteristics (spatial distribution and magnitude) across 
the SEUS region for selected ARs observed during 3rd and 4th May 2010 
due to their association with large scale flooding (Mahoney et al., 2016), 
as shown in Fig. 2(e-f). The seasonal variations of the total AR-EP event 
count and average magnitudes for the 1979–2019 period are depicted by 
heatmaps as shown in Fig. 3. The seasonal variations are supposed to 
reveal any temporal dependence exhibited by AR-driven EP events and 
their severity in the SEUS and including states. 

As shown in Fig. 2(a-b), the spatial patterns depicted by the annual 
frequency of AR-EP events are also in close agreement with that ob
tained for the EP and AR-events (Fig. 1). About 3–5 AR-EP99p and at least 
1–2 AR-EP99p events per year are found to occur in the eastern part of the 
SEUS region, with the greatest number of events occurring primarily in 
the sub-tropical region along the northwestern coast of the Florida 
peninsula and south of Georgia. The higher rate of AR-EP events in these 
regions is also reminiscent of the fact that about 90% of the total water 
vapor flux is attributed to ARs located within the sub-tropics (Ralph 

et al., 2004; Zhu and Newell, 1998). These results are further reflected 
by the boxplots that show the greatest number of AR-EP events occurred 
in Florida and Georgia (Fig. 2(c-d)). These results are concordant with 
the spatial pattern exhibited by the EP99p event counts for these regions 
(Fig. 1(d)). 

Fig. 2(e–f) shows the spatial pattern and severity of the AR-EP events 
that cause extreme socio-economic damages in the past. We selected two 
consecutive ARs observed on 3rd and 4th May 2010. It can be noted that 
these ARs are associated with a daily precipitation total of more than 
100 mm, observed across the junction between the Gulf and Atlantic 
coastal plain of the SEUS (Fig. 2(f)). Previous studies have reported these 
ARs were associated with major historic flooding in the SEUS (Mahoney 
et al., 2016; Moore et al., 2011). 

To explore the temporal dynamics of the AR-EP event characteristics, 
we examine the seasonal variation of the total event counts and average 
precipitation magnitude for the SEUS region and the eight including 
states for the 1979–2019 period. The seasonal variation of total AR-EP 
event counts and average precipitation magnitude are examined based 
on the seasons defined by a 3-month overlapping windows for all 12 
months. The 3-month overlap allows for scaling the seasons to represent 
uniform 90-day seasons. Based on this criterion, we obtained the 
regional averages of seasonal counts of AR-EP95p and AR-EP99p events 
and the corresponding average precipitation magnitudes as illustrated 
by the heatmaps in Fig. 3(a-b) and Fig. 3(c-d), respectively. 

A marked cold season dependence is noticeable in the total AR-EP 
event occurrences. A greater number of events is noted over Georgia, 
Florida, Alabama, and South Carolina during the October-November- 
December (OND), November-December-January (NDJ), December- 

Fig. 2. (a–b) Spatial map showing the total 
number of (a) AR-EP95p and (b) AR-EP99p 
events observed per year during the 
1979–2019 period over the SEUS region, 
(c–d) boxplots showing the spatial distribu
tion of (c) AR-EP95p and (d) AR-EP99p event 
counts per year for the period 1979–2019 for 
the eight states of the SEUS region, and (e–f) 
spatial map showing the total precipitation 
magnitude (mm) and the IVT vectors for the 
ARs identified during the 3rd and 4th May 
2010. The intensity of the IVT is represented 
by the length of the IVT vectors.   
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January-February (DJF), January-February-March (JFM), February- 
March-April (FMA), and March-April-May (MAM) season (Fig. 3(a, 
and c)). These regions show a total of more than 50 AR-EP95p and 12–15 
AR-EP99p events in each overlapping season between November and 
April during the 41-year period (1979–2019). Only a few AR-EP events 
(less than 5–10 events) are found to occur during the extended warm 
season months (April-May-June (AMJ) to September-October- 
November (SON)) over the entire SEUS region. These findings are in 
close agreement with previous studies that suggest the possible contri
bution of ARs to more frequent rainfall events in the SEUS with a greater 
influence observed predominantly during the cold season (Debbage 
et al., 2017; Mahoney et al., 2016). 

The anomalously high AR-EP counts, markedly noticeable during the 

months of the extended cold season (November-April), is generally 
attributed to the large-scale moisture availability and synoptically 
driven strong transport mechanisms acting simultaneously during the 
winter/transition months in the region (Mahoney et al., 2016; Moore 
et al., 2011). In addition to that, a considerable decrease in the AR-EP 
event count is notable from spring to summer seasons for most of the 
regions. As reported by previous studies, this is due to the spring to 
summer decrease in the large scale and persistent mesoscale convective 
systems in the west of the Appalachian Mountains, as well as due to the 
smaller number of ARs interacting with the CSE-US region during the 
warm season (Debbage et al., 2017; Parker and Ahijevych, 2007; Rick
enbach, 2018). 

In contrast, the average precipitation magnitude of the AR-EP95p and 

Fig. 3. The heat maps (a) show the total number and (b) average magnitude of AR-EP95 events for the overlapping seasons during the period 1979–2019, (c, and d) 
same as in (a, and b) but for AR-EP99 events. 

S. Mukherjee and A.K. Mishra                                                                                                                                                                                                               



Journal of Hydrology 601 (2021) 126641

7

AR-EP99p events is found to be more than 55–90 mm/day in Louisiana 
and Mississippi in July-August-September (JAS) and August-September- 
October (ASO) seasons. The cold season AR-EP95p and AR-EP99p events, 
on the other hand, are found to be characterized by only 35–60 mm daily 
total precipitation in the SEUS region. These results indicate that the AR- 
EP events in the SEUS region are more severe during the warm season 
than those observed in the cold season. The association between ARs and 
more severe EP events in the warm season could be related to higher 
atmospheric instability and moisture availability (Moore et al., 2015). 

Overall, this seasonal-count cycle seems to be equivalent to the 
annual IVT cycle, reported for the West Coast of the US (Mahoney et al., 
2016). The largest vapor transport occurring during the winter and 
markedly decreasing during the summer can be attributed to the weak 
transient baroclinic instability during the warm season (Mahoney et al., 
2016). This is also in agreement with the previous findings that associate 
ARs with the winter planetary wave number 4–5, a wavenumber typi
cally associated with the synoptic-scale Extratropical Cyclones in the 
Northern Hemisphere (Zhu and Newell, 1998). Besides, the Extra
tropical Cyclones that are most prevalent during the winter, are clima
tologically associated with more number of ARs from October to March. 
(Mahoney et al., 2016). 

3.3. Cascading effect of synoptic patterns on moisture availability and 
transport 

This section explores the synoptic-scale evolution of atmospheric 
patterns, moisture availability, and transport mechanisms associated 
with AR-EP events during the extended warm (May to October) and 
extended cold (November to April) season. Composites of Z850, MSLP, 
IVT, and TCWV (refer to Section 2.4 for methodology) are generated 2 
and 5 days prior and during the day of the top 100 severe AR-EP events 
observed during each season. It is expected that such spatiotemporal 
evolution can help to explore the sequence of events, thereby revealing 
any cascading effect (if present) of these synoptic-scale meteorological 
patterns on the moisture availability and transport associated with the 
top 100 severe AR-EP events. Moreover, the extended warm and cold 
season months (considered in the composite analysis) are chosen 

objectively to meet the criteria of maximum seasonal dependence of AR- 
EP event occurrence and severity in the SEUS region (Fig. 3). While such 
seasonal dependence of the severity of the AR-EP events is noted in the 
May-October months of the extended warm season for Louisiana and 
Mississippi, for most of the other states a greater number of AR-EP 
events are observed during the extended cold season months 
(November-April) (Fig. 3). 

The spatial distribution of the maximum daily precipitation totals 
during the selected top 100 AR-EP event days is illustrated in Fig. 4. 
Interestingly, for the top 100 severe cold (warm) season, AR-EP events 
are found to exceed a severity of 150 (200) mm/day in the SEUS region, 
mostly clustered over the eastern Gulf coastal plains (western Gulf and 
Atlantic coastal plains). The most severe cold season AR-EP events 
affected Mississippi, Georgia, and Alabama, whereas Louisiana and 
Mississippi experienced the most severe warm-season AR-EP events 
(Fig. 4 (b, and d). These results are in close agreement with the spatio
temporal characteristics of the AR-EP events during the warm and cold 
seasons depicted earlier in Fig. 3. We use the top 100 severe AR-EP event 
days observed for the warm and cold seasons in the subsequent com
posite analysis. 

Firstly, we examine the spatiotemporal evolution of synoptic-scale 
meteorological patterns relevant to the occurrence of the top 100 se
vere AR-EP event days by using daily composite anomaly maps of Z850 
and MSLP for the warm and cold seasons. Finally, we investigate if the 
sequence of spatiotemporal behavior exhibited by such atmospheric 
patterns shows a cascading effect on the spatiotemporal evolution of 
moisture advection and source identification associated with the top 100 
AR-EP events in the region. For that, daily mean composite maps of the 
IVT field and daily mean composite anomaly map of TCWV are con
structed for both seasons. The obtained results are discussed in the 
following sub-sections. 

(a) Synoptic-Scale Meteorological Patterns: 
Fig. 5 (a–c) and Fig. 5 (d-f) depict the spatiotemporal evolution of 

anomalies in composites of MSLP (shading) and Z850 (contour) for the 
cold and warm season, respectively, 5-days (indicated by “-5days”) and 
2-days (indicated by “-2 days”) prior, and on the day (indicated by “0 
days”) the events are observed. It can be noticed that the composite 

Fig. 4. (a) Spatial map and (b) box plots showing the geographical distribution of maximum AR-EP magnitude for the top 100 severe AR-EP days during the extended 
cold (Nov-April) season for the 1979–2019 period, and (c), and (d) same as in (a), and (b), respectively, but for the extended warm (May-Oct) season. 
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anomalies indicate a synoptic-scale meteorological pattern that exhibits 
a marked cascading behavior over the region during 5 to 0 days from the 
time of occurrence of the warm and cold season AR-EP events. 

The Z850 anomaly contours for the cold season AR-EP suggest 
several trough and ridge (shown by positive anomalies) formation from 
5 and 2 days before the AR-EP event occurrences. The trough formation 
(shown by negative anomalies) occurs along the south of the Rockies to 
the Great Plains region, while the ridge formation occurs along the east 
of the Appalachian along the Atlantic coastal plains. Much of the Central 
Plains and the Gulf Coastal plains are found to correspond to the tran
sition region from the trough to the ridge, which is more pronounced on 
the day of the events (0-days; Fig. 5(c)). Such transitions are typically 
characterized as a zone of enhanced geostrophic winds (winds associ
ated with the middle latitudes aloft in the troposphere), making the 
region more vulnerable to ARs (Moore et al., 2011; Pasquier et al., 
2019). 

MSLP anomalies suggest an eastward extension of the Bermuda high 
stretching southwards as the day progresses from 2-days before the day, 
the events are observed. This phenomenon is typical of the North 
Atlantic region and is mainly observed during the winter months. The 
extension of Bermuda High acts as a block that prevents the frontal 
systems from curving out to the Atlantic Ocean, which instead steers into 
the Gulf of Mexico. This also allows the SLLJ streams to dip further south 
into the SEUS region, sometimes bringing wintry storms with it, thus 
marking the importance of the confluence of SLLJ and ARs in relation to 
the AR-EP events in SEUS region. The region is characterized by a weak 
pressure gradient 5 days before the occurrence of the events. This 

pressure gradient, however, becomes stronger 2 days before the onset of 
the observed events. Interestingly, on the days of the events (0 days), the 
low-pressure anomaly can be seen to intensify and shift southeast, 
covering the locations where the EP events are mainly observed (defined 
by the rectangular bounded region in Fig. 5). In addition to that, the cold 
season synoptic patterns depict a strong pressure dipole with a strong 
low-pressure center sandwiched between the extended Bermuda High 
and abnormal high pressure existing over the western US. This low- 
pressure system in the region is likely to favor the advection of mois
ture from the southerly winds. 

Similarly, the Z850 anomaly contours for the warm season AR-EP 
depict an intense low-pressure center, particularly over much of the 
SEUS. More importantly, the low-pressure center can be seen to intensify 
over the western Gulf-coastal plains and stretch slightly eastwards be
tween 5 and 2 days before the events. This low-pressure center remains 
stationary over the region and intensifies until the day of the events, 
covering much of the Gulf coastal plain. This particular structure is 
indicative of cut-off lows that are often characterized by the presence of 
a height cap limiting the vertical movement of an air parcel, which, 
when moist, increases the chances of heavy rainfall (Barbero et al., 
2019), a phenomenon reported by (Moore et al., 2011) in connection 
with the severe flooding across the Ohio river basin on May 1–2, 2010. 
In addition to that, the MSLP pattern exhibits an intense low-pressure 
anomaly in the Gulf coastal plains, persistent from 2-days before the 
day of the events. This type of persistent low-pressure structure is 
indicative of slowly varying background circulations that favor deep 
moist convection leading to more severe warm-season EPs (Figs. 3 and 

Fig. 5. Spatial map showing spatiotemporal evolu
tion of (a-c) anomalies in composites of MSLP 
(shading; units hPa), and Z850 (contours; units: m) 
for cold (NDJFMA) season average centered on (a) 
5 days before, and (b) 2 days before, and (c) on the 
day the top 100 severe AR-EP events are observed 
during the cold season; the location of the local 
maxima (minima) in Z850 anomaly are marked by 
the letter, “H” (“L”), (d–f) same as in (a–c) but for 
warm (MJJASO) season; striplings mark the grid 
points for which the anomalies in MSLP are found to 
be statistically significant (at 95% confidence level) 
based on the two-sample KS-test. The region corre
sponding to the top 100 severe AR-EP events is 
defined by the rectangle (black).   
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4) in the region (Moore et al., 2015; Nie and Fan, 2019). 
(b) Moisture Availability and Transport: 
To examine the cascading effect of the synoptic-scale meteorological 

patterns on the moisture availability and transport mechanism associ
ated with such AR-EP events, we calculated the composite mean of the 
IVT field and anomalies in the composite mean of TCWV for the same 
event days for the cold and warm season. The composite maps for 
assessing the moisture availability and transport are presented in Fig. 6. 

For both cold and warm season, intense IVT field over the strong low- 
pressure region in the Gulf Coastal Plains (where the AR-EP events are 
observed as depicted previously in Fig. 4) can be observed to develop 2 
days before the event occurrences, which amplifies substantially (IVT 
intensity >400 kg/m/s) on the days when these events are observed. A 
dominant role of CLLJ and strong westerlies associated with the SLLJ is 

also notable from the IVT field for the cold season ARs. The CLLJ can be 
seen to cross the Yucatan Peninsula that phases with the strong SLLJ 
steering along the west coast of the Gulf of Mexico, bringing moisture to 
the region, particularly over the lower Mississippi river basin. For both 
seasons, the IVT field indicates that the ARs show a tendency to curve 
out to the center of the extended Bermuda-Azores High towards the 
eastern coast of Europe. This also explains the relatively higher number 
of AR landfalls along the Atlantic coastal plains, as indicated by the 
spatial distribution of AR events in Fig. 1(e). Such moisture advection 
process conforms with the evolution of synoptic meteorological patterns 
exhibited by the MSLP composite anomalies presented in Fig. 5 (a–c). 
Along the east coast of the Gulf of Mexico, the CLLJ alone can be seen to 
dominate the advection of moisture into the region, with the Caribbean 
Sea and the Atlantic Ocean being the primary sources of moisture. 

Fig. 6. Spatial map showing composites of IVT field based on (a) 5 days before, (b) 2 days before, and (c) on the day the top 100 AR-EP events are observed during 
the cold (Nov–April) season, (d–f) same as in (a–c) but for composite anomalies in TCWV, (g–i) same as in (a–c) but for warm (May–Oct) season, and (j–l) same as in 
(d–f) but for the warm season. The anomalies are estimated based on the cold or warm season average, and the striplings indicate the grid points where statistically 
significant (95% confidence level) anomalies are obtained. The region corresponding to the top 100 severe AR-EP events is defined by the rectangle (black). 

S. Mukherjee and A.K. Mishra                                                                                                                                                                                                               



Journal of Hydrology 601 (2021) 126641

10

Moreover, the temporal evolution of the availability of moisture (rep
resented by the significantly positive anomalies in TCWV) can be seen to 
mimic that of the IVT magnitude over the region of interest and the 
surrounding area of the Southeast coastal plains. 

For the warm season, the IVT field associated with the ARs is rela
tively weaker but spread across a wider area, including both the Gulf and 
the Atlantic coastal plains (Fig. 6(i)). The advection of moisture into the 
region can be primarily associated with the CLLJ bringing plumes of 
moisture from the Caribbean Sea and the Atlantic Ocean. On the other 
hand, the role of CLLJ coupled with the Pacific jet aloft is notable in the 
moisture transport to the Gulf coastal plains. The CLLJ merges with the 
strong westerlies associated with the Pacific jet aloft, and steers along 
the east coast of the Gulf of Mexico, transporting moisture to the lower 
Mississippi basin where it connects with the GPLLJ. This phenomenon, 
dubbed the “Maya Express”, has been previously reported in connection 
with the warm season flooding in the Midwest US (Dirmeyer and Kinter, 
2010, 2009) and closely matches with the moisture advection mecha
nisms reported in (Debbage et al., 2017). This is also indicative of a 
higher moisture flux distributed throughout the lower tropospheric 
column that highly increases the chance of very heavy rainfall if suffi
cient convective available potential energy (CAPE) is present (Rabino
witz et al., 2019). The transport of moisture to these regions are 
dominated by two distinct branches of LLJ propagation that can be seen 
to become stronger during 2–0 days from the event occurrences, 
thereby, confirming a cascading effect of the synoptic patterns on the 
moisture transportation by ARs into the region (Fig. 5(d–f)). 

Furthermore, the southeastern coastal plains are shown to exhibit an 
intense stationary low-pressure system associated with the warm season 
AR-EPs (Fig. 5(d–f)). The persistent low-pressure structure favors deep 
moist convection leading to more severe warm-season AR-EPs in the 
region (Moore et al., 2015; Nie and Fan, 2019). This is further reinforced 
by the relatively greater moisture availability associated with the warm- 
season AR-EPs as indicated by the significantly (13–16 mm) higher 
positive anomalies of TCWV on the days of the events (Fig. 6(i)). The 
linkages between the spatial evolution of the moisture advection 
mechanisms and AR-related precipitation events are in close agreement 
with previous studies that identify the Gulf of Mexico as the primary 
source of moisture. This highlights the role of CLLJ and the Pacific jet 
aloft in the advection of moisture into the region (Debbage et al., 2017; 
Dirmeyer and Kinter, 2010, 2009; Lavers and Villarini, 2013b; Moore 
et al., 2011; Rabinowitz et al., 2019). 

Overall, the evolution of the source of moisture and its advection 
associated with the warm and cold season AR-EP events suggest the 
presence of a cascading effect from the synoptic-scale meteorological 
patterns (exhibited by the evolution of MSLP and Z850 composite 
anomalies in Fig. 5). Our results produce new information related to the 
sequential development of available moisture and advection processes 
associated with ARs that finally lead to the most severe EP events in the 
SEUS region. The cold season AR-EPs are more frequent and driven by 
relatively stronger dynamical systems indicated by greater IVT intensity. 
On the other hand, the warm season AR-EPs are more severe and caused 
by higher atmospheric instability and more moist conditions charac
terized by stationary low-pressure structures and higher TCWV 
anomalies. 

4. Synthesis and conclusion 

We investigated the cascading impact of synoptic-scale atmospheric 
patterns on the advection mechanisms linked to the atmospheric river- 
related extreme precipitation events in the Coastal South East US 
(SEUS). Spatiotemporal variation of the AR-EP event suggests a strong 
seasonal dependence across most states in the SEUS region. While a 
greater number of AR-EP events are observed during the cold season, the 
events are found to be more severe in the warm season. The spatio
temporal evolution of relevant synoptic features suggested a strong 
cascading effect on the key mechanisms (moisture availability and mode 

of advection) that drive the occurrence of AR-EP events during the warm 
and cold seasons in the SEUS region. The following conclusions can be 
drawn from this study. 

(a) Overall, 14,992 landfalling ARs were detected (after removing 
the TCs) from 1979 to 2019. Compared to the warm seasons, a relatively 
greater number of AR-activities were observed during the cold seasons. 
The maximum (12–15) number of AR events per year was reported for 
the SEUS region’s easternmost states. These regions experience 11–16 
EP95p, and 3–5 EP99p events per year. 

(b) The higher number of AR-EP events were observed along the 
northwestern coast of the Florida peninsula and south of Georgia. In 
addition to that, about 3–5 AR-EP99p and at least 1–2 AR-EP99p events 
per year are found to occur in the entire eastern part of the SEUS region. 
Seasonal counts of AR-EP event occurrences and average precipitation 
magnitudes showed a pronounced seasonal dependence. Fifty AR-EP95p 
and twelve AR-EP99p events were observed over Georgia, Florida, Ala
bama, and South Carolina during the OND, NDJ, DJF, JFM, FMA, and 
MAM seasons. Only a few AR-EP events (less than 5–10 events) are 
found to occur during the extended warm season months (AMJ to SON) 
over the entire SEUS region. On the other hand, the average precipita
tion magnitude of the AR-EP95p and AR-EP99p events is found to be 
relatively greater (55–90 mm/day) in the warm seasons. 

(c) The evolution of Z850 anomalies associated with the cold season 
AR-EP events suggested several troughs and ridge formations across 
much of the Central Plains and the Gulf Coastal plains. These regions are 
characterized by a zone of enhanced geostrophic winds indicating 
highly anomalous weather conditions. On the other hand, the warm 
season anomalies indicated a gradual strengthening of a persistent low- 
pressure system (2 days before the event timings) resembling that of cut- 
off lows in the region (covering much of the Gulf coastal plains) that 
might trigger enhancement of heavy rainfall events in the presence of 
ARs. The spatiotemporal evolution of the composite anomalies in MSLP, 
associated with the cold season top 100 AR-EP events, exhibited 
strengthening of a pressure dipole with an eastward extension of the 
Bermuda high- and a high-pressure center over the western US. 

(d) The moisture transport depicted by the composites of the IVT 
field associated with both the cold and warm season AR-EP events are 
found to mimic the spatiotemporal evolution of the MSLP and Z850 
composites for the respective seasons. During the cold (warm) season, 
IVT intensity gradually strengthens 2 days (5-days, 2-days) prior to the 
events and steer over the SEUS region, finally moving up to the Atlantic 
Ocean. However, compared to the cold season, the warm season AR-EPs 
are associated with relatively weaker IVT strength. In addition to that, 
relatively moister conditions were found to be associated with the warm 
season AR-EPs, which is indicated by significantly higher TCWV 
anomalies over the affected region. The marked increase in moisture 
availability is attributed to the slowly varying background circulations 
that favor deep moist convection leading to more severe warm-season 
EPs in the region (Moore et al., 2015; Nie and Fan, 2019). Such 
spatiotemporal evolution confirmed the cascading effect of synoptic 
patterns on the moisture availability and mode of advection associated 
with AR-EP events in the SEUS region. 

The results from this study are expected to provide adequate un
derstanding and background that will help predict future AR-EP events 
in the SEUS region. The seasonal AR characteristics presented here may 
be extended further to assess the seasonal water cycle influenced by ARs 
in the region, which can significantly aid in the advanced planning and 
management of water resources related to ARs. The synoptic meteoro
logical characteristics discussed in this study can be used as important 
priors to design early warning and management systems related to AR- 
driven floods in the SEUS. Future research will aim to address the un
certainties associated with the detection of ARs in the region (Rutz et al., 
2019; Shields et al., 2018a), the impact of other modes of climate var
iabilities, or if global warming plays a significant role in modulating the 
statistical behavior or time of emergence of ARs in the SEUS. The 
possible impact of monsoon ridges on the precipitation variability and 
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its coupling with the large scale climate variabilities (Khedun et al., 
2014), or the combined impact of occurrence, intensity, and duration of 
ARs (Chen et al., 2018) can be examined. There is also a need to explore 
the interplay between the ARs and other physical mechanisms such as 
CAPE (Rabinowitz et al., 2019) and the presence of cut-off lows (Tsuji 
and Takayabu, 2019) in a more direct fashion that could bridge specific 
knowledge gaps. 
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