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Abstract An atmospheric river (AR) is the primary moisture transport forcing in the Western United
States, making ARs the predominant producer of extreme precipitation events in this region. A growing body
of evidence suggests similar impacts for the Central and Eastern US This study determines the most prominent
types of ARs in the Central and Eastern US study domain through the implementation of a machine learning
methodology. Self-organizing maps (SOMs) are leveraged to determine what “flavors” of ARs exist in the
study domain. Four atmospheric river detection criteria are utilized to investigate the variability AR types.
Mann-Kendall trend analyses on AR strength and size are produced to evaluate changes over the study period.
The results confirm extratropical cyclones as the most common driver of ARs, however, limited kinematic
forcing can also instigate the development of AR events. Results show coastal cyclones and lee-side cyclones
are responsible for producing the strongest ARs. The trend analysis results suggest that ARs associated with
Nor'easters and ARs originating in the Gulf of Mexico are exhibiting increasing trends in intensity and/or
size. Increasing moisture transport by mature cyclones across the Central and Eastern US have important
implications for flooding in highly populated corridors. Areas of concern include the Northeast and Southeast
US, while localized enhancement of rainfall is seen along the eastern and southern slopes of the Appalachian
Mountains. In addition to the physical findings, this research highlights the importance and sensitivity of
statistically significant results to the specific atmospheric river detection criteria that was leveraged.

Plain Language Summary Atmospheric rivers (ARs) are a primary driver of moving moisture
through Earth's atmosphere usually by winds produced by large, non-tropical cyclones. In the United States
(US), ARs have been linked with extreme rainfall events and flooding. This study investigates the different
“types” or “flavors” of ARs in the Central and Eastern US, where AR-focused studies are less numerous than
the Western US Self-organizing maps (SOMs), a form of machine learning, are built to determine the AR types.
Additionally, an analysis is conducted on the strength and size of ARs to determine if they are changing the
amount of moisture being moved over the 41-year study period. The SOMs confirm non-tropical cyclones as
the primary producer of strong ARs with “Nor'easter” cyclones and cyclones forming over the Upper Midwest
producing the strongest ARs. The results suggest that strong cyclones are transporting increasing amounts of
moisture, via ARs, through the study period. Increasing trends in AR transport across the Central and Eastern
US have important implications for flooding in highly populated corridors, including the Northeast and
Southeast US.

1. Introduction

Atmospheric rivers (ARs) are a meteorological phenomenon receiving increasing attention due to their role in
the redistribution of moisture across the globe and their connection to high-impact weather events, in particular,
flooding (Corringham et al., 2019; Dettinger et al., 2011; Eiras-Barca et al., 2016; Hirota et al., 2016; Kirien
et al., 2020; Lavers & Villarini, 2015; Mo & Lin, 2019; Moore et al., 2012; Nayak & Villarini, 2017; Neiman
et al., 2008; Pasquier et al., 2019). On average, ARs are responsible for transporting more than double the flow
of the Amazon River, making them the largest freshwater “rivers” on Earth (Zhu & Newell, 1998). These atmos-
pheric phenomena typically have a length at least two times that of their width and are most commonly associated
with tropical moisture sources via southerly flow in the low-level jet (Dettinger et al., 2011; Edwards et al., 2020;
Ford et al., 2015; Higgins et al., 2011; Mestas-Nuiiez et al., 2007; Moore et al., 2012; Nayak & Villarini, 2017;
Newell et al., 1992; Slinskey et al., 2020). The most commonly utilized metrics to detect ARs are integrated
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water vapor (IWV) and integrated vapor transport (IVT). While IWV quantifies the amount of liquid present in
a given atmospheric column if all of the water vapor was condensed, IVT includes both integrated moisture and
the horizontal wind vectors to quantify moisture advection.

Thresholds for AR detection using IVT in the mid-latitudes vary throughout the literature, with most early studies
utilizing a threshold of 250 kg m~!s~! when integrated from 1,000 mb to 300 mb (Brands et al., 2017; Dacre
et al., 2015; Gershunov et al., 2017; Ralph & Dettinger, 2011; Rutz et al., 2014). Over time, stricter definitions
for the IVT threshold have evolved with recent studies using IVT thresholds as high as 500 kg m~'s~! (Leung
& Qian, 2009) and exceeding 700 kg m~'s~! (Sellars et al., 2015). In addition to the metrics discussed above,
new research is also investigating the use of machine learning models to automate atmospheric river detection
(Prabhat et al., 2021). New methodologies are developing algorithms to track AR cores in an attempt to track the
lifecycle of global midlatitude ARs and associated precipitation (Shearer et al., 2020). Further, relative methods
for defining IVT thresholds based on background moisture have been employed (e.g., Guan & Waliser, 2015;
Lavers et al., 2012; Lora et al., 2017; Mo et al., 2021).

In response to the rapidly expanding scope of AR research, and the detection algorithms built to study them, the
Atmospheric River Tracking Method Intercomparison Project (ARTMIP) was initiated to evaluate uncertainties
that arise from atmospheric river detection tool (ARDT) selection (Shields et al., 2018). ARTMIP investigates
the sensitivity of AR detection and statistics to the ARDT utilized in research studies (Chen et al., 2018; Ralph
etal.,2019; Rutz et al., 2019). Uncertainties exist in AR counts, seasonality, trends, and statistical properties based
on the ARDT used in a particular study (Collow et al., 2022; Inda-Diaz et al., 2021; Lora et al., 2020; O’Brien
et al., 2020; Zhou et al., 2021). The ongoing ARTMIP develops best practices when conducting AR research
that leverages ARDTS, including creating methodologies employing more than one ARDT to better assess the
statistical uncertainties that arise from selecting ARDTs (e.g., Rutz et al., 2019). The ARTMIP also highlights the
sensitivity of precipitation trends elucidated by methodologies employing ARDTs (Collow et al., 2022). Many of
the methodological decisions presented in this study are informed by the findings of ARTMIP.

Most of the early AR literature focuses on ARs that affect the western United States, where these features contrib-
ute to significant amounts of the annual precipitation budget, especially during the cool season. Despite this
geographical focus, ARs can also have a significant impact on precipitation in the central and eastern United
States during the cool and warm seasons (Dirmeyer & Kinter, 2009, 2010; Lavers & Villarini, 2013, 2015;
Mestas-Nuiiez et al., 2007; D. K. Miller et al., 2019; Moore et al., 2012). Studies have shown that a higher IVT
threshold should accompany this shift in geographic domain as the Central and Eastern U.S retain elevated back-
ground (e.g., climatological) moisture compared to the US West Coast. The median IVT for a study examining
the United States east of the Rockies was shown to be 350 kg m~!s~! (Lavers & Villarini, 2015). Other research
has demonstrated the need for higher IVT thresholds in the Eastern US, as the 95th percentile across studies is
approximately 550 kg m~'s~! (Mahoney et al., 2016; D. K. Miller et al., 2019; Teale & Robinson, 2020, 2022). In
contrast to the west coast, where IVT gradients typically run west-to-east, ARs east of the Rockies usually exhibit
a stronger north-south IVT gradient (Slinskey et al., 2020). This directional component dictates that, rather than
orographic lifting, AR events run parallel to the Appalachian Mountains prescribing frontal lifting as the predom-
inant mechanism for enhanced precipitation (Slinskey et al., 2020).

Impacts from ARs in the Central and Eastern US include flooding, mudslides, and increased precipitation (D. K.
Miller et al., 2019; Nayak & Villarini, 2017). Approximately 30%—35% of annual rainfall over the southeast and
central United States can be attributed to AR activity (Debbage et al., 2017; Lavers & Villarini, 2015; Nayak &
Villarini, 2017). In some regions of the central United States, up to 70% of flooding events can be ascribed to AR
activity (Nayak & Villarini, 2017; Slinskey et al., 2020). Most of the rainfall from ARs occur within 150 km of
the major axis of the “river” where rainfall has shown a positive relationship with the magnitude of water vapor
transport (Nayak & Villarini, 2017). Over the central United States, the magnitude of AR related rainfall has
shown a significant relationship with IVT magnitude (Nayak & Villarini, 2018). Recently, patterns of moisture
transport across the Eastern US have been shown to be increasing the frequency and intensity of extreme rainfall
events (Teale & Robinson, 2022).

This study will expand the AR literature by:

1. diagnosing the types of ARs in the Eastern and Central US through the implementation of self-organizing
maps (SOMs), a machine learning methodology;
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2. determining which ARDT criteria are appropriate to resolve the continuum of ARs that occur in the study
domain;

3. identifying which AR types are strongest by examining a suite of statistical properties for each AR type;

4. leveraging Mann-Kendall trend analyses to investigate changes in the size and intensity of each AR type;

5. elucidating whether the AR types are efficient in producing spatially coherent rainfall from moisture transport.

2. Data and Methods

The variables used in this study were those needed to derive IVT (u-wind, v-wind, specific humidity) and mean
sea level pressure from the ECMWEF ERAS weather reanalysis data set. The ERAS global reanalysis data set is the
fifth generation in atmospheric reanalysis products produced by ECMWF and replaces the ERA-Interim reanal-
ysis data set (Dee et al., 2011). ERAS uses the Integrated Forecast System (IFS) release 41r2 which includes
numerous model improvements and has led to major advances in the ability to assimilate satellite data (Hersbach
et al., 2020). These advances in ECMWF reanalysis data make ERAS5 an appropriate data set for analyzing
spatially continuous moisture fields such as those used to diagnose ARs. This data set provides hourly data on
surface and upper-air parameters at a notably finer spatiotemporal resolution compared to prior generations of
weather reanalysis datasets. With an approximately 31 km global resolution (TL639), ECMWEF consists of 137
atmospheric levels, going up to 0.01 hPa. For this study, ERAS data—interpolated onto pressure levels—were
utilized for the temporal period of 1979-2020. ERAS has been shown to resolve ARs well, relative to other global
reanalysis products, particularly due to its ability to resolve narrow, filament structures related to maximum mois-
ture transport within the core of ARs (Collow et al., 2022). The spatial domain was determined by capturing the
areas in Central and Eastern US prone to strong moisture advection out of the Gulf of Mexico and Gulf Stream
and tropical North Atlantic (Figure 1a).

Equation 1 shows the AR detection calculation used in this study where IVT is derived using the ERAS pressure
level data from 1,000 to 300 hPa where g is gravity, ¢ is specific humidity, and V is the wind vector derived from
the u- and v-wind at each pressure level (Ralph et al., 2017):

300hPa
IVT=—/ qV dp. @))]
8 J1000hPa

Pressure levels occur every 25 hPa from 1,000 to 750 hPa and increase to every 50 hPa from 750 to 300 hPa. The
ERAS-derived IVT data set used in this study has been made publicly available by the authors (Ramseyer, 2021).
This break down results in the utilization of 20 pressure levels for the IVT calculation. While IVT is often calcu-
lated up to 300 hPa, it is worth pointing out that most of the moisture transport (e.g., 95%) occurs in the lowest
3 km of the troposphere (Ralph et al., 2017, 2018).

Before implementing the ARDT with the IVT data, the IVT climatology was updated to remove temporal periods
where a tropical cyclone circulation was detected in the study domain. This was accomplished by identifying all
of the tropical cyclone tracks from the Hurricane Database 2nd Generation (HURDAT?2) that intersected with the
study domain (Landsea & Franklin, 2013). Once those tropical cyclones were identified, any ARs that occurred
concurrently were removed from the study period's data set. This methodological step ensures that none of the
ARs identified by the ARDT thresholds are caused or influenced by tropical cyclones, helping to isolate ARs
generated primarily from mid-latitude forcing mechanisms.

Due to the elevated background moisture over the Eastern US, this study does not implement a 250 kg m~!s~!

IVT threshold. To validate the elimination of the ARDTs that utilize a minimum IVT threshold of 250 kg m~'s~!,
ARDT thresholds with both the traditional metric (>250 kg m~!s~!) and stricter definitions (>500 kg m~!s~!) are
employed in this study. Over 50% of the 6-hr reanalysis data over the study period was identified to have an AR
for the 250 kg m~'s~! definition (with a 1,500 km length threshold) while less than 10% of the observations were
found to have an AR using a 500 kg m~!s~! threshold (with a 1,500 km length threshold). The stricter definition
thus limits ARs to the strongest events and more appropriately aligns with traditional definitions of ARs as strong,
anomalous moisture transport events. Thus, this analysis establishes that it is appropriate to employ a lower bound
of 500 kg m~'s~! for all detection criteria used in this study.

In addition to letting the AR literature guide the ARDT selection criteria for this study domain, the 95th percentile
ERAS IVT for all grid points was calculated to determine what constitutes an extreme IVT value (Figure 2). This
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Figure 1. (a) ERAS grid points (0.25° x 0.25° spatial resolution) in the study domain used in the calculation of integrated
vapor transport. (b) 7.5-arc-second Global Multi-Resolution Terrain Elevation Data highlighting the study subdomain (black
rectangle in Figure 1a) with greatest varying topography.

analysis illustrates the spatial patterns of IVT with a particular emphasis on the influence of the Gulf of Mexico
and the Gulf Stream on IVT in the study domain. Most of the study domain experiences a 95th percentile IVT
of at least 500 kg m~'s~! with sharp gradients in the Great Plains and at latitudes north of 45°. Over the Gulf
Stream (and immediately downwind), the 95th percentile increases to over 700 kg m~'s~!.

An ARDT framework, with four different threshold criteria, is used in this study Ramseyer, 2022. We implement
a750 kg m~'s~! threshold on two of the ARDT members to look at the strongest ARs that may occur over the Gulf
Stream (Table 1). Setting IVT criteria based on the 95th percentile of the IVT climatology presented in Figure 2
follows literature that utilizes relative IVT thresholds based on domain-specific background moisture (e.g., Guan
& Waliser, 2015; Lavers et al., 2012; Lora et al., 2017; Mo et al., 2021). All four of the ARDT members use a
contiguous IVT length scale of at least 1,500 km. The 1,500 km length scale threshold has been used in other AR
studies in the southeast US and is investigated here as the minimum threshold (D. K. Miller et al., 2019).

In order to determine the common types of ARs in the study domain, SOMs are utilized. SOMs are commonly
used in the field of synoptic climatology (Cassano et al., 2015; Hewitson & Crane, 2002; Mattingly et al., 2016;
Morioka et al., 2010; Sheridan & Lee, 2011). SOMs implement a neural network to identify a distribution function
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Table 1

Overview of the ARDT Criteria Employed in the Study and the Number of

ARs Detected in the 42-Year Climatology

36.25N

300 350 400 450 500 550 600 650 700 750
IVT Maximum (kg m~* s71)

Figure 2. The 95th percentile integrated vapor transport for the study period in the study domain establishing the basis for
the absolute thresholds chosen in Table 1.

that best fits the data based on a prescribed threshold and a user-defined set of nodes that identify values most
representative (of the particular event of interest) from the broader data set (Sheridan & Lee, 2011). Whereas
dimensionality reduction methods (e.g., principal component analysis) can result in some input vectors not being
represented, the self-organized map (SOM) allows for the inclusion of all input vectors (e.g., 6-hourly IVT data)
in the final model. The user-defined nodes are initialized into the data space before training begins. As the model
iteratively updates, the nodes relocate in the input data space in an attempt to minimize error between the nodes
and the input vectors.

In this study, the input vectors are the 6-hr ERAS derived IVT values for all grid points in the study domain
during periods when AR criteria was met. This study utilizes 6-hourly data to allow for the AR to sufficiently
change from each observation to the next. This also limits overweighting ARs that may be of longer duration or
slow to evolve. The SOM treats each time step as an input vector. Thus, if using hourly data, longer-duration and
slow-moving ARs would be weighted more heavily and could reduce the ability of the SOM to resolve shorter
duration ARs.

At the end of training, each input vector is mapped to its best-matching units (BMUs) where the first of the BMUs

is effectively the nearest node to that vector in the data space. The mean for all of the input vectors can be calcu-

lated to find a representative mean-state for each of the nodes. In the case of this study, representative mean-states

for each node depict an AR type or “flavor.” Alternatively, the input vector closest to the mean-state can also be

used to represent each node. Of particular interest in this study are the mean IVT and mean sea-level pressure

states for each of the AR types. This allows for visualization of the size and intensity of each AR type, while also
investigating the kinematic drivers of each AR type as deduced by the MSLP
mean-states. Since the temporal data for the input vectors are retained, the
trends of AR strength and size metrics can also be explored.

After testing a suite of SOM node maps, six nodes on a hexagonal lattice,

were selected for this study. The 6-node SOM represents a spectrum of AR

AU mane L nregeld Length (km) — ARsdetected v 5eq while producing little redundancy, which allows for sufficient mapping
ARDT5 500 kg m~!s~! 1,500 5,677 of observations to each node and permits a more robust trend analysis. The
ARDTS5-2 500 kg m~" 57! 2,000 1,286 mean IVT states of another SOM is provided as Figure S1lin Supporting Infor-
ARDTT5 750 kg m~! 5! 1500 488 mation Sl..A'test run using 12- and 18-node SOMs using ARDT? pro.du.ced
S S ] AT o too many similar AR types, and led to some of the node types having limited
2 S - 2 numbers of observations. The trend analyses for the 12-node SOM (Figure S2
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in Supporting Information S1) and the 18-node SOM showed similar trends as the 6-node ARDT5 SOM, which
suggests the number of nodes selected in the SOM does not influence the overarching results and conclusions
presented in this study. Another advantage of the 6-node SOM is the ability in depth investigation of each of the
AR types. Larger SOMs—merely due to the amount of nodes— preclude discussion on all of the AR types resolved
by the model.

Lastly, we propose the use of a “nested SOM” approach to analyze the inter-node variability of particularly inter-
esting AR types. These SOMs, referred to as “nested SOMs” hereafter, allow for better resolution of less frequent
or more extreme types of ARs that may be driving any trends elucidated in the trend analyses.

The training of the SOMs was conducted using the SOM Toolbox, version 2.1 (Vesanto et al., 2000). The final
SOMs presented here were created using sequential training and a lattice node structure. The lattice node struc-
ture is selected here following best practices of SOM training as lattice structures ensure that adjacent nodes are
equidistant from one another, something not achieved by rectangular node structures (Vesanto et al., 2000).

The results from three SOMs (ARDTS5, ARDTS-2, ARDT75) were then tested for any statistically significant
trends in intensity and size of node types using Mann-Kendall tests (Kendall, 1948; Mann, 1945). The results
from ARDT75-2 were not used to train a SOM due to the limited number of ARs detected using that algorithm
(e.g., N =44).

The maximum IVT and mean IVT were calculated to analyze intensity, while the size of the AR was computed
using the AR length. Maximum IVT is calculated using a nine-grid point mean, centered on the grid point with
the highest IVT within the core of the AR. Mean IVT is calculated by taking the mean of all grid points within
the AR (e.g., area of contiguous grid points exceeding the 500 kg m~!s~! threshold). This metric provides analysis
on changes to the mean state of the entire AR. Lastly, the length of each AR is established by determining the
length of the contiguous ERA5 grid points surpassing the IVT threshold. This metric allows for a quantitative
assessment of the size of AR.

Lastly, Parameter-elevation Relationships on Independent Slopes Model (PRISM) version 4 daily precipitation
data are used to investigate which AR types actualize the increased moisture transport into precipitation (Daly
et al., 2021). PRISM data are available on a 4-km grid, making them acceptable for use in areas of varying
topography such as the Appalachian Mountains. This data product provides more detailed information at high
elevations that would be underrepresented on the ERAS 0.25° x 0.25° precipitation estimates. For each node, the
mean-state for PRISM precipitation is produced using the temporal data for all input-vectors mapping to each
node. This yields a mean precipitation state for each AR type.

3. Results
3.1. Results From the ARDT

All four thresholds used in the ARDT framework were run on the 6-hourly IVT fields for the entire temporal
period from 1979 to 2020 resulting in >63,000 possible time steps with ARs. This number was reduced slightly
after removing time steps where a tropical cyclone was present in the study area, as outlined in the methodology.
Table 1 presents each of the criteria implemented in the ARDT framework tested in this study and the number
of ARs detected by each of the studies. ARDTS identified 5,677 ARs in the study period, representing 9% of all
available time steps. Increasing the length threshold in ARDTS5-2 resulted in 1,286 ARs, which represents an 78%
reduction in the number of ARs detected compared to ARDTS.

When increasing the IVT threshold to 750 kg m~! s~!, the number of ARs detected further decreases to 488 for
ARDT?75 and 44 for ARDT75-2. These represent order of magnitude decreases from ARDTS and ARDTS-2. As
our study period covers 41 years, ARDT75 only detects approximately 12 ARs per year in the study area, while
ARDT75-2 detects an average of 1 AR per year.

A Mann-Kendall test was conducted to analyze the change in frequency across the 41-year climatology. This
test was not conducted on the ARDT75-2 ARs, as the sample size was insufficient. All three Mann-Kendall
tests revealed positive trends in annual AR frequencies but none of the three were statistically significant at the
p < 0.05 threshold. The ARDTS5 and ARDTS-2 showed the strongest increases with p-values of 0.11 and 0.15
respectively.
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3.2. SOM and Mann-Kendall Results From ARDTS, ARDT5-2, and ARDT75

In order to evaluate each of the SOMs from the three ARDT criteria uniformly, the same number of nodes were
utilized. As ARDT75 detected 488 ARs, SOMs utilizing more than six nodes could result in some nodes with
fewer than 50 observations over the 41-year climatology— at this point, any trends detected would yield statisti-
cally dubious results. Additionally, keeping the node count low allows for more detailed analyses of each node
within the limits of the manuscript. All three SOMs were trained using a hexagonal lattice with a map size of
2 X 3 and were trained for 1,000 iterations to allow for the minimization of error to reach a global, not local,
minimum.

Figure 3 illustrates the composite IVT for each of the six AR types elucidated by the three SOMs. These figures
are accompanied by statistical output from the Mann-Kendall test examining the change in maximum IVT over
the study period. The ARDT5 SOM, trained with 5,677 ARs, identifies six AR types that vary in the orientation
of the primary moisture axis. Some (nodes 3 and 5) are oriented more zonally, indicating the AR is primarily
forced by the u-component of the wind field (Figure 3a). Nodes 1, 2, 4, and 6 have increased meridional forcing,
driven increasingly by the v-component of the wind. These patterns are likely associated with the warm-conveyor
belt and/or the low-level jet driven by mid-latitude cyclogenesis (Dacre et al., 2019). However, even these four
nodes display a more SW-NE orientation, indicating some forcing from the u-component of the wind. Nodes
1, 2, and 4 have the strongest composite IVT, with peak values exceeding 700 kg m~'s~!. The results of the
Mann-Kendall test indicate increasing trends in all nodes 1-5 with all five nodes exhibiting a statistically signif-
icant trend at the p < 0.05 significance level.

The SOM for ARDTS5-2 also reveals large variability in the types of ARs where the primary moisture axes can
be both zonally and meridionally oriented (Figure 3b). Three AR types are primarily meridional in orientation
(nodes 1, 4, and 6) and three AR types that are dominated by the zonal component of the kinematic field (nodes
2, 3, and 5). Nodes 1 and 4 show the strongest composite IVT, with a few pixels exceeding 775 kg m~'s~!. The
results suggest increasing slopes for most of the AR types, with AR types 1, 2, and 6 showing statistically signif-
icant increasing trends in maximum IVT. AR types 3 and 4 indicate positive trends that fall above the p < 0.05
level.

The composite IVT fields for the six nodes modeled by the ARDT75 SOM are depicted in Figure 3c. The SOM
suggests that increasing the IVT threshold to 750 kg m~'s~! effectively removes zonally oriented ARs. The SOM
organized the 488 ARs identified by ARDT75 into two clear Nor'easter nodes (nodes 5 and 6) while nodes 1-3
appear to be likely forced by strong mid-latitude cyclones transiting the northern portions of the study domain.
The SOM also placed four ARs that were statistical outliers into node 4; due to the low number of events mapping
to that AR type, the statistical properties of the Mann-Kendall test are irrelevant. Nodes 1 and 6 indicate increas-
ing trends in the maximum IVT of these AR types, but neither achieve the significance threshold, partly due to
the low counts of occurrence in some of the types. The composite IVT values of nodes 5 and 6 indicate peak IVT

1

values that exceed 1,075 kg m~'s™!, making them the strongest nodes in the SOM.

ARDTS and ARDTS-2 yield similar types of ARs, but ARDTS-2 has a higher composite IVT due to the higher
IVT threshold used. Despite the ~80% reduction in ARs detected by ARDTS-2, the same spatial patterns of AR
types are revealed. The reduction in sample size across the nodes in ARDTS5-2 suggests that the trends revealed
in maximum IVT are weakened slightly. In both ARDTS and ARDTS5-2, the primary Nor'easter nodes (node 1
for both ARDTS and ARDTS-2 SOMs) show statistically significant increases in maximum IVT. Other simi-
larities in patterns elucidated are the strong trends in ARs that have a southern origin in the Gulf of Mexico.
In ARDTS, nodes 2, 4, and 6 all show statistically significant increases and have origins in the Gulf of Mexico
while ARDTS5-2 nodes 2 and 6 showing statistically significant increases (node 4 falls just outside the bounds of
statistical significance).

When analyzing ARDT75, the statistical tests of maximum IVT reveal weaker trends (Figure 3c). This suggests a
few possibilities. One possibility is that by excluding the lower end ARs included in ARDTS5 and ARDTS-2, the
higher-end events do not exhibit statistically significant increases in maximum IVT. The other potential is that
the number of observed ARs matching to the nodes is small, and thus, meeting the statistical significance require-
ments are more difficult. The results in Section 3.6 will further explore the possibility of the lower to moderate
ARs driving the statistical increases detected in ARDTS and ARDTS-2. The lack of statistically significant trends
in ARDT?75 highlights the importance of threshold choice when conducting AR research.
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Figure 3. Composite integrated vapor transport (IVT) for each of the six atmospheric river (AR) types resolved by the (a)
ARDTS SOM, (b) ARDTS5-2 SOM, and (c) ARDT75 SOM with the number of ARs mapping to each node (lower-left of
each panel), Mann-Kendall derived slope of the trend in maximum IVT over the study period (lower-right), p-value from the
Mann-Kendall test (upper-right), and the statistical significance of each trend (upper-left).

Figure 4 shows the distribution of maximum IVT by AR type which corresponds to nodes 1-6 of ARDTS-2 in
Figure 3b. This helps visualize the variability and range of possible IVT by AR type. The most obvious finding of this
analysis is how the upper end of the IVT maximum distribution is dominated by the Nor'easter node type (AR type
1). This is likely a result of these storms mobilizing the elevated IVT associated with the Gulf Stream (Figure 2). The
lower end of the maximum IVT distribution tends to be dominated by node types 2, 3, and 5, partially due to weaker
cyclogenesis and kinematic forcing. The wide distribution of IVT maximum, and partial dependence on AR type,
illustrates the need to statistically evaluate trends in ARs by AR type, compared to analyzing trends in aggregate.

Additional Mann-Kendall tests determined if any statistically significant trends existed in the 41-year time series
for each node (AR type). The metrics chosen (maximum IVT, mean IVT, and AR length) to represent the extent
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Figure 4. Integrated vapor transport maximum (i.e., 9-pixel mean) of all atmospheric rivers (ARs) detected by ARDTS-2
with color and shape denoting AR type from Figure 3b.
and magnitude of ARs follow recent literature in the research domain (e.g., Huang et al., 2020). The results of
these tests are summarized in Table 2. Across all of the ARDT thresholds used, two themes are revealed. First,
the Nor'easter nodes and the AR types that are connected to the Gulf of Mexico from ARDTS and ARDTS-2 tend
to have the strongest trends, despite the statistical metric. Second, as the IVT
Table 2 and/or length thresholds increase, the statistical significance of the trends

Statistical Significance of Mann-Kendall Trends (p < 0.05) of AR Metrics
for Each ARDT Type

Number of pixels

Node number AR IVT maximum AR mean IVT in AR (size)
ARDTS5

115 Increasing Increasing —

2+ Increasing Increasing Increasing
3 Increasing Increasing Increasing
4+ Increasing — Increasing
5 — Decreasing Increasing
6+ Increasing — —
ARDTS-2

1% Increasing Increasing —

2+ Increasing Increasing Increasing
3 — — Increasing
4 — — Increasing
S5+ = = =

6+ Increasing — Increasing
ARDT75

1+ = = =

2+ — — Increasing
3F = = =

4* — — —

5% R - J—

6* — — Increasing

Note. Superscript “+” indicates an AR type originating in the Gulf of Mexico
while superscript “*” indicates a Nor'easter AR type.

decreases. This is likely due to the combination of smaller sample sizes where
outlier data can influence the statistical tests and/or the possibility that many
of the trends detected are being driven by the lower- or moderate- intensity
ARs. The trends in ARDT75 are noisy and yield few statistically significant
trends. However, two of the six AR types in ARDT75 indicate a statistically
significant trend in the length of the ARs. This suggests a lengthening of the
ARs in nodes 2 and 6. Node 2 is rooted in the Gulf of Mexico while node 6
is a Nor'easter-driven AR.

3.3. Mean Sea-Level Pressure Composite Maps for ARDT 5-2

In subsequent subsections, the results focus on ARDTS-2. The ARs detected
with ARDTS-2 yield similar AR types as ARDTS and filter the shorter ARs
that make up ~80% of the ARs detected by ARDTS. ARDT75 tends to be
skewed to ARs driven by Nor'easters (247 of 488) and includes a node that
only incorporates 4 ARs, suggesting there isn't enough variability to justify
six nodes in the SOM.

In the preceding results, the most statistically significant outputs appear to be
associated with Nor'easter-driven ARs as well as ARs driven by mid-latitude
cyclogenesis where the warm conveyor belt originates over the Gulf of
Mexico. These assumptions are vindicated in the analysis summarized in
Figure 5. By comparing the results of Figure 5 with Figure 3b, node 1 is
confirmed as a Nor'easter AR type as illustrated by the strong low-pressure
situation over the Northeast US coastline, likely representing both Miller A
and B type storms (Miller, 1946). In Figure 3b, the composite IVT is high-
est for node 1, which is physically consistent with the strongest kinematic
forcing shown in node 1 of Figure 5. Nodes 4 and 6 represent mid-latitude
cyclones, though the composite MSLP appears slightly weaker. These AR
types are most likely representing a range of mid-latitude cyclones transiting
the northern latitudes of the study domain, from the Central Great Plains
to the Great Lakes Region. These cyclones position the origin of the warm
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Figure 5. Composite MSLP for all atmospheric rivers (ARs) mapping to each AR type for the ARDT5-2 SOM.

conveyor belt and/or the low-level jet over the Gulf of Mexico—a common feature detected in previous AR litera-
ture (Lavers & Villarini, 2013; Moore et al., 2012; Ralph & Dettinger, 2011; Rutz et al., 2014).

Nodes 2, 3, and 5 of ARDT5-2 resolve ARs that stem from atmospheric conditions with less obvious kinematic
forcing and lack the influence of strong cyclogenesis (Figure 5). This could be the result of ARs with greater
spatial variability being grouped together in the node and/or they represent ARs that form from more benign
physical forcings. As shown in Table 2, node 2 ARs exhibited statistically significant increasing trends in maxi-
mum IVT, mean IVT, and the AR length over the study period. Nodes 3 and 5 likely incorporate ARs that are
detected due to strong background moisture and lower kinematic forcing, similar to those observed with station-
ary boundaries. This argument is strengthened due to the frequency of these node types during May—August
(Figure 6b). The MSLP gradient observed in nodes 3 and 5 position the strongest gradients over the Gulf of
Mexico and Gulf Stream. These gradients, and the potential air mass boundaries that may result, could be enough
kinematic forcing to drive the IVT values above the 500 kg m~'s~! threshold. This is informed by the exclusion
of these AR types in the SOM for the 750 kg m~'s~! in Figure 3c. Further evidence of the more limited kinematic
forcing was provided in Figure 4 which shows that nodes 2, 5, and 6 tend to produce ARs on the lower-end of the
maximum IVT distribution for ARDTS-2.

3.4. Temporal Characteristics of AR Types

To comprehensively understand the AR types revealed, particularly of ARDTS-2, the temporal characteristics of
each AR type were investigated. In particular, the yearly counts of each AR type are summarized in Figure 6a
and the monthly counts are illustrated in Figure 6b. While Figure 6a highlights the interannual variability of the
AR types, a couple of interesting findings are revealed. In the last decade, occurrence of AR types 1-3 and 6 tend
to reach their peaks. AR types 4 and 5 have peaks in their occurrence over the last decade, but are preceded by
similar peaks in the 1980s and 1990s. 2010 shows a maximum in counts in both AR types 1 and 6. Future studies
will address this 2010 peak in ARs and possible linkages to climatic variability (e.g., ENSO, NAO, MJO) during
this period (e.g., Guirguis et al., 2019; S. Kim & Chiang, 2022; W. Kim et al., 2011).

Figure 6b highlights the seasonality of the AR types in ARDTS-2. It provides further evidence that node 1 is
primarily Nor'easter driven due to the peak in AR counts in the cold season with very few detected in May—
August. Node 2 exhibits a similar distribution, although with fewer events. This suggests that node 2 may capture
some weaker Nor'easter type events, in addition to stationary boundaries, as posited in Section 3.3. Nodes 3 and
5 show similar distributions, with peaks occurring in the warm season, providing strengthened evidence that
these AR types are likely the result of elevated background moisture and lower kinematic forcing. Node 4 peaks
in the early cold season with lower counts persisting until June-September when these AR types are virtually
non-existent in the climatology. Lastly, node 6 exhibits a bi-modal distribution with peaks in the late Spring and
Fall. This node also reaches a minimum in the winter months with a second minima in late summer. This high-
lights the non-linearity in AR detection, driven by the multivariate IVT calculation. Node 6 is likely responding
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Figure 6. (a) Annual and (b) monthly counts of each atmospheric river type of the ARDT5-2 SOM.
in the winter to limited moisture supply in the winter as the western Gulf of Mexico cools to its minimum, making
it difficult to meet the IVT threshold, while the second minima in summer is likely responding to the limited
kinematic forcing due to decreased cyclogenesis.
3.5. AR Types and Precipitation
PRISM data were aggregated to produce a mean state of daily precipitation for each node type in the ARDT5-2
SOM. Using the input vectors (i.e., IVT for each 6-hr period) that mapped to each node, the mean for the PRISM
data was acquired (Figure 7a). Since PRISM data are only available at daily temporal resolution, the PRISM
data for the day in which each AR occurred was used. Previous research has shown that stronger ARs are
RAMSEYER ET AL. 11 of 19
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Figure 7. (a) Composite PRISM daily precipitation (mm/day) maps for each node type for the ARDT5-2 SOM. (b) PRISM
pixel daily maximum precipitation (mm/day) maps for each node type for the ARDT5-2 SOM.

associated with increased precipitation efficiency (e.g., Lamjiri et al., 2017; Lavers & Villarini, 2013; Nayak &
Villarini, 2018; Sharma & Déry, 2020). This analysis helps to understand if the ARs produce coherent spatial
patterns that could be helpful for relating AR type to areas of increased risk for AR-driven flooding.

Nodes 1, 2, and 4 produce the most spatially coherent precipitation patterns (Figure 7a). These three ARs are
clearly rooted in the Gulf of Mexico and/or Gulf Stream and tend to produce the strongest mean-state precipita-
tion patterns. These three nodes also show some topographic forcing in the composite precipitation (Figure 1b).
Node 1 shows topographic enhancement along the Central and Northern Appalachian Mountain range. Mean-
while, nodes 2 and 4 suggest some topographic enhancement of AR driven precipitation along the Southern
Appalachian Mountains. This would be similar to many studies that have demonstrated a similar effect on the US
West Coast (e.g., Payne et al., 2020; Ralph et al., 2018). When relating these results back to the Mann-Kendall
tests in Table 2, ARDT5-2 nodes 1, 2, and 4 all exhibited some statistically significant trends in AR properties.
In additional to topographic enhancement, these precipitation patterns highlight urban areas that are prone to
AR-driven, heavy precipitation. The Nor'easter node (e.g., node 1) shows enhanced precipitation along the North-
east Corridor from Washington, D.C. to Boston, MA. This is consistent with earlier research showing increases
in extreme precipitation in the Northeast US (Agel et al., 2018; Collow et al., 2016). Nodes 2 and 4 drive heavy
precipitation in the Tennessee River Valley and Deep South, impacting metropolitan areas like Nashville, TN and
Atlanta, GA.

Interestingly, three of the nodes (3, 5, and 6) in the ARDT5-2 SOM show little coherent spatial patterns of heavy
precipitation. This higher spatial variability in precipitation pattern suggests lack of consistency within the node
in terms of precipitation forcing. Node 6, in particular, shows practically no composite pixels with more than
10 mm of rainfall (Figure 7a). To a lesser extent, this is similar to what is likely occurring in nodes 3 and 5. It's
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important to note, this does not mean these AR types cannot produce heavy rainfall, but, in composite, they tend
to have less spatial cohesiveness in terms of precipitation.

To further illustrate this point, Figure 7b is presented to highlight the maximum rainfall at each grid point for each
AR type. The colormap used in this figure is different than 7a, where the maximum contour level now represents
daily rainfall >160 mm (~7 inches). This highlights that all of these AR types, excluding node 3, are capable of
producing potentially catastrophic rainfall at discrete locations. In particular, this helps highlight node 6 and the
precipitation that it can produce. In Figure 7a, node 6 shows no spatial cohesiveness, but Figure 7b highlights that
individual ARs in this broader AR type are capable of producing areas of extreme rainfall.

3.6. Nested SOMs

The inclusion of a nested SOM methodology allows for analysis of the variability within each node type and to
assess the potential sources of trends. In other words, are there certain categories of ARs driving the statistical
significance? Nested SOMs were built for nodes 1, 2, and 6 for the ARDT5-2 SOM, as these nodes exhibited at
least two AR statistics with significant increases (statistically significant increases in maximum IVT was present
for all three).

The nested SOM for node 1 highlights the variability within node 1 of ARDTS-2 (Figure 8). For reference, this
is a SOM showing the variability within AR type 1 in Figure 3b. It provides the opportunity to evaluate which
of the Nor'easter type ARs may be driving the statistically significant increases denoted in Table 2. Figure 8a
shows the patterns revealed with several intense, landfalling ARs indicated in nodes 1, 2, and 4. All three AR
types exhibit increasing trends in maximum IVT with node 4 being statistically significant. It should also be
noted that node 1 has a p-value of 0.052, just outside the threshold of statistical significance. Node 6, which
shows ARs as they propagate out of the study domain, is also a land-falling AR in the Canadian Maritimes and
has a positive slope with a p-value just outside of the bounds used in this study. Nodes 3 and 5, both of which are
weaker non-land-falling AR types, have the weakest trends. This exercise provides evidence that the statistical
significance of node 1 of the ARDTS5-2 SOM is being primarily driven by strong, land-falling ARs perpetuated
by Nor'easters, as opposed to offshore Nor'easters.

Figure 8b shows the results of the nested SOM for node 6 in the ARDT5-2 SOM. The results here suggest nodes
2, 5, and 6 exhibit the strongest positive increases (while 5 of the 6 all exhibit increasing trends). However, only
node 2 is statistically significant with 5 and 6 falling just outside the of the p-value threshold. These three nodes
all represent some of the stronger ARs.

Figure 8c illustrates the nested SOM from node 2 in the ARDT5-2 SOM where several similar AR types are
revealed, particularly the spatial positioning of the AR in nodes 1-5. The nested SOM has organized the data by
differing magnitudes of IVT, where nodes 1 and 5 are the weakest ARs and nodes 2—4 represent moderate ARs.
Interestingly, node 6 seems to represent ARs associated with mid-latitude cyclones transiting the Great Lakes
region. This likely represents some outlier events that positioned the core of the AR over the Southeast Atlantic
coastline and were captured in this type as a result. Much different than the other nested SOMs, Figure 8c shows
that one of the weakest AR types is the statistically significant subtype, likely driving the statistical significance
of node 2 in the ARDT5-2 SOM.

4. Discussion

By analyzing ARs with multiple ARDT thresholds, this study examines ARs while simultaneously considering
the influence of ARDT threshold selection on the results. This provides increased confidence in the results and
offers guidance on which ARDT criteria can/should be used for certain analyses. By modeling the ARs produced
by three different ARDT criteria with SOMs and then statistically analyzing the properties of the AR types, any
trends can be compared against other results to ensure that outcomes are not the result of model selection and/or
the specific AR samples. Some trends detected were consistent across more than one SOM.

In particular, AR types that were driven primarily by mid-latitude cyclones, such as Nor'easters, tended to show
consistent increasing trends in IVT and length across ARDTS and ARDTS-2, strengthening the results and find-
ings. Qualitatively speaking, the types of ARs derived using the different criteria indicate that using stricter
conditions tends to result in more meridional wind forcing, and less zonal wind forcing, as suggested by the axis
of maximum moisture transport (Figure 3).
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Figure 8. Composite integrated vapor transport (IVT) for each of the six atmospheric river (AR) types resolved by the
nested SOM from (a) node 1, (b) node 6, and (c) node 2 of the ARDT5-2 SOM in Figure 3b. The number of ARs mapping
to each node (lower-left of each panel), Mann-Kendall derived slope of the trend in maximum IVT over the study period
(lower-right), p-value from the Mann-Kendall test (upper-right), and the statistical significance of each trend (upper-left).

Mid-latitude cyclones produce some of the highest impact weather events that affect CONUS east of the Rock-

ies and have been identified as the primary drivers of ARs in the literature (Dirmeyer & Kinter, 2009; Lavers
& Villarini, 2013; Mestas-Nuilez et al., 2007; D. K. Miller et al., 2019; Moore et al., 2012; Villarini, 2016).
ARs have been of great interest in the climate literature over the last 20 years, due to their linkages to extreme

precipitation events, and associated landscape impacts (Biasutti et al., 2016; Cordeira et al., 2019; Corringham
et al., 2019; Eiras-Barca et al., 2016; J. Kim et al., 2013; Leung & Qian, 2009; Neiman et al., 2011; Pasquier
et al., 2019; Stanley et al., 2020). The results presented here, suggest that the AR types most associated with
strong extratropical cyclones show indications of statistically significant increases in AR strength and/or size,
particularly Nor'easters.
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The most consistent statistically significant results tend to be associated with ARs forced by strong, extratropical
cyclones positioned with the strongest moisture flux (e.g., AR core) situated over the Gulf Stream. In particular,
Figure 8a shows that within the Nor'easter AR type, the strong, landfalling ARs are driving much of the statisti-
cally significant increases detected. These high-impact AR types are likely increasing in strength and/or length
due to increased moisture uptake from the Gulf Stream.

One potential driver of the recent increase in IVT, particularly to the strong nor'easter AR types, is the observed
increasing sea surface temperatures (SSTs) (Bulgin et al., 2020; Karnauskas et al., 2021; X.-Y. Wu et al., 2020).
These increases in SSTs during the study period along the Gulf Stream and off the coast of the Northeast US are
related to climate change and the potential slowing of the Atlantic Meridional Overturning Circulation (AMOC)
(Frajka-Williams et al., 2019; Smeed et al., 2014, 2018). In a warming climate, landfalling ARs are expected to
increase in frequency and intensity due to the increase in IVT that alludes to an increase in moisture transport as
temperatures rise (Algarra et al., 2020). As reliable observation and satellite datasets cover increasingly longer
temporal ranges, the trends elucidated in the reanalysis data in this study should be further investigated using
independent datasets to rule out any trends being a function of the data assimilation scheme employed by the
reanalysis model.

The impact of increasing moisture transport could be significant across the northeast corridor from Washington
D.C. to Coastal Maine, as it increases the risk of extreme precipitation from landfalling ARs. Additionally, node
2 in ARDTS5-2 represents low pressure systems situated over the Great Lakes region, positioning the highest
IVT over the Southeast US and Tennessee River Valley. This setup exposes cities such as Nashville and Atlanta
to extreme rainfall potential. Shown in Figure 8, a localized maximum in rainfall is situated near the Nashville
metropolitan area—a synoptic regime that becomes increasingly costly with occurrence. The results presented
here imply this type of AR has been increasing in length over the 41-year time series. Similar node types in
ARDTS5 and ARDTY75 also indicate increasing trends in length of these types of ARs. Nashville, in particular,
has already faced documented significant flooding from an AR driven by a low pressure situated over the Upper
Midwest (Moore et al., 2012).

This study also provides evidence that the AR types that transit the Appalachian Mountain range result in higher
precipitation, suggesting that topography assists in increasing precipitation efficiency in this study domain. This
finding is consistent with studies on the U.S West Coast (Cordeira et al., 2019; Payne et al., 2020).

5. Conclusions

The AR literature has grown rapidly over the last 20 years, with most of the focus on the West Coast US where
AR-induced extreme precipitation events are commonplace. As the AR literature has expanded, so has the spatial
domain of interest. The results presented here provide new insight into the trends in moisture transport and the
specific AR types driving increases in AR magnitude and strength. This study also highlights the precipitation
patterns produced by all existing AR types across the study domain. Through this, it is revealed that topography
helps to lead to localized extremes in AR-driven precipitation.

The analysis examines all months but shows that many of the warm season ARs do not produce spatially consist-
ent precipitation patterns, largely due to the lack of kinematic forcing from a strong cyclone. The warm season
ARs are likely meeting the AR thresholds due to enhanced background moisture and minimal advection (i.e.,
wind speeds are low). However, many of the AR types during the cold season produce robust precipitation
patterns that are spatially consistent. These ARs tend to be driven by extratropical cyclones. This suggests that,
while warm seasons may have environments of enhanced background moisture that meet these AR thresholds,
they do not ultimately manifest in spatially consistent precipitation patterns. Thus, in the cold season, extratrop-
ical driven AR types are most efficient at producing precipitation. Additionally, this study indicates that the AR
types that interact with the mountainous terrain associated with the Appalachian Mountain range produce the
most intense precipitation, similar to AR interactions with terrain on the West Coast of the United States and
Europe. Training multiple SOMs allows for an examination of consilience of results and provides strengthened
evidence of potential trends in IVT for different AR types.

The results indicate most ARs in the study domain are forced by extratropical cyclones, with lee side low pres-
sure systems and coastal lows along the Atlantic Coast (e.g., nor'easters) responsible for producing the strongest
ARs. Mann-Kendall trend analyses indicate increasing trends in IVT and the length of some AR types. The most
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consistent statistically significant increasing trends are for ARs associated with mature cyclones in the Upper
Midwest/Great Lakes regions, which position the most intense IVT over the southeast US and Tennessee River
Valley, and are rooted in the Gulf of Mexico. Trends are also consistent with coastal cyclones over the northeast
US with the most intense IVT transiting the Mid-Atlantic and Northeast US Recent studies have found similar
increasing trends for IVT and moisture transport in the study domain which can feedback on the AR metrics
associated with some Nor'easter forced ARs (Teale & Robinson, 2022; Y. Wu et al., 2020).

Future studies are necessary to further explore the trends suggested by the ARDT criteria utilized in this study.
This research provides some potential future research objectives to the discipline by identifying the types of ARs
that produce heavy rainfall in the metropolitan areas of the Eastern US and the Appalachian Mountains and the
statistically significant trends associated with them. These AR types, due to their societal relevance, should be
investigated further to see if additional intensification and elongation are documented in GCMs run for future
climate change scenarios. Additionally—as has been conducted in other study regimes—sources of climate varia-
bility (e.g., ENSO, MJO) should be explored to determine their potential influence on the strength and frequency
of ARs (Guirguis et al., 2019; S. Kim & Chiang, 2022).
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