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Abstract Understanding the variability of atmospheric rivers (ARs) on subseasonal time scales is pivotal
for efficient water resource management along the west coast of North America. ARs during 1980-2018 based
on the Modern-Era Retrospective analysis for Research and Applications, version 2 are analyzed to quantify
the modulation of winter (December—February) landfalling ARs in the western US by leading subseasonal
teleconnections, focusing on pentad evolution rather than seasonal-mean patterns. The growth phase of the
North Pacific Oscillation/West Pacific (NPO/WP) teleconnection—the second leading pattern in 200-hPa
geopotential heights in boreal winter—is found to be particularly influential in modulating the number of
landfalling ARs in this region. In the positive phase of NPO/WP growth, the presence of anomalous low
pressure centered just south of Alaska (i.e., a strengthening of the Aleutian Low) and anomalous high pressure
around Hawaii results in moisture convergence in the central and eastern Pacific, bringing southwesterly
moisture fluxes to the coast and inland. The modulation by NPO/WP is stronger than by commonly-considered
climate variability modes, such as the Pacific/North American (PNA) pattern. Although southwesterly fluxes
are stronger over the Pacific Ocean during the positive phase of PNA, they tend to transition to southerly fluxes
before extending inland, resulting in smaller overland impacts in the western US. The analysis of temporal
evolutions indicates AR activity peaks 5 days after the mature phase of NPO/WP growth, as in the case of PNA.
Overall, the study suggests potential subseasonal predictability of US West Coast ARs from incipient-phase
knowledge of the leading teleconnection patterns, especially the NPO/WP.

Plain Language Summary Atmospheric rivers (ARs) are “rivers in the sky” that transport vast
amounts of water vapor—equivalent to about 27 Mississippi Rivers on average for those observed in the
northeastern Pacific. As major precipitation deliverers, flood producers, and drought busters, ARs represent a key
meteorological phenomenon of societal importance in the semi-arid western US. Understanding how large-scale
climate conditions, such as El Nifio and La Niiia, influence the occurrence and strength of ARs is pivotal for
efficient water resource management in the region. Of particular interest to water managers are AR activity
variations on the subseasonal-to-seasonal time scales, that is, on time scales beyond the typical 1-2-week period
of weather forecasts. Focusing on these time scales, the current study identifies a subseasonal weather pattern
that is particularly influential on AR activity in the western US. The North Pacific Oscillation/West Pacific
teleconnection pattern (NPO/WP) is more influential than other subseasonal patterns previously linked to AR
activity, both in terms of landfall occurrence and inland reach. Our findings advance prospects of subseasonal
prediction of winter AR activity over the western US, from the incipient-phase knowledge of the impactful
subseasonal teleconnections operating over the Pacific-North American region, especially the NPO/WP.

1. Introduction

Of particular importance to societies around the world are the availability of water and the occurrence of extreme
hydroclimatic events like floods and droughts. Prediction of weather-related hydrometeorological events requires
not only an understanding of the atmospheric and background ocean-related climatic conditions—for instance,
Pacific and Atlantic decadal variability and El Nifio/Southern Oscillation (ENSO)—but also of the hydrologic
processes particular to a given basin. A key link between the local hydrometeorological events and the global-scale
phenomena that may be forcing them is the transport of moisture (or the lack of it). In this research, attention will
be paid to this mentioned link, by focusing on the analysis of atmospheric rivers (ARs) and their modulation by
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global climate phenomena at subseasonal scales—a time scale of key importance to the management of water
resources, droughts, and floods.

1.1. Atmospheric Rivers and Their Impacts

The term “atmospheric river” (AR) was coined by Zhu and Newell (1994) to refer to long and narrow filaments
of enhanced water vapor transport in the lower troposphere. These transient synoptic features, in some cases
related to the concepts of “moist tongue” and “warm conveyor belt” (Mo, 2022), are responsible for over 90%
of the poleward transport of water vapor across the midlatitudes, despite covering only ~10% of the Earth's area
in the midlatitudes (Zhu & Newell, 1998). Although ARs can occur in the warm season (e.g., Mo et al., 2022),
they are typically prevalent in the winter months in the western US, when the air is more saturated, vapor fluxes
are stronger, and vertical motion is enhanced (Neiman et al., 2008). ARs are responsible for high-impact flood-
ing events in many regions of the world, such as the western US (Bao et al., 2006; Guan et al., 2013; J. Kim
et al., 2018; Neiman et al., 2008; Ralph et al., 2006; Tan et al., 2022; among many others), the central US
(Lavers & Villarini, 2013b), western Europe (Lavers et al., 2012; Lavers & Villarini, 2013a), and Canada (Mo
et al., 2019; Sharma & Déry, 2020; Smirnov & Moore, 1999). Despite the monetary costs of these immense
precipitation events, such as contributing to nearly 90% of flood-related insured losses in the western US
(Corringham et al., 2019; Prince et al., 2021), ARs are responsible for bringing a large fraction of precipitation
to drought-prone areas, often breaking existing drought conditions (Dettinger, 2013). For example, the western
US receives 30%—-50% of the winter precipitation from AR events (Dettinger et al., 2011; Guan et al., 2010; J.
Kim et al., 2018; Rutz & Steenburgh, 2012)—a result also found in many other regions. The broad spectrum of
potential AR impacts, from being mostly beneficial to mostly hazardous, is reflected in the recently introduced
AR scale (Eiras-Barca et al., 2021; Guan et al., 2023; Ralph et al., 2019). Previous studies have noted the varia-
bility of ARs on a variety of time scales, from subseasonal to interannual, with implications on their predictability
and predictions. Therefore, it is important that we understand not only the seasonality of the ARs impacting a
given region but also the way they can be modulated in time and space from large-scale climate phenomena via
teleconnections.

1.2. Atmospheric Teleconnections

Global phenomena like the Pacific and Atlantic decadal variability and ENSO modify the climatological precip-
itation and temperature around the world by establishing connections between remote regions (e.g., Baxter &
Nigam, 2015). The temporal scale of these patterns varies from a period of days to decades. Previous studies
have correlated certain teleconnections with the frequency and intensity of ARs across multiple regions. For
example, Bao et al. (2006), Dettinger (2004), and Guan et al. (2013) compared the intensity and frequency of
ARs in the western US to the phase of ENSO, which is responsible for the fluctuation in sea surface temperatures
and sea level pressure (SLP) across the equatorial Pacific. Other studies have examined the relationship between
AR frequency in the western US and ENSO diversity, particularly the El Nifio Modoki (H.-M. Kim et al., 2019;
Weng et al., 2009). Compared to ENSO, the Pacific-Japan teleconnection pattern and East Asian subtropical
jet were found to be more influential to interannual variability of western US ARs (Zhang & Villarini, 2018).
The modulation of AR activity in the northeastern Pacific and western US by the Madden Julian Oscillation, a
leading component of tropical intraseasonal variability, has been examined in a number of studies (e.g., Guan
et al., 2012; Guan & Waliser, 2015; Mundhenk et al., 2016; Wang et al., 2023; Zhou et al., 2021). Other studies
have focused on subseasonal teleconnection patterns that have a more direct extratropical expression. For exam-
ple, the Pacific/North American (PNA) pattern, a quadruple structure of 500-hPa geopotential height anomalies
in the Pacific-North American region, has been found to influence AR frequency and AR-related snow accumu-
lation in the western US (Guan et al., 2013; Guan & Waliser, 2015). The Arctic Oscillation (AO), characterized
by SLP anomalies of one sign in the Arctic and of the opposite sign in the extratropics, is another teleconnection
that has been linked to AR activity in the western US (Guan et al., 2013; Guan & Waliser, 2015). There are
similar studies that quantified the relationship between teleconnections and AR events outside of the western US.
For example, Lavers and Villarini (2013a) explored the connection between AR frequency in northern/southern
Europe and the North Atlantic Oscillation (NAO), a regional expression of the AO. Lavers and Villarini (2013b)
also explored the effects of the NAO on AR-related flooding in the central US. Strong modulation of AR activ-
ity in western Europe by the stratospheric polar vortex is recently noted (Lee et al., 2022). Unlike most of the
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other well established large-scale modes of climate variability, the relationship between ARs and the North
Pacific Oscillation/West Pacific (NPO/WP) teleconnection has only been noted in Brands et al. (2017), Guirguis
et al. (2019), and Tan et al. (2020). The NPO/WP pattern is characterized by a large-scale meridional dipole
in SLP and geopotential height over the Pacific, and is linked to meridional movements of the Asian-Pacific
jet and variability of the Pacific storm track (Linkin & Nigam, 2008). The Guirguis et al. (2019) study, which
focused on northern California, highlighted the more influential role of certain subseasonal modes (including
WP), compared to ENSO, in modulating AR activity in California.

With a special focus on the NPO/WP pattern, the objective of this research is to investigate the influence of the
variability in subseasonal winter circulations (teleconnections) on the spatial and temporal distribution of ARs
in the western US. This research will take advantage of an AR database that has been widely used and evaluated.
Assessing the predictability of ARs from these results could help regions prone to AR events manage their water
resources more effectively.

2. Data and Methods
2.1. Rotated Extended EOF Analysis

An extended and rotated empirical orthogonal function (EOF) analysis was used to extract the leading modes of
subseasonal variability. The EOF analysis determines the structure of recurrent variability, including the spatial
patterns and the extent to which they are present; these recurrent patterns are known as teleconnection patterns
when they connect regions far apart from one another (Nigam, 2003). A correlation or covariance matrix is
typically used for this analysis—each row of the matrix represents separate maps for a single time step and
each column represents a time series for a single location. The next step requires finding the eigenvectors of the
correlation/covariance matrix corresponding to its eigenvalues. The eigenvector gives the spatial pattern of the
EOF, and the eigenvalue (when divided by the sum of all eigenvalues) gives the fraction of the total variability
explained by the EOF (Bjornsson & Venegas, 1997). In extended EOF, the spatial pattern and temporal evolution
of a variability mode are accounted for simultaneously, facilitating the extraction of non-stationary, propagating
modes (Weare & Nasstrom, 1982). In order to simplify the structure and easily interpret the patterns in the EOFs,
a rotation matrix is applied to the leading EOFs, and the result is a number of localized modes that are dependent
on the number of EOFs retained (Hannachi, 2004).

2.2. Analyzed Teleconnection Patterns

Using the above method, the principal components are computed for 200-hPa geopotential height anomalies
from the NCEP/NCAR reanalysis (Kalnay et al., 1996) on the Northern Hemisphere domain at 2.5° X 2.5° spatial
resolution and at pentad (5-day averages) temporal resolution for the extended winter covering from November
to March for the period 1979-2019. A five-pentad lead/lag sequence, combined in the way described in Weare
and Nasstrom (1982), is used for the extended EOF analysis, with the five leading modes rotated. Although
teleconnection analyses are often conducted using data at the 500-hPa level, it is expected that an EOF analysis
at the 200-hPa level facilitates the extraction of modes with potential interactions between the tropics and the
midlatitudes (Baxter & Nigam, 2013). The five leading variability patterns in order of explained variance include
the NAO, NPO/WP growth, NPO/WP decay, the PNA, and the Scandinavian (SCAND) pattern, as described
in Baxter and Nigam (2013, 2015). The designation of the growth versus decay phase of NPO/WP is based on
the evolution of the spatial patterns over the five-pentad sequence from the extended EOF. Their corresponding
principal components are shown in Figure 1 (left column) along with their spatial distribution of 850-hPa geopo-
tential height anomalies (right column).

2.3. AR Database

In this study, a historical AR database (Guan et al., 2018; Guan & Waliser, 2015) is used. The shapes of each AR
event are cataloged every 6 hr for the period of 1980-2018 and were computed on a 0.5° x 0.625° global grid.
Each AR is defined by the integrated vapor transport (IVT) intensity, direction, and geometry, each of which was
computed using the Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2)
reanalysis (Gelaro et al., 2017). IVT is calculated as
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where g is the acceleration due to gravity (m/s?), p, is the surface pressure, p, is 300-hPa, g is the specific humid-
ity (kg/kg), dp is the difference in pressure between the top and bottom of each atmospheric layer, and u/v are
the zonal/meridional velocity components of wind, respectively. As described in Guan and Waliser (2015), ARs
included in this database are at least 2,000 km long with a length/width ratio of at least 2:1, have a notable mean
poleward IVT (>50 kg m~! s71), and have IVT at all individual grid cells above the threshold of 100 kg m~! s~1,
or the season-and-location-dependent 85th percentile—whichever is larger. This global AR database has been
compared to selected regional AR catalogs in western North America, Britain, and East Antarctica that were
independently created by other studies using different techniques, and shows over 90% agreement with them in
terms of AR landfall dates (Guan & Waliser, 2015). This database has been formally evaluated against dropsonde
observations in terms of basic AR characteristics such as width and total IVT across the width, and thus has often
been used as a benchmark in other studies (e.g., Eiras-Barca et al., 2018; Lakshmi et al., 2019; Yang et al., 2018).
It is noted that AR characteristics may be sensitive to the AR detection method used (Collow et al., 2022; O'Brien
et al., 2022; Rutz et al., 2019; Shields et al., 2018, 2023), and AR detection methods could be sensitive to the
input data product, including its resolution. The detection method used in the current AR database is found to be
particularly robust to the input data (Collow et al., 2022, their Figures 3 and 4), as will also be illustrated here.
A better understanding of the different AR detection methods is needed to help reconcile their discrepancies and
improve the accuracy of AR detection.

2.4. AR Frequency and Other Pentad-Resolved Anomalies

Each grid point that contained an AR in any given 6-hourly timestep was substituted with a value of 1; conversely,
grid points without an AR present were filled with a value of 0. The entire data set was then re-binned from
6-hourly time steps to pentads by summing up the binary AR tags over each 5-day period, creating a data set of
pentad AR frequency. For example, a pentad with an AR that lasted 24 hr (i.e., four 6-hourly time steps) would
have an AR frequency of 4. To have a consistent number of pentads per year (73 pentads = 1 year), leap days were
omitted from the catalog by constraining the data set to a 365-day calendar. A climatology was constructed for
each pentad by averaging corresponding pentads from the years 1980-2018. Anomalies were then computed by
subtracting the climatological average from each individual pentad. Pentad resolved anomalies of 850-hPa geopo-
tential heights from MERRA-2, horizontal/meridional winds from the NCEP/NCAR reanalysis, and observed
precipitation from NOAA's Climate Prediction Center were also constructed. Finally, a Nifio 3.4 sea surface
temperature (SST) index was constructed from daily winter NOAA Optimum Interpolation (OI) SST anomalies
from 1982 to 2018 within the area bounded by 120°-170°W and 5°S—5°N.

2.5. Contemporaneous and Lead/Lag Regression Analysis

Teleconnection patterns and their modulation of ARs are analyzed in extended winter months (NDJFM) when
ARs are most active along the west coast of North America, impacting areas from Mexico to southern Alaska
(e.g., contour lines in Figure 2). The variability of ARs increases from November to January along the coastal
US and the central to north Pacific basin and decreases thereafter (e.g., shadings in Figure 2). The analysis is
thus constrained to only boreal winter. The winter AR anomalies were linearly regressed onto the five lead-
ing principal components (teleconnection patterns) of the Northern Hemisphere circulation described above to
explore their influence on AR variability. The evolution of AR anomalies (i.e., their spatiotemporal variabil-
ity) was constructed using lead/lag regressions. This procedure demonstrates the behavior of the AR anomalies
preceding and following the contemporaneous (mature) phase of each teleconnection pattern. The results were
then assessed and the teleconnections with the most significant influence on landfalling ARs were identified.

Figure 1. The five leading subseasonal principal components (left) and related spatial patterns (regressions of 850-hPa geopotential height; right) from an extended
rotated-EOF analysis of 200-hPa geopotential heights (from NCEP/NCAR reanalysis) at pentad resolution in extended winter (November—March) during 1979-2019.
From the top: the North Atlantic Oscillation (NAO), the growth phase of North Pacific Oscillation/West Pacific (NPO/WP) pattern, the decay phase of NPO/WP, the
Pacific North American (PNA) pattern, and the Scandinavian (SCAND) pattern. The ENSO teleconnection, from regressions on the Nifio 3.4 sea surface temperature
(SST) index during 1982-2018, is at the bottom. The explained variance is noted next to the teleconnection name. Red/blue represent positive/negative height
anomalies, with contour lines drawn every 10 m and the zero-contour suppressed.
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Figure 2. Monthly standard deviation and climatology of atmospheric river (AR) counts from NASA's Modern-Era Retrospective analysis for Research and Applications,
version 2 (MERRA-2) 1980-2018 pentad-resolution atmospheric reanalysis. Standard deviation is shaded in orange (see color bar) and the climatology contoured in black
with the 2 ARs/pentad isoline thickened for emphasis. Climatological 850-hPa winds are shown with red vectors when larger than 4 m/s. A 9-point spatial smoother is
applied once to the standard deviation and AR climatology. Note that in this figure and subsequent figures, the AR frequency unit, ARs/pentad, indicates the number of
6-hourly time steps per pentad during which AR conditions are present (a given AR event may last multiple 6-hourly time steps and is counted so).

Of interest here is practical significance (Kirk, 1996), rather than statistical significance, which, in the current
study, is assessed based on identifying mode(s) with influences larger than those associated with better-studied
modes. The 850-hPa geopotential heights and observed precipitation were also regressed onto each of the tele-
connection patterns to analyze the dynamics that modulate moisture fluxes and compare anomalously wet and dry
regions with those that experience anomalous AR activity, respectively. A similar analysis based on the Nifio 3.4
index is also included. Although ENSO is considered an interannual pattern of variability, it is able to influence
subseasonal AR variability, and provides a baseline for assessing the strengths of the modulation by the leading
circulation patterns.
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3. Results

The influence of the leading circulation patterns and ENSO on AR activity along coastal areas in the western
US is shown in Figure 3 by the linear regressions of MERRA-2 AR frequency anomalies on the time series of
these variability patterns (see Figure 1). A comparison between results using MERRA-2 and ERA-Interim ARs
(Figure 4) reveals nearly identical patterns of climatological AR frequency and its modulation by the leading
circulation patterns, except the patterns based on ERA-Interim are smoother due to the coarser horizontal resolu-
tion. Therefore, only MERRA-2 is used in subsequent analysis. The discussion below focuses on NPO/WP (both
growth and decay phases) and PNA whose influences on AR activity are the most prominent, and ENSO which
provides a baseline for comparison. Two other patterns—the NAO and the SCAND patterns, are not analyzed in
detail due to their less prominent influence on ARs along the west coast of the US.

3.1. Niio 3.4 Regression

SSTs within the Nifio 3.4 region correlate with SLP and geopotential height anomalies in the North Pacific, the
latter of which are shown in the bottom-left of Figure 3 (simultaneous regression over a Pan-Pacific domain) and
the last column of Figure 5 (lead/lag regressions over the northeastern Pacific). Because interannual El Nifio events
are not as transient as subseasonal patterns of variability, there is little evolution in the spatial variability of 850-hPa
geopotential height anomalies 2 pentads before (denoted “¢ — 2” in Figure 5) the mature (denoted “7’) phase of El
Nifio and 2 pentads after (“¢ + 2”) the mature phase. Areas shaded in red exhibit higher AR frequencies and areas
shaded in blue experience less frequent AR frequencies during El Nifio (positive phase of ENSO) conditions relative
to the pentad-resolved climatology. The regressions show an anomalous area of below-average 850-hPa geopotential
heights (~30 m less than the climatological average) in the Gulf of Alaska, centered around 45°N and 150°W. The
lower pressure brings anomalous southerly/southwesterly winds to the west coast of the US and the Pacific Northwest.

The red shading in the bottom-right of Figure 3 (simultaneous regression) and the last column of Figure 6 (lead/
lag regressions) shows the resulting anomalous AR frequency, where an increase in AR frequency originates
northeast of Hawaii and downstream of the lower 850-hPa geopotential heights discussed above. There is only
a small and marginal influence on landfalling ARs in western North America during El Nifio events, as the
lower-tropospheric circulation anomaly driving moisture transport is generally parallel to the coastline (see
Figure 5). The AR frequency doesn't surpass 0.4 AR/pentad and is constrained mostly to coastal areas in Oregon
and northern California. This is consistent with the general precipitation pattern in the last column of Figure 7.
Relative to the winter climatology, ARs during El Nifio events propagate further east (comparing the black
contours and color shading in Figure 3, bottom right). In the La Nifia phase, a decrease in AR landfall frequency
would arise on the west coast, resulting from an increase in 850-hPa geopotential heights in the Gulf of Alaska
and a decrease in moisture fluxes toward the coast.

3.2. NPO/WP Regression

Nigam (2003) summarizes the NPO/WP pattern as exhibiting anomalous heights and SLP over the Bering Strait,
extending equatorward along the west coast of the US; a second area of variability of opposite signs extends from
the Korean peninsula to Hawaii. This can be seen in the second and third panels in Figure 3 left (simultaneous
regressions over a Pan-Pacific domain) and the second and third columns of Figure 5 (lead/lag regressions over
the northeastern Pacific), where anomalously low 850-hPa heights are situated over the Aleutian Islands (extend-
ing from east Asia to central Canada) and anomalously high heights extend from Hawaii toward east Asia. In this
case, lower heights poleward of 30°N represent a developing positive phase of the NPO/WP (Figure 5, second
column). The anomalous low heights have a much greater magnitude (<—50 m) than the anomalous high heights
(~20 m) per index value, consistent with the description of the teleconnection pattern in Nigam (2003). From
t — 2 to t + 2, the evolution of both dipoles can be seen.

Figure 3. Left Panels: Characteristic pentad atmospheric river (AR) counts and 850-hPa height anomalies associated with the leading subseasonal teleconnection
patterns and El Nifio variability from Nifio3.4 sea surface temperature (SST) index during the extended winter season (November—March), obtained from linear
regressions during 1980-2018 and 1982-2018, respectively. From top to bottom: the North Atlantic Oscillation (NAO), the growth phase of North Pacific Oscillation/
West Pacific (NPO/WP) pattern, the decay phase of NPO/WP, the Pacific North American (PNA) pattern, the Scandinavian (SCAND) pattern, and El Nifio. Positive/
negative AR regressions are shaded red/blue at 0.2 AR/pentad interval; 850-hPa height anomalies are contoured at 10 m interval with continuous/dashed lines for
positive/negative anomalies. Right Panels: AR regressions are superposed on the AR climatology in the Pacific—North American region, where climatological

AR counts are contoured at 0.4 AR/pentad; the 2.0 ARs/pentad anomaly contour is thickened for emphasis. A 9-point spatial smoother is applied twice to the AR

regressions and climatology.
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From 7 — 1 to the mature phase (7) of the developing positive NPO/WP, there is a significant increase in the
gradient of the anomalously high 850-hPa heights (Figure 5, second column) and the 850-hPa heights themselves
(not shown). This is indicative of an increase in the moisture flux toward the west coast of North America via a
southwesterly flow. This area develops into a region of enhanced moisture transport, contributing to anomalously
high frequency of ARs (Figure 6, second column). In this leading pattern of variability, the AR anomalies over
the northeastern Pacific and along the west coast of the US are greater than those of ENSO. Under a developing
positive NPO/WP, some regions in the Pacific Northwest have twice the AR frequency anomaly (~0.8 AR/
pentad) relative to under El Nifio conditions. As the higher geopotential heights develop and begin to extend
out from the vicinity of Hawaii (i.e., from 7 to # + 1 in Figure 5, second column), an area of less frequent AR
activity can be seen near Baja California (i.e., from ¢ + 1 to # + 2 in Figure 6, second column) due to anomalous
easterlies across the Baja Peninsula and northern Mexico resulting from the high anomaly. The decay phase of
the positive NPO/WP, as shown in the third column of Figure 5, has a similar dipole in geopotential heights, but
lags the growth phase by about 10 days. Regression of both NPO/WP phases onto precipitation indicates coastal
communities along the west coast of North America—from northern California to British Columbia—tend to
receive more precipitation around the maturing stage of positive NPO/WP (¢ for the growth phase and ¢ — 2 for
the decay phase; second and third columns in Figure 7), and that the influence of NPO/WP on precipitation is
stronger and more extensive than previously described for ENSO. Although AR frequency and precipitation
anomalies peak at slightly different lags, the overall northward progression of precipitation anomalies along
the west coast of North America associated with NPO/WP is consistent with the northward progression of AR
frequency anomalies along the coastal areas. For example, for NPO/WP growth, precipitation anomalies are most
coherent between Washington and California at r — 1, which extend to coastal western Canada at ¢, and further
extend to southern Alaska but retreat northward in California at # + 1. The corresponding AR anomalies extend
from between Washington and California at # to western Canada at 7 + 1, and to southern Alaska at # + 1. Relative
to the winter climatology, ARs during the positive phase of NPO/WP growth shift the tract northeast, allowing for
greater coastal influence (comparing the black contours and color shading in the second panel of Figure 3 right).

3.3. PNA Regression

The positive PNA pattern can be seen in the fourth panel of Figure 3 left and the fourth column of Figure 5.
Negative 850-hPa geopotential heights anomalies can be seen extending zonally from East Asia to the coast of
the western US and meridionally from the Bering Strait to the vicinity of Hawaii. Positive 850-hPa geopotential
height anomalies are seen in central/western Canada and extend poleward. This displacement in geopotential
height anomalies is consistent with those shown in Baxter and Nigam (2013). The geopotential height anomalies
centered in the north-central Pacific have a much greater magnitude than those to its northeast. The strongest
geopotential height anomaly is less than —50 m from # — 2 to  + 1, comparable to the anomaly seen in the North
Pacific in the NPO/WP analysis, except with a more southward position.

From ¢ — 2 to the mature phase (¢), an increasing geopotential height gradient is present, indicative of an increase
in southwesterly moisture fluxes toward the west coast. Consequently, there is a greater AR frequency during the
positive phase of the PNA north of northern California (fourth column of Figure 6). The landfalling AR frequency
anomaly is only slightly positive (maximum of ~0.4 AR/pentad) because the moisture fluxes run nearly parallel
to the coastline, indicating limited moisture convergence along the west coast of the US. Southerly moisture
fluxes instead bring the majority of this moisture to southeastern Alaska, British Columbia, and the southwestern
portion of the Yukon territory. However, the magnitude of the offshore anomalies over the northeastern Pacific
Ocean (>1 AR/pentad) is greater than those of the NPO/WP pattern, attributable to the more southward (i.e.,
closer to the tropical moisture reservoir) location of the circulation anomaly center. As the moisture approaches
the coast, the southerly component of the fluxes dominates. Associated with the marginal positive AR frequency

Figure 4. Inter-reanalysis comparison of climatological atmospheric river (AR) counts and AR-count regressions on winter teleconnections during 1980-2018:
Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2) (right column) and ERA-Interim (left column). From the top: regressions on
the North Atlantic Oscillation (NAO), the growth phase of North Pacific Oscillation/West Pacific (NPO/WP) pattern, the decay phase of NPO/WP, the Pacific North
American (PNA) pattern, and the Scandinavian (SCAND) pattern. AR regressions are shaded red/blue for positive/negative values at 0.2 AR/pentad/index interval (see
color bar). The climatological AR count per pentad is contoured in black at 0.4 intervals, with the 2.0 ARs/pentad isoline thickened for emphasis. A 9-point spatial
smoother is applied twice to AR regressions and climatology.
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Figure 5. Pentad evolution of 850-hPa geopotential heights associated with leading subseasonal winter teleconnections and El Niflo variability along the North
American West Coast. Time runs downward from 7 — 2 to ¢ + 2 pentads. Anomalies are obtained from pentad lead-lag regressions of height on the circulation principal
components and the Nifio 3.4 sea surface temperature (SST) index. From left: the North Atlantic Oscillation (NAO), the growth phase of North Pacific Oscillation/
West Pacific (NPO/WP) pattern, the decay phase of NPO/WP, the Pacific North American (PNA) pattern, the Scandinavian (SCAND) pattern, and EI Nifio. Height
regressions are shaded red/blue for positive/negative anomalies at 10 m/index intervals with the zero-contour suppressed.
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Figure 6. Pentad evolution of atmospheric river (AR) counts associated with leading subseasonal winter teleconnections and El Nifio variability along the North
American West Coast. Time runs downward from 7 — 2 to ¢ + 2 pentads. The anomalies are obtained from pentad lead-lag linear regressions of AR counts on the
circulation principal components and the Nifio 3.4 sea surface temperature (SST) index. From left: the North Atlantic Oscillation (NAO), the growth phase of North
Pacific Oscillation/West Pacific (NPO/WP) pattern, the decay phase of NPO/WP, the Pacific North American (PNA) pattern, the Scandinavian (SCAND) pattern, and
El Nifio. Regressions are shaded red/blue for positive/negative anomalies at 0.2 AR/pentad intervals with the zero-contour suppressed. A 9-point spatial smoother is
applied twice to AR regressions.
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Figure 7. Pentad evolution of NOAA precipitation associated with leading subseasonal winter teleconnections and El Nifio variability along the North American
West Coast. Time runs downward from ¢ — 2 to ¢ 4 2 pentads. The anomalies are obtained from pentad lead-lag linear regressions of precipitation anomalies on the
circulation principal components and the Nifio 3.4 sea surface temperature (SST) index. From left: the North Atlantic Oscillation (NAO), the growth phase of North
Pacific Oscillation/West Pacific (NPO/WP) pattern, the decay phase of NPO/WP, the Pacific North American (PNA) pattern, the Scandinavian (SCAND) pattern,
and El Nifio. Regressions are shaded red/blue for positive/negative anomalies at 0.2 mm/day intervals with the zero-contour suppressed. A 9-point spatial smoother is
applied twice to precipitation regressions.
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anomalies along the west coast of the US are isolated positive precipitation anomalies in northern California
(fourth column of Figure 7). The regions with the greatest and most robust AR frequency anomalies (from ¢ to
t + 2), such as northwestern British Columbia and southern Alaska, saw the most coherent positive precipitation
anomalies. This is consistent with these areas being subject to moisture fluxes that are orthogonal to elevation
gradients—which are responsible for producing heavy precipitation events. Relative to the winter climatology
of AR frequency, in the positive phase of the PNA, there is little difference in AR origin (comparing the black
contours and color shading in the fourth panel of Figure 3 right).

4. Discussion

The current analysis focuses on the effect of individual winter teleconnection patterns on AR dynamics and
landfalling location/frequency along the west coast of North America. While the impacts of established tele-
connection patterns on ARs have been documented in previous studies, few studies have looked at the evolution
of such impacts on subseasonal time scales. For example, Guan et al. (2013) looked specifically at the telecon-
nection patterns that influenced the extreme precipitation in the Sierra Nevada during the 2010/2011 winter
season (November—March). From a seasonal mean perspective, the study found that the negative phase of the
PNA pattern and the negative phase of the AO were responsible for an increase in the frequency of AR events
in California, and the frequency was even more extensive when the PNA and AO were simultaneously in their
respective negative phases. However, their study did not investigate how the two modes and associated impacts
on ARs evolve on subseasonal time scales.

In addition to the focus on subseasonal evolution, another new aspect of the current study is the emphasis on the
NPO/WP, a mode that has not been a particular focus in AR studies so far. The relationship between NPO/WP
and AR activity on the west coast of the US has only been noted in Brands et al. (2017), Guirguis et al. (2019),
and Tan et al. (2020). In Brands et al. (2017), a North Pacific/Aleutian Low index and a West Pacific index were
used separately to calculate their contemporaneous influence on AR activity. Their finding is broadly consistent
with the results of the current study. Specifically, a positive developing NPO/WP is found to strengthen and
expand the influence of the Aleutian Low. The positive PNA's role is similar, except higher heights build over
western Canada and the Pacific Northwest, blocking moisture from entering the western US and funneling it
toward British Columbia and the Gulf of Alaska, consistent with PNA's influence on AR activity found in Brands
et al. (2017) and the current study. In Guirguis et al. (2019), the nine self-organizing maps affecting contempo-
raneous AR landfalls in California were found to be related to different combinations of canonical circulation
patterns, including the WP. As in the current study, they found the regional circulation patterns to be more influ-
ential than ENSO in modulating AR impacts in California. In Tan et al. (2020), the occurrence of ARs along the
middle coast of western North America (between British Columbia and northern California) was found to be
associated with the negative phase of NPO/WP.

The potential role of NPO/WP in modulating AR activity is exemplified by the drought-breaking, excep-
tionally wet 2022/2023 winter in the western US, especially in California where the number of AR landfalls
was about double the climatology. Among the leading nine teleconnection patterns monitored by NOAA
CPC, the WP and the PNA were the two modes that were the most notable during this period in terms of
magnitude and persistence—the WP was consistently positive during January—March 2023, with the index
exceeding two standard deviations in January and February, meanwhile the PNA was consistently negative,
with slightly smaller index values than the WP. While the detailed processes contributing to the exception-
ally wet 2022/2023 winter in the western US remain to be investigated, the role of NPO/WP highlighted
by the current study adds to potential directions for consideration. Formal studies of AR predictability and
predictive skills afforded by NPO/WP are needed to help understand its role relative to other better-studied
modes related to ARs.

A number of studies have also documented the effects of ENSO on the landfall location and frequency of ARs—
although the literature is not conclusive, which could be partly related to complications from ENSO flavors. For
example, Weng et al. (2009) suggested that El Nifio Modoki events provide a low-level flow that may favor AR
landfalls in the southwestern US, whereas canonical El Nifio events do not provide such a favorable condition.
Bao et al. (2006) found that the ENSO neutral phase is able to transport tropical moisture from the eastern Pacific
to the west coast (via extratropical cyclones) much more readily than during the positive, El Nifio phase. In
addition to ENSO flavors, possible reasons for discrepancies within the literature include differences in data and
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Figure 8. Pentad-count of landfalling atmospheric rivers (ARs) in three coastal regions (the western US, western Canada, and southern Alaska, corresponding to the
land portions of the three regions displayed in Figure 6) plotted in the two-dimensional phase space defined by concurrent principal components of the growth phase
of North Pacific Oscillation/West Pacific (NPO/WP) pattern and the Pacific North American (PNA) pattern. The dot size represents the region-averaged AR count
anomaly; four sizes are plotted, increasing from 3-6, 6-9, 9—12 to >12 ARs/pentad; the negative AR count anomalies are excluded.
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Figure 9. Pentad lead-lag regression coefficients and correlations for the landfalling atmospheric rivers (ARs) over southern Alaska (left) and the western US (right)

for the growth phase of North Pacific Oscillation/West Pacific (NPO/WP) pattern (black), the decay phase of NPO/WP (blue), and the Pacific North American (PNA)
pattern (red). Thin lines represent the regression slopes, while the thick ones the correlation coefficients. The lead-lag analysis is carried out from t — 2 to t + 2, with ¢
representing simultaneous values; positive lags indicate principal components leading the ARs. The NPO/WP variability leads to complementary lagged impacts over
Alaska and the western US, for example, at # + 1 and ¢ + 2 pentads.

methods used to determine the presence of ARs. As a first-order baseline to compare with, the analysis of El Nifio
influence on ARs in this paper is based on the widely used Nifio 3.4 index—which does not distinguish between
different ENSO flavors, nor does it separate ENSO-related circulations from other present teleconnections. The
relationship between ENSO and ARs will continue to be an ongoing area of study with the lengthening of the
observational data record and advancements in methods for more nuanced ENSO characterization (e.g., Williams
& Patricola, 2018).

To understand possible interactions between the two most influential teleconnection patterns identified above,
the principal components of the two patterns and their influence on AR frequency are further explored for
three different landfalling regions (considering grid points over land only): the western US, western Canada,
and southern Alaska. A positive NPO/WP growth and a near-neutral PNA were found to coincide with a
cluster of large AR frequency anomalies in the western US (Figure 8, bottom panel). No prominent clustering
was found to occur in other combinations of the two modes. In western Canada, the PNA pattern is slightly
more influential, and a positive PNA and positive NPO/WP growth were found to favor larger AR frequency
anomalies than other combinations of the two modes (Figure 8, middle panel). In southern Alaska, the NPO/
WP growth pattern appears more influential, with little to no preference of AR frequency anomalies with
respect to the PNA phase (Figure 8, top panel). The evolution of these results is shown in Figure 9 and serves
to complement the aforementioned figures by displaying the area-averaged regression slopes and correlation
coefficients for all three regions. A positive (negative) phase of a growing NPO/WP is the most influential
pattern 5 days after its mature phase, that is, at # + 1, when the regression value is about 0.6 (0.65) and the
R-value is about 0.25 (0.30). A positive PNA is slightly more influential in Canada than the growth/decay
patterns of the NPO/WP, especially 5 days after the mature phase when the regression value and R-value are
about 0.4 and 0.2, respectively.

To corroborates what is shown in the AR and precipitation regressions, moisture flux and its convergence are
regressed onto the leading teleconnection patterns. It is found that moisture flux convergence is largest along the west
coast of the US from ¢ — 1 to ¢ + 1 during the positive NPO/WP growth phase (>1 mm/day per unit index) and mois-
ture fluxes are largest and most orthogonal to the topography in its mature phase (Figure 10, left column). Moisture
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convergence is concentrated offshore and along coastal Alaska in a positive PNA, and moisture divergence is present
throughout most of the coastal Pacific Northwest. The moisture fluxes are parallel to the topography of the western
US, resulting in enhanced AR activity poleward into coastal northwestern British Columbia and southern Alaska
(Figure 10, middle column). Weaker moisture flux and convergence associated with El Nifio are consistent with its
less influential modulation of AR frequency along western North America (Figure 10, right column).

5. Conclusion

Previous studies found the PNA to be an influential mode in modulating AR activity along the west coast
of North America. In this study, however, the growth phase of NPO/WP emerges as the leading pattern for
modulating AR landfalling frequency, especially between the Pacific Northwest and central California as
well as southern Alaska. In its positive phase, the presence of anomalous low pressure centered just south
of Alaska (i.e., a strengthening of the Aleutian Low) and anomalous high pressure around Hawaii results in
moisture convergence in the central and eastern Pacific, bringing southwesterly moisture fluxes to coastal
and inland areas. This increases the number of ARs that make landfall on the west coast. Although south-
westerly fluxes are stronger over the Pacific Ocean during positive PNA, they tend to transition to southerly
fluxes before extending inland. This results in a smaller increase in landfalling ARs during positive PNA
than during positive NPO/WP growth.

These results are coupled with lead/lag regression analysis to provide the answer to when each pattern exerts the
greatest influence on landfalling ARs. Both the NPO/WP (in its positive growth phase) and the PNA modulate
coastal ARs especially 5 days after their respective mature phases (¢ + 1), although the latter pattern tends to
deflect moisture to northwestern British Columbia rather than the western US. However, precipitation does not
always follow the same spatiotemporal relationship as ARs partly due to precipitation from non-AR events, but
also because precipitation is directly related to the convergence of IVT, rather than IVT itself which defines ARs
(Benton & Estoque, 1954; Mo et al., 2021). The greatest precipitation rate during the positive growth phase of
the NPO/WP occurs at its mature stage (#; when precipitation neither leads nor lags the principal component)
along the western US coast. A positive PNA has only a weaker, isolated influence on coastal precipitation in the
western US; the greatest influence occurs in British Columbia 5 days after the mature stage (¢ + 1), consistent
with the AR frequency analysis. The study highlights the influential role of the NPO/WP pattern in modulating
AR activity compared to other subseasonal circulation patterns. The temporal evolution of AR frequency and
precipitation anomalies associated with NPO/WP suggests a potential source of subseasonal predictability that
warrants further investigations.

Figure 10. Pentad evolution of vertically-integrated moisture flux and its convergence associated with leading subseasonal winter teleconnections and El Nifio
variability along the North American West Coast. Time runs downward from ¢ — 2 to ¢ + 2 pentads. The anomalies are obtained from pentad lead-lag linear regressions
of moisture flux anomalies on the circulation principal components and the Nifio 3.4 sea surface temperature (SST) index. From left: the growth phase of North

Pacific Oscillation/West Pacific (NPO/WP) pattern, the Pacific North American (PNA) pattern, and El Nifio. Regressions are shaded green/brown for moisture-flux
convergence/divergence anomalies at 0.2 mm/day/index intervals with the zero-contour suppressed; see color bar. Moisture-flux vectors are shown using black arrows,
with the indicated scale. A 9-point spatial smoother is applied twice to moisture-flux regressions.
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