JuLy 2021 MOORE ET AL. 2255

Characteristics of Long-Duration Heavy Precipitation Events along the West Coast of the
United States

BENJAMIN J. MOORE,* ALLEN B. WHITE,* AND DANIEL J. GOTTAS?
# NOAA/Physical Sciences Laboratory, Boulder, Colorado

(Manuscript received 16 October 2020, in final form 3 February 2021)

ABSTRACT: Prolonged periods (e.g., several days or more) of heavy precipitation can result in sustained high-impact
flooding. Herein, an investigation of long-duration heavy precipitation events (HPEs), defined as periods comprising =3 days
with precipitation exceeding the climatological 95th percentile, is conducted for 1979-2019 for the U.S. West Coast, specifically
Northern California. An objective flow-based categorization method is applied to identify principal large-scale flow patterns for
the events. Four categories are identified and examined through composite analyses and case studies. Two of the categories are
characterized by a strong zonal jet stream over the eastern North Pacific, while the other two are characterized by atmospheric
blocking over the central North Pacific and the Bering Sea—Alaska region, respectively. The composites and case studies
demonstrate that the flow patterns for the HPEs tend to remain in place for several days, maintaining strong baroclinicity and
promoting occurrences of multiple cyclones in rapid succession near the West Coast. The successive cyclones result in per-
sistent water vapor flux and forcing for ascent over Northern California, sustaining heavy precipitation. For the zonal jet
patterns, cyclones affecting the West Coast tend to occur in the poleward jet exit region in association with cyclonic Rossby
wave breaking. For the blocking patterns, cyclones tend to occur in association with anticyclonic Rossby wave breaking on the
downstream flank of the block. For Bering Sea—Alaska blocking cases, cyclones can move into this region in conjunction with
cyclonically breaking waves that extend into the eastern North Pacific from the upstream flank of the block.

SIGNIFICANCE STATEMENT: We sought to understand atmospheric processes that result in heavy precipitation
events along the U.S. West Coast that span long durations (=3 days) and thus pose significant flooding threats. We analyzed
events over Northern California and identified four distinct flow patterns over the North Pacific that support their oc-
currence: two exhibiting a strong west—east jet stream and two exhibiting a wavy “‘blocked” jet stream. These patterns tend
to persist for several days and promote the landfall of multiple extratropical cyclones in rapid succession along the West
Coast, thereby maintaining the ingredients for precipitation over Northern California for extended periods (5-6 days). The
physical understanding established by our results could have utility for forecasting heavy precipitation.
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1. Introduction (e.g., Pfahl and Wernli 2012). These systems are usually mobile
(e.g., Wallace et al. 1988); hence, from an Eulerian perspective,
the associated regions of precipitation tend to be short lived
(e.g., <1 day). There are, however, two pathways through which
the duration of precipitation at a location may be substantially
lengthened: 1) a system stalls and becomes quasi-stationary for
an extended period, and 2) multiple systems pass over the lo-
cation in rapid succession. The first pathway can emerge when
the movement of a system is impeded (e.g., Lenggenhager et al.
2019), or when a system moves into an environment of weak
background flow, as can occur for cutoff extratropical cyclones
(e.g., Doswell et al. 1998) and some tropical cyclones (e.g., Kossin
2018). The second pathway can emerge through repeated passage
of, for example, cyclones (e.g., Priestley et al. 2017a) or mesoscale
convective systems (e.g., Tuttle and Davis 2006) through a geo-
graphically fixed corridor over a period of several days. In these
situations, systems serially cluster such that they occur at a loca-
tion much more frequently than is expected due to chance.
Findings of prior case studies (e.g., Weaver 1962; Lackmann
and Gyakum 1999; Sodemann and Stohl 2013; Grams et al. 2014;
Priestley et al. 2017a; Moore et al. 2020) suggest that serial clus-
tering of extratropical cyclones is a principal process resulting in
Corresponding author: Benjamin J. Moore, benjamin.moore@ long-duration HPEs at midlatitudes. This process, consistent with
noaa.gov the concept of ““cyclone families” (Bjerknes and Solberg 1922),

Prolonged periods of quasi-continuous and often heavy pre-
cipitation, spanning several days to beyond a week, can result in
extreme precipitation accumulations and sustained high-impact
flooding. Noteworthy examples of this class of event, hereafter
referred to as a long-duration heavy precipitation event (HPE),
occurred in July 2010 in Pakistan (Martius et al. 2013); June 2013
in central Europe (Grams et al. 2014); September 2013 in the
Colorado Front Range (Gochis et al. 2015); February 2017 in
Northern California (White et al. 2019); and August 2017 in
Houston, Texas, due to Hurricane Harvey (Risser and Wehner
2017). Flooding associated with these events can have a variety of
adverse impacts, including fatalities, economic disruption, and
costly damage to crops, property, and infrastructure. In addition,
these events can sometimes make beneficial contributions to
water resources (e.g., White et al. 2019). Given the potential im-
pacts of long-duration HPEs, there is a need for improved un-
derstanding of the dynamical processes governing these events.

At midlatitudes, heavy precipitation tends to be produced
by transient weather systems, such as extratropical cyclones
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occurs when multiple cyclones develop and follow a similar
path in rapid succession (separated by intervals of, e.g.,
~1-2 days). The aforementioned case studies collectively in-
dicate that heavy precipitation can be sustained for several
days or more by forcing for ascent and water vapor supply
linked to clustered cyclones.

Water vapor fluxes associated with extratropical cyclones are
often concentrated within atmospheric rivers (e.g., Newell et al.
1992; Zhu and Newell 1998; Ralph et al. 2004, 2018) aligned with
the low-level jet in the warm sector. Prolonged heavy precipi-
tation is favored when an atmospheric river stalls (e.g., Ralph
et al. 2019) or when cyclones cluster such that successive at-
mospheric rivers affect the same region (Fish et al. 2019). In
mountainous regions, such as those along the U.S. West Coast,
precipitation can be geographically anchored by orographic
forcing as persistent water vapor flux impinges on elevated ter-
rain (e.g., Ralph et al. 2013; Neiman et al. 2016).

Cyclone clustering may result from the development of sec-
ondary or frontal-wave cyclones along a cold front that trails an
antecedent cyclone (e.g., Priestley et al. 2020). These cyclones
can reinforce and extend the duration of an atmospheric river
linked to an antecedent cyclone (e.g., Ralph et al. 2011; Neiman
et al. 2016). Secondary cyclogenesis often results from frontal
instability (e.g., Schir and Davies 1990; Joly and Thorpe 1990;
Schemm and Sprenger 2015) and may involve other mecha-
nisms, such as latent heating (e.g., Weijenborg and Spengler
2020) and frontal strain effects (Dacre and Gray 2006).

Long-lived (e.g., from several days to two weeks) patterns of
the large-scale (i.e., from synoptic- to planetary-scale) flow can
modulate extratropical jet streams and concomitant baroclinic
storm tracks (e.g., Rex 1950; Reinhold and Pierrehumbert 1982;
Dole 1986; Lau 1988; Nakamura and Wallace 1990; Athanasiadis
et al. 2010; Madonna et al. 2017), and therefore can significantly
influence regional precipitation distributions (e.g., Mo and
Higgins 1998; Robertson and Ghil 1999; Lavers and Villarini
2013; Pasquier et al. 2019). The persistence of these patterns
beyond the time scale of individual synoptic-scale disturbances
can occasionally foster cyclone clustering (Mailier et al. 2006).
Clustering can occur in patterns featuring a quasi-stationary
and zonally extended upper-level jet stream (e.g., Pinto
et al. 2014; Priestley et al. 2017b). The jet acts as a persistent
waveguide (e.g., Martius et al. 2010) for synoptic-scale
Rossby waves, which may repeatedly induce baroclinic in-
stability and cyclogenesis. Clustered cyclone activity in
these patterns tends to occur in the jet exit region and may
coincide with cyclonic and anticyclonic wave breaking on
the poleward and equatorward sides of the jet, respectively
(Priestley et al. 2017b).!

! Rossby wave breaking is defined as a rapid and irreversible
deformation of material [i.e., potential vorticity (PV) on an isen-
tropic surface] contours (Mclntyre and Palmer 1983). On synoptic
scales, wave breaking typically occurs in the latter stages of baro-
clinic wave life cycles under the influence of background meridi-
onal shear (Thorncroft et al. 1993). Waves can break cyclonically or
anticyclonically based on the direction of overturning of PV
contours.
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Cyclone clustering and long-duration HPEs can also occur in
patterns characterized by atmospheric blocking (e.g., Grams
et al. 2014; Moore et al. 2020). In these patterns, successive
episodes of cyclogenesis and cyclonic wave breaking can occur
on the upstream flank of a quasi-stationary blocking ridge or
anticyclone. Here, the blocking ridge acts to impede and divert
synoptic-scale waves, causing clustering in a manner analogous
to a traffic jam (Mailier et al. 2006; Nakamura and Huang
2018). Eddy fluxes of heat and momentum tied to this clus-
tering can be integral for the formation and maintenance of
blocking (e.g., Shutts 1983; Mullen 1987; Nakamura et al.
1997). Stationary regions of blocking can force a recurrence of
longitudinally aligned synoptic-scale Rossby waves down-
stream (Rothlisberger et al. 2019) that can result in protracted
periods (e.g., 10-14 days) of precipitation (Barton et al. 2016).
Rossby wave breaking linked to blocking can sometimes result
in the formation of singular slow-moving troughs and cutoff
cyclones that support long-duration HPEs (e.g., Lenggenhager
et al. 2019). In cases of high-latitude blocking, a persistent jet
stream and coaligned storm track is often established at mid-
latitudes equatorward of the blocked region (e.g., Nakamura
and Wallace 1990; Carrera et al. 2004; Benedict et al. 2019).
This configuration can foster clustering of cyclones and atmo-
spheric rivers (Fish et al. 2019) leading to long-duration HPEs
(Moore et al. 2020).

To date, research on flow patterns and dynamical processes
associated with long-duration HPEs has been predominantly
conducted through case studies. Systematic climatological
studies on these aspects are currently lacking. Such studies are
critical for gaining a comprehensive understanding of the
processes governing these events. The current study addresses
this research gap by conducting a 41-yr climatological investi-
gation of long-duration HPEs. The primary objectives of this
investigation are 1) to identify principal large-scale flow pat-
terns linked to long-duration HPEs, and 2) to diagnose,
through composite analyses and case studies, processes within
those patterns that act to sustain heavy precipitation. To limit
the scope of the study, we focus on events in the West Coast
region of the United States. We hypothesize that this region is
particularly susceptible to long-duration HPEs due to 1) its
proximity to the terminus of the North Pacific storm track, a
preferred region for cyclone clustering (Mailier et al. 2006),
during the cool season, and 2) the preponderance of complex
orography, which can act to anchor precipitation as cyclones
and atmospheric rivers make landfall.

2. Data and methods
a. Climatology of long-duration heavy precipitation events

Gridded precipitation data from the NOAA Climate
Prediction Center Unified Precipitation Dataset (UPD;
Higgins et al. 2000; NOAA/NCEP/CPC 2020) were used to
construct a climatology of long-duration HPEs for 1979-
2019. This dataset is based on precipitation gauge observa-
tions and consists of daily (1200-1200 UTC) accumulations
on a 0.25° grid covering the conterminous United States for
1948—present. The interpolation scheme used to generate
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the UPD causes smoothing and attenuation of gauge totals and
can misrepresent totals in regions where gauges are sparse
(Chen et al. 2008; Ensor and Robeson 2008). Despite these
issues, the UPD was used because it provides a continuous
observation-based record that enables a robust climatological
analysis.

We sought multiday periods that not only culminated in
large precipitation accumulations but also comprised sev-
eral successive days of heavy precipitation. To this end,
heavy precipitation occurrences were first flagged in the
daily time series at each grid point as an amount exceeding
the climatological 95th percentile, computed for all days
during 1979-2019 with amounts > 0 mm (Fig. 1a). Second, at
each gridpoint sequences of heavy precipitation days sepa-
rated by a gap of =1 day were identified. Third, sequences
comprising =3 heavy precipitation days were selected and
considered to indicate the occurrence of a long-duration
event. Imposing longer minimum durations (e.g., 4 and
5 days) does not qualitatively affect the results but sub-
stantially reduces the number of events (not shown).

A map of the frequency of =3-day heavy precipitation
sequences (Fig. 1b) demonstrates that long-duration events
occur at nearly all grid points over the United States but
with greatest frequency along the West Coast as well as in
portions of the Rocky Mountains. The sequences along the
West Coast predominantly occur in the extended winter,
defined as November-March (Fig. 1c), the season during
which the region experiences most of its precipitation and is
most frequently impacted by extratropical cyclones. The
results in Figs. 1b,c support our hypothesis that the West
Coast is particularly susceptible to long-duration events and
provide justification for focusing on this region. Especially
high frequencies (e.g., event counts > 16; Figs. 1b,c) tend to
be collocated with major mountain ranges (Fig. 2a), high-
lighting the influence of orographic forcing. Precipitation
totals attributable to long-duration sequences (Fig. 2b) are
maximized in Northern California along the Sierra Nevada
and at the north end of the Central Valley, and in western
Washington along the Olympic and Cascade mountains (see
Fig. 2a). The sequences in these regions account for con-
siderable fractions of the total accumulated precipitation
(maximum values > 12%; Fig. 2b) and of daily heavy pre-
cipitation occurrences (maximum values > 28%; Fig. 2c)
during 1979-2019.

To further limit the scope of this study, we focus only on
events during the extended winter in the northern part of
California (37°-42°N, 119.5-124.5°W, referred to as the
Northern California domain; Fig. 2a). This subregion was
chosen because of the comparatively large precipitation
contributions of long-duration events therein (Fig. 2b) and
because we sought to add to the extensive body of research
on precipitation and related weather systems for the region
(e.g., Ralph et al. 2006; Dettinger et al. 2011; Cordeira et al.
2013, among many others). Days for which the precipitation
at =10 grid points in the domain occurred as part of a long-
duration (=3 days) sequence were first identified (385 days).
Qualifying days separated by =1 day were then merged,
resulting in a final sample of 79 long-duration HPEs.
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FIG. 1. (a) The 95th percentile of precipitation (mm; upper
color bar) for all days during 1979-2019 with amounts > 0 mm.
The number of long-duration heavy precipitation sequences
(lower color bar) during 1979-2019 for (b) all months and
(c) November-March.

Imposing less restrictive gridpoint count criteria increases
the sample size (e.g., 141 events for a threshold of 1 point);
likewise, imposing more restrictive criteria decreases the
sample size (e.g., 44 events for a threshold of 30 points). The
threshold of 10 points was chosen to filter out small-scale
precipitation events while still maintaining a sufficiently
large event sample. The onset and end days for the 79 events
were defined as the earliest onset day and the latest end day,
respectively, among all gridpoint sequences included in the
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FIG. 2. (a) Terrain elevation ((km); major lakes and ocean masked in blue) from the 1-arc-
min NOAA/NCEI ETOPOI1 dataset (Amante and Eakins 2009; NOA A/NCEI 2020). (b) The
total precipitation (cm) produced by long-duration heavy precipitation sequences during
1979-2019. (c) Asin (b), but expressed as a percent of the total accumulated precipitation for
1979-2019. (d) The percent of daily heavy precipitation occurrences during 1979-2019 that
were part of a long-duration sequence. The dashed black box denotes the Northern California
domain from which long-duration HPEs were selected.

event. A reference time ¢, was defined as 0000 UTC on the
onset day.

b. Flow-based categorization of events

The long-duration HPEs were objectively categorized based
on the large-scale atmospheric conditions under which they
occurred using a method that combines empirical orthogonal
function (EOF) analysis (Wilks 2011, his section 12.1) with
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fuzzy c-means clustering [see Bezdek et al. (1984) for technical
details]. The EOF analysis was performed on the 5-day mean
500-hPa geopotential height anomaly fields over the North
Pacific and western North America (Figs. 3a,b) from ¢, to ¢, +
120 h for the 79 HPEs. The 5-day averaging period was suf-
ficient to distinguish persistent flow features, such as block-
ing, while filtering out more transient features. Clustering was
performed in the phase space (Fig. 3c) defined by the two
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FIG. 3. The (a) first and (b) second EOFs (m; shading) of the 5-day mean 500-hPa geopotential height anomaly
fields associated with the 79 long-duration HPEs overlaid by the mean geopotential height field (contours every
120 m) for all 79 events. (c) Scatterplot of the HPEs in the phase space for the first two EOFs. The projections onto
the EOFs in (c) are normalized by the population standard deviation. Each dot represents an event and is colored
according to cluster membership. Cluster centers are marked by the “®” symbols.

leading EOFs (Figs. 3a,b), which together explain ~49% of
the variance for the 79 events. Each event was represented
by a point in the space, the coordinates of which correspond to
the projection (i.e., dot product) of the anomaly field for the
event onto the EOF patterns. Sensitivity tests (not shown)
revealed that the clustering results are insensitive to inclusion
of additional EOFs. Geopotential height data were obtained
from the ECMWF ERA-Interim reanalysis dataset (ECMWF
2009; Dee et al. 2011) at 6-h intervals on a T255 (~0.7°) grid.
Anomalies were calculated relative to daily means for 1979-2015
that were temporally smoothed by retaining only the first four
harmonics of the annual cycle via a Fourier analysis.

Fuzzy clustering is similar to k-means clustering, commonly
used in meteorology (e.g., Michelangeli et al. 1995), except that
points do not belong to only one cluster but rather are
assigned a coefficient indicating the strength of membership to
each cluster. Cluster centers are calculated as the mean of all
points weighted by this coefficient. As in Keller et al. (2011),
the clustering was performed for an increasing number of

clusters starting at 2, and each solution was tested for stability
by repeating the clustering 100 times, each time with different
randomly placed initial cluster centers. Solutions that re-
mained unchanged after the repetitions were considered sta-
ble. For stable solutions, each point was assigned to the cluster
for which it had the strongest membership. The 2- and 4-cluster
solutions were stable, and both identified distinct flow patterns
(i.e., anomaly correlation coefficients of the composite height
fields between the clusters were less than 0.4). The 4-cluster
solution was deemed optimal because it captures more of the
flow variability for the HPEs.

c. Composite analysis

Composite analyses, temporally centered on ¢,, were con-
structed using the ERA-Interim to investigate the different
HPE clusters. Anomalies were computed relative to the 1979—
2015 daily climatological mean. The statistical significance of
the anomalies was determined by performing a 1000-sample
bootstrap test (Wilks 2011, his section 5.3.5) of the null

TABLE 1. Properties of the four clusters of long-duration HPEs: number of events, flow pattern description, event duration (days), and
the maximum total precipitation accumulation (mm) in the Northern California domain. For duration and precipitation, the median is
indicated by the first number, and the interquartile range is indicated in parentheses.

Cluster No. of events Flow pattern description Duration (d) Total precip. (mm)
1 28 Equatorward-shifted zonal jet 6 (5-8) 293.4 (251.1-363.0)
2 22 Poleward-shifted zonal jet 5 (4-6) 266.8 (221.7-364.7)
3 15 Midlatitude blocking 5 (4-6) 227.9 (175.3-269.6)
4 14 High-latitude blocking 6 (4-8) 336.2 (192.8-505.7)
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FIG. 4. Composite analyses of (a)—(d) the four clusters of long-duration HPEs for the period from ¢, to ¢, + 120 h
showing the time-mean 500-hPa geopotential height (contours every 12 dam) and geopotential height anomalies
(dam; shading). Only statistically significant anomaly values are plotted.

hypothesis that the difference in the mean between the HPEs
and the corresponding climatology is zero, with a significance
level of 0.05 imposed.

Various diagnostics were computed in the composites.
Analyses of potential temperature on the dynamic tropopause
[defined as the 2-PV unit (PVU; 1 PVU =10 °Kkg 'm?s™ ")
surface] provide a PV perspective on the state of the tropopause-
level flow and embedded jet streams. This field, referred to as
0pT, is analogous to PV on a tropopause-intersecting isentropic
surface, and positive and negative 6pr anomalies relative to
some reference state correspond to negative and positive PV
anomalies, respectively (e.g., Morgan and Nielsen-Gammon
1998). Baroclinic instability was measured by the Eady growth
rate maximum [Lindzen and Farrell 1980, their Eq. (28)], cal-
culated for the 850-500-hPa layer following the method of
Wernli et al. (2010, their section 2.2). Water vapor flux is
quantified using the vertically integrated water vapor transport
(IVT) vector, calculated for the 1000-300-hPa layer according to
the method of Neiman et al. (2008). To diagnose synoptic-scale
dynamically forced vertical motions, the Q-vector form of the
quasigeostrophic (QG) w equation [Hoskins et al. 1978, their Eq.
(7)] was solved using a standard successive overrelaxation rou-
tine [Press et al. (2007), their section 20.5.1]. For the solution,
boundary conditions were set to zero, the Coriolis parameter
was set to the value at 45°N, and the static stability was set to a
domain-averaged value.

Occurrences of breaking synoptic-scale Rossby waves,
identified as elongated filamentary upper-level troughs called
PV streamers (e.g., Wernli and Sprenger 2007), and ex-
tratropical cyclones were analyzed to further investigate
the HPEs. Following the method of Wernli and Sprenger
(2007), with minor modifications of Moore et al. (2019),
PV streamers were identified in the ERA-Interim data on
tropopause-intersecting isentropic surfaces (i.e., 310, 320, and
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330K) as coherent regions of high PV (>2 PVU) delimited
by a segment of the 2-PVU contour whose endpoints are
separated by a great-circle distance of <1000 km and by an
along-contour distance of >3000km. Streamers are catego-
rized based on tilt relative to a zonal baseline. Streamers with a
positive tilt (=75°) indicate anticyclonic wave breaking, and
streamers with a negative tilt (=105°) indicate cyclonic wave
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FIG. 5. The number of long-duration HPEs occurring in (a) in
each extended winter season (tick marks indicate the ending year)
and (b) each month. Bars are colored according to the legend in
(b) to indicate the number of events for each cluster.
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F1G. 6. Composite analyses of the (left) 28 HPEs in C1 and (right) 22 HPEs in C2 for the period from ¢, to
t, + 120 h. (a),(b) Time-mean Op (gray contours every 15 K) and fpt anomalies (K; shading). (c),(d) Time-mean
300-hPa zonal wind (gray contours every 10ms ™' starting at 30 ms™~') and 300-hPa zonal wind anomaly (m s~ ';
shading) overlaid by absolute frequency anomalies of PV streamers (contours in increments of 1, dashed for
negative values; cyclonic and anticyclonic wave breaking indicated in black and red, respectively). (e),(f) Absolute
frequency (black contours in increments of 4) and absolute frequency anomalies (shading) of cyclones overlaid by

time-mean 850-500-hPa Eady growth rate anomalies (hatching for values = 0.1 day ~'). Only statistically significant

anomaly values are plotted. The green box denotes the Northern California domain.

breaking. Following Wernli and Schwierz (2006), cyclones
were identified and tracked as regions delimited by a closed sea
level pressure contour surrounding a local sea level pressure
minimum. The streamer and cyclone data were analyzed in the
form of 6-h 1° latitude—longitude binary fields.

Composite maps were constructed for the absolute fre-
quency of PV streamers and cyclones for all 6-h times between
t, and t, + 120 h. The null hypothesis that the frequency is no
different from that due to random chance was tested using a
Monte Carlo approach. Specifically, the frequency map for a
given HPE cluster was compared to a distribution of 1000
randomly generated frequency maps. Each random map was
constructed using N randomly selected 5-day periods, where N
is the sample size of the particular cluster. The start day of each
random period was selected from the same months in which the
HPEs occurred. A frequency value was considered statistically
significant if it resided in the top or bottom 2.5% of the Monte
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Carlo distribution. Frequency anomalies were computed by
subtracting the mean of the Monte Carlo distribution.

3. Analysis of long-duration HPEs in Northern
California

In this section, the results of the EOF analysis/fuzzy clus-
tering and the composite analyses are presented. The com-
posites reveal key characteristics of the HPE clusters and
highlight factors contributing to prolonged heavy precipitation
in Northern California.

a. Overview of the HPE clusters

The leading two EOFs of the 500-hPa geopotential height
anomaly fields for the long-duration HPEs are shown in
Figs. 3a,b. The first EOF exhibits a meridional dipole structure,
with extrema at high and low latitudes, respectively, over the
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FIG. 7. Composite analyses of the (left) 28 HPEs in C1 and (right) 22 HPEs in C2 for the period from ¢, to ¢, +

120h. (a),(b) Time-mean IVT vectors [plotted for magnitudes = 150 kgm™

1
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IVT magnitude anomaly (kg m ™~ 's~!; shading). (c),(d) Time-mean sea level pressure anomalies (black contours every
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statistically significant anomaly values are plotted. The green box denotes the Northern California domain.

North Pacific, while the second EOF exhibits a large region of
variability centered at midlatitudes over the eastern North
Pacific. Four clusters of events, hereinafter referred to as Cl1,
C2, C3, and C4, comprising 28, 22, 15, and 14 events, respec-
tively, were identified (Fig. 3c; Table 1). C1 and C2 correspond
to negative projections onto EOFs 2 and 1, respectively, and
exhibit expansive negative geopotential height anomalies at
middle and high latitudes over the North Pacific, with a
negatively tilted trough positioned off the western coast of
North America (Figs. 4a,b). These patterns are indicative of a
strong zonal jet stream across the eastern North Pacific. The
negative anomalies for C1 are zonally elongated and confined
in the 30°-60°N band (Fig. 4a), whereas those for C2 exhibit a
northwest-southeast tilt and extend to high latitudes (>60°N;
Fig. 4b). C3 and C4, which together contain far fewer events
than C1 and C2 (29 events compared with 50 events), corre-
spond to positive projections onto EOFs 2 and 1, respectively.
Accordingly, these clusters are characterized by a high-
amplitude wave pattern exhibiting a prominent ridge, indica-
tive of blocking, centered over the central North Pacific
(Fig. 4c) and the Bering Sea—Alaska region (Fig. 4d), respec-
tively. An elongated positively tilted trough is positioned near
the North American coast on the eastern flank of the ridge.
The patterns in Fig. 4 bear some resemblance to previously
documented flow patterns over the North Pacific and western North
America. For example, the patterns for C1, C2, C3, and C4 are
somewhat consistent with patterns for zonal extensions, poleward
shifts, zonal retractions, and equatorward shifts, respectively, of the
North Pacific jet (e.g., Winters et al. 2019, their Fig. 5), as well as
different recurrent weather regimes over the Pacific-North America
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region (e.g., Robertson and Ghil 1999, their Fig. 4). The patterns also
resemble patterns found to favor landfalling atmospheric rivers
along the West Coast (Guirguis et al. 2019, their Fig. 2).

Figure 5a depicts substantial interannual variability in the
frequency and cluster membership of the HPEs. Some years
experienced several events, whereas many others experienced
one or zero. Serial occurrence of several events in a season can
culminate in large hydrometeorological impacts, as occurred
during the winters of 1982-83 (Quiroz 1983) and 2016-17 (White
et al. 2019), which had five and three events, respectively.
Figure 5b shows monthly variability for the HPEs. In aggregate,
the events occurred most often in February and least often in
March (Fig. 5b). Additionally, C1, C3, and C4 events occurred
most often in February, whereas the C2 events occurred most
often in December. Investigation of factors accounting for in-
terannual and monthly variability of the HPEs is outside the
scope of the current study and is left for future work.

b. Large-scale characteristics of the HPE clusters

Characteristics of the four HPE clusters are examined
through composite analyses for the period from ¢, to ¢, + 120h
(Figs. 6-9). The pairs of clusters associated with zonal jet (C1
and C2) and blocking (C3 and C4) type patterns are discussed
separately.

1) ZONAL JET PATTERNS

The patterns for C1 (Figs. 6a,c) and C2 (Figs. 6b,d) feature a
negatively tilted upper-level trough, marked by negative Opr
anomalies, off the western coast of North America and an
anomalously strong, zonally extensive upper-level jet across
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FIG. 8. As in Fig. 6, but for the (left) 15 HPEs in C3 and (right) 14 HPEs in C4.

the North Pacific associated with a negative—positive 6pr
anomaly couplet. The anomalous wind speeds in the jet coin-
cide with enhanced lower-/midtropospheric baroclinicity, as
indicated by positive Eady growth rate anomalies (Figs. 6e.f).
The respective jets for C1 and C2 exhibit a zonal (Fig. 6¢) and a
northwest-southeast (Fig. 6d) orientation, with the latter
being positioned at higher latitudes. The jet in each pattern
connotes a corridor for propagation of upper-level Rossby
waves and surface cyclones over the eastern North Pacific.
For both clusters, a storm track, denoted by a region of 5-day
absolute cyclone frequencies of =4, occurs on the poleward
flank of the jet (Figs. 6e.f). A corridor of IVT is positioned
on the equatorward flank of this storm track and is directed
into California (Figs. 7a,b), reflecting moist flow in the warm
sectors of the cyclones. Cyclone frequencies are maximized
and significantly enhanced relative to climatology (Figs. 6e.f)
near the fpr anomaly minimum (Figs. 6a,b) in the poleward jet
exit region (Figs. 6¢,d). The anomalous cyclone frequencies
suggest a tendency for serial clustering of cyclones during the 5-
day period. For both C1 and C2, anomalously high cyclonic
wave breaking frequencies also occur in the poleward jet exit
region (Figs. 6¢,d), reflecting a tendency for upper-level waves
along the jet to undergo a cyclonic wrap-up in conjunction
with cyclogenesis. The cyclonic wave breaking anomalies are
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considerably larger and more expansive for C1 (Fig. 6¢) than
for C2 (Fig. 6d).

The anomalous cyclone frequencies for C1 and C2 are re-
lated to expansive negative sea level pressure anomalies over
the eastern North Pacific and western North America (Figs. 7c,d),
indicating anomalous southwesterly lower-tropospheric geo-
strophic flow directed into the California coast. This flow
is consistent with anomalously strong southwesterly IVT
(Figs. 7a,b), indicative of landfalling atmospheric rivers linked
to the cyclones. The anomalous IVT is stronger and more ex-
tensive for C1 than for C2. For both C1 and C2, upward QG
vertical motion in the 800-500-hPa layer linked to the cyclone
activity occurs in the poleward jet exit region over a broad area
that includes Northern California (Figs. 7c,d).

2) BLOCKING PATTERNS

The patterns for C3 (Fig. 8a) and C4 (Fig. 8b) exhibit an
elongated positively tilted trough positioned near the North
American coast immediately downstream of a prominent
blocking ridge. Analyses of blocking occurrences (not shown)
identified according to the method of Schwierz et al. (2004)
confirm that C3 and C4 events characteristically involve
blocking. In both composites, the trough coincides with
anomalous anticyclonic wave breaking frequencies (Figs. 8c,d),
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and is flanked downstream by an anomalous upper-level jet
and an associated baroclinic zone (Figs. 8e,f). Positive cyclone
frequency anomalies (Figs. 8e,f) are focused in the region of
wave breaking immediately poleward of the jet. For both C3
(Fig. 9c) and C4 (Fig. 9d), QG ascent is forced downstream
of the trough over Northern California. The cyclone activity
is manifested by negative sea level pressure anomalies
(Figs. 9¢,d) and anomalous southwesterly IVT directed into
California (Figs. 9a,b). The cyclone frequency anomalies,
sea level pressure anomalies, and IVT anomalies are more
spatially extensive for C4 than for C3 (Figs. 8e.f, 9a—d).
Moreover, the IVT is considerably stronger for C4.

The pattern for C4 (Figs. 8b,d), in contrast to that for C3
(Figs. 8a,c), exhibits a higher-latitude, omega-shaped blocking
configuration with an anomalous upper-level jet and an asso-
ciated zonal band of negative §pr anomalies stretching across
the central and eastern North Pacific equatorward of the ridge
(~30°-40°N). On the poleward flank of this jet, an elongated
region of anomalous cyclonic wave breaking frequencies
stretches from the upstream flank of the block toward the re-
gion of anticyclonic wave breaking near the British Columbia
coast (Fig. 8d). This composite pattern is suggestive of phasing
and interaction of cyclonically breaking waves (i.e., negatively
tilted PV streamers) stretching across the midlatitude North
Pacific from the upstream flank of the block with anticycloni-
cally breaking waves (i.e., positively tilted PV streamers) on
the downstream flank of the block, as documented by Moore
et al. (2020). This situation favors an elongated storm track
(Fig. 8f) and IVT corridor (Fig. 9b) stretching across the North
Pacific into the British Columbia/northwestern U.S. coast.

c. Conditions over Northern California

For all four clusters, synoptic-scale ingredients for heavy
precipitation, namely QG ascent and anomalous IVT, occur
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over Northern California. Figure 10 demonstrates that, in the
presence of these ingredients, the largest precipitation totals
are focused over mountainous regions, especially the Coast
Ranges and the Sierra Nevada (see Fig. 2a). These precipita-
tion patterns are indicative of orographic forcing as the
southwesterly IVT (Table 2; Figs. 7a,b, 9a,b) impinges on the
terrain. The events in all clusters are characterized by extended
periods of heavy precipitation (median duration of 5-6 days;
Table 1). In general, C1 and C4 are characterized by longer
event durations and higher precipitation totals than C2 and C3
(Table 1; Fig. 10). Additionally, C1 and C4 tend to involve
larger column-integrated water vapor and IVT in the vicinity of
Northern California than C2 and C3 (Table 2). The higher
precipitation and more moist conditions for C1 and C4 than for
C2 and C3 are consistent with the stronger, more elongated
IVT corridors directed into California in the C1 and C4 com-
posites (Figs. 7a,b, 9a,b). The blocking clusters (C3 and C4)
tend to be associated with stronger QG ascent over the
Northern California domain than the zonal jet clusters (C1 and
C2; Table 2).

d. Persistence of the flow patterns

Composite Hovmoller diagrams in Fig. 11 summarize the
evolution of the flow for the long-duration HPEs. An im-
portant caveat here is that the compositing only captures
portions of wave signals that are in-phase for the constituent
events and thus precludes realistic depiction of individual
synoptic-scale waves. Diagrams of 500-hPa geopotential height
anomalies (Figs. 11a—d) highlight the general coherence and
persistence of the large-scale patterns for the four clusters.
In each pattern, negative anomalies are maintained over
the eastern North Pacific in the vicinity of the U.S. coast
during the ~4-8 days following 7, (Figs. 11a—d). For C3
(Fig. 11c), these negative anomalies occur immediately
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i | N 7 the HPEs. The median count of discrete cyclones overlapping a
box near the coast (35°-50°N, 124°~130°W) between 7, — 24h
and ¢, + 144 h is four for C1, C2, and C4, and three for C3,
respectively (Table 2). Based on Monte Carlo tests (see
section 2c), these 7-day counts are significantly greater than the
count expected due to random chance and therefore suggest a
300 tendency for cyclone clustering.
075 e. Analog-based analysis
250 The flow patterns that have been examined thus far could
have practical utility for detecting Northern California HPEs
225 . . . .
in numerical weather model forecasts or general circulation
200 model simulations, particularly those that poorly represent
; . precipitation. For such applications, it is necessary to deter-
11w 120W 1w 175 mine: 1) whether the occurrence of a pattern resembling an
cluster 3 (d) cluster 4 150  HPE composite pattern is statistically associated with an ele-
‘ ] o 105  vated likelihood of an HPE, and 2) what factors distinguish
patterns that result in long-duration HPEs from patterns that
; 100 do not. To address these issues, analogs for each HPE cluster
45N"’}'" 45N 75  were identified based on an analog index, calculated by pro-
jecting the mean 500-hPa geopotential height anomaly field for
50 cach day during November—-March 1979-2019 onto the corre-
; : 25  sponding composite field (Fig. 4). For each cluster, analogs
4°N"§' 4°N’?" were selected as days with an index value in the top 5% (top
‘ ‘ mm 308 days) of all index values for the cluster.
The departure of the probability of heavy precipitation for a
j ‘ given set of analog days from the random or climatological
35N 35N~ o .
probability was assessed using the Monte Carlo approach
described in section 2c. For the four patterns, ratios of the

115w
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F1G. 10. The median total precipitation (mm) associated with the
HPE:s in (a)-(d) C1-C4.

downstream of a quasi-stationary ridge (axis at ~170°W).
For C4 (Fig. 11d), the negative anomalies occur equator-
ward of a long-lived high-latitude ridge that appears to
propagate slowly westward.

The persistent negative height anomalies near the U.S.
coast in each composite generally coincide with positive IVT
anomalies near the U.S. coast (Figs. 11a-d). The persistence
of the height and IVT anomalies is consistent with serial

probability for the analogs to the random probability are
well in excess of unity and statistically significant over
California as well as many other parts of the western United
States (Figs. 12a—d). Ratios computed for heavy precipita-
tion occurring as part of a long-duration (=3 days) sequence
yield generally similar results but substantially higher values
(Figs. 12e-h). Overall, these results demonstrate statisti-
cally significant increases in the likelihood of HPEs, espe-
cially those with a long duration, when an analog pattern
occurs. The ratios exceeding unity for the C1 (Figs. 12a,e) and
C2 (Figs. 12b,f) analogs cover large portions of California and
the northwestern United States, whereas those for the C3
(Figs. 12c,g) and C4 (Figs. 12d,h) analogs are generally con-
fined to California. For C3, the >1 ratios of long-duration

TABLE 2. Atmospheric conditions for the four clusters of long-duration HPEs: the area-averaged time-mean 800-500-hPa layer-
averaged QG vertical motion (10> Pas™'; multiplied by —1 so that positive values indicate ascent) in the Northern California domain
from, + Ohtot, + 120 h; the area-averaged time-mean IVT magnitude (kg m~!s™ 1), IVT direction (meteorological definition; degrees),
and column-integrated water vapor (mm) in a box off the California coast (32°-42°N, 124°~130°W) from #, + Oh to 7, + 120 h; and the
number of discrete cyclones that overlapped a larger box off the coast (35°-50°N, 124°~130°W) between ¢, — 24 h and ¢, + 144 h. The

median is indicated by the first number, and the interquartile range is indicated in parentheses.

QG vertical motion IVT magnitude Integrated water Number of discrete
Cluster (1073Pas™}) (kgm ts7h IVT direction (°) vapor (mm) cyclones
1 27.5 (12.0-43.8) 344.8 (317.9-426.6)  238.4 (227.4-253.3) 212 (19.8-23.1) 4 (2-4)
2 15.9 (0.6-27.6) 288.8 (262.6-335.2)  250.4 (240.1-255.5) 18.9 (16.9-20.3) 4 (2-5)
3 479 (35.5-65.7) 228.0 (189.9-246.0)  237.4 (227.6-245.7) 157 (13.0-172) 3 (3-5)
4 40.7 (27.4-47.5) 343.1 (269.5-416.2)  239.8 (232.0-246.1) 19.9 (18.2-23.0) 4 (3-5)
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FIG. 11. Composite Hovmoller diagrams from ¢, — 8 days to ¢, + 7 days for the HPEs in (a)-(d) C1-C4 showing
500-hPa geopotential height anomalies (dam; shading; stippling denotes statistically significant values) averaged in
the (a),(b) 30°-50°N, (c) 35°-55°N, and (d) 20°~40°N bands overlaid by IVT magnitude anomalies (green contours
every 40kgm ™ 's™ ! starting at 40 kgm ' s~ !; only statistically significant values plotted) averaged in the 25°-45°N
band. In (d), geopotential height anomalies averaged in the 45°-65°N band are contoured in red (6- and —6-dam

contours only) to represent the high-latitude blocking pattern. The vertical dashed line marks the western boundary

of the Northern California domain.

sequences are mostly concentrated in southern rather than
Northern California. This result could reflect occurrences of
meridionally elongated troughs off the U.S. coast that may be
especially conducive to HPEs in southern California.

For each pattern type, a sample of analogs for which a long-
duration HPE occurred at any grid point in the Northern
California domain was compared in a composite framework
with a sample of null analogs for which a long-duration HPE
did not occur at any point in the domain nor within 4° latitude
of the domain bounds. Analogs that occurred on consecutive
days were considered to comprise the same analog case. Final
samples of 41, 37, 28, and 25 HPE cases and 26, 29, 34, and 37
null cases were identified for C1, C2, C3, and C4, respectively.
In the composites, ¢4 refers to 0000 UTC on the first day of the
cases. The null hypothesis that the difference in the mean
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between the HPE and null samples is zero was tested via a
1000-sample bootstrap test, with a significance level of 0.05.
For geopotential height and IVT, the climatological mean was
removed prior to computing differences. Significant HPE-
minus-null case differences are displayed in Fig. 13.

For C1 (Fig. 13a) and C2 (Fig. 13c), the negative 500-hPa
geopotential height anomalies over the eastern North Pacific in
the HPE composite are larger and shifted to the east compared
with those in the null composite, indicating a stronger and
more zonally elongated jet stream extending into the U.S.
coast. Accordingly, for both C1 (Fig. 13b) and C2 (Fig. 13d) the
corridor of cyclone activity for the HPE cases is shifted to the
east of that for the null cases such that cyclone frequencies are
significantly higher off the British Columbia/southern Alaska
coast for the HPE cases. Consistent with these differences, the
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HPE cases exhibit significantly stronger IVT directed into
California compared with the null cases (Figs. 13b,d).

For C3 (Fig. 13e) and C4 (Fig. 13g), phase differences are
evident in the geopotential height anomaly patterns over
the eastern North Pacific and western North America be-
tween the HPE cases and null cases. In the HPE composite,
large negative anomalies (i.e., a trough) on the eastern flank
of the blocking ridge are positioned off the U.S. coast,
whereas in the null composite the negative anomalies are
positioned farther downstream over western and central
North America. These phase differences reflect differ-
ences in the location of the anticyclonic wave breaking
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(not shown) downstream of the blocking ridge. The nega-
tive height anomalies in vicinity of the U.S. coast for the C3
(Fig. 13f) and C4 (Fig. 13h) HPE cases support significantly
higher cyclone frequencies over the eastern North Pacific
and, thereby, stronger IVT into California compared with
the corresponding null cases.

4. Case studies

Case studies are presented here to provide representative
depictions of the different dynamical scenarios embodied
in the composite analyses. For brevity, only two events
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FI1G. 13. Comparison of the HPE and null analog cases for (a),(b) C1; (c),(d) C2; (e),(f) C3; and (g),(h) C4 for the
period from t4 — 24h to t4 + 144 h. (left) Differences in the mean 500-hPa geopotential height (dam; shading)
between HPE and null cases overlaid by the mean 500-hPa geopotential height anomalies (—12-, —6-, 6-, and 12-
dam contours, dashed for negative values) for the null (red) and HPE (black) cases. (right) Differences in the mean
absolute cyclone frequencies (shading) and the mean IVT magnitude (dark green contours every S0kgm ‘s %,
dashed for negative values) between the HPE and null cases overlaid by the mean absolute cyclone frequency

(6-unit contour) for the null (red) and HPE (black) cases. Only statistically significant differences are plotted.

The black box denotes the Northern California domain.

are examined: a C1 event during 4-15 January 1995 (Figs. 14
and 15) and a C4 event during 12-20 February 1986 (Figs. 16
and 17). These events produced the highest precipitation
totals among the C1 and C4 events.

a. CI case: January 1995

The C1 event, spanning 4-15 January 1995, produced
widespread large precipitation totals (e.g., >200mm) over
Washington, Oregon, and California (Fig. 14a). The largest
totals (e.g., >400 mm; local maxima > 800 mm) occurred in
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Northern California, primarily over mountainous regions, and
caused high-impact flooding (USGS 1995).

The time-mean large-scale pattern for the event (Fig. 14b)
featured a mostly zonal upper-level jet stream across the North
Pacific, as evidenced by a band of large 6t gradients between
30° and 40°N. A negatively tilted trough was positioned south
of Alaska, signifying recurrent cyclonic Rossby wave breaking
episodes throughout the event. A meridional negative—positive
Opt anomaly couplet was established in association with
the trough, implying an anomalous gradient and enhanced
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FIG. 14. Conditions during the Jan 1995 C1 event. (a) Accumulated precipitation (mm), and (b) time-mean 6pt
(black contours every 10K) and 6pt anomalies (K; shading) for 4-15 Jan 1995. The black box in (a) denotes the
Northern California domain. Hovméller diagrams of (c) 300-hPa meridional wind anomalies (m s~ !; shading)
averaged in the 30°-50°N band and (d) the maximum I'VT magnitude (kg m ' s~ '; shading) in the 25°~45°N band,
and (e) a time series of area-averaged daily precipitation in the Northern California domain for 30 Dec 1994-18
Jan 1995. Blue arrows in (c) indicate the approximate group velocity of subjectively identified Rossby wave
packets discussed in the text. Green arrows in (d) denote IVT maxima linked to the landfalling cyclones dis-
cussed in the text. The vertical dashed line in (c) and (d) marks the western boundary of the Northern California
domain.

westerly flow in the jet near the U.S. coast. The zonal jet
was conducive to propagation of successive Rossby waves
across the eastern North Pacific toward North America
(Fig. 14c¢).

During the event, precipitation (Fig. 14e) was sustained by
repeated periods of strong water vapor flux (Fig. 14d) linked
to a series of five cyclones, labeled L1-LS5 in Figs. 15a-h
for 5-12 January 1995. The cyclones developed in con-
junction with successive upper-level troughs propagating
across the central and eastern North Pacific (Figs. 15a-h)
in association with Rossby wave packets (Fig. 14c). As the
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cyclones successively developed and approached the
coast, the associated troughs underwent cyclonic wave
breaking, manifested by cyclonic overturning of the 67 field
(Figs. 15a-h).

Following the landfall of the initial cyclone on 5 January 1995
(Fig. 15a), the latter four cyclones moved across the eastern North
Pacific into the U.S. coast in rapid succession during 6-12 January
(Figs. 15b—g). Upon reaching the coast, each of the four cyclones
slowed and followed an increasingly poleward track in conjunc-
tion with the cyclonic wave breaking aloft (Figs. 15b—g). The
spatiotemporal clustering of these cyclones between 7 and
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are labeled L1-L5.

15 January 1995 served to establish and maintain a larger-scale
cyclonic circulation over the eastern North Pacific (Figs. 15¢c-h).
The atmospheric rivers corresponding to the four cyclones,
identifiable as IVT maxima, successively extended through
the same corridor on the southern and eastern flank of this
circulation (Figs. 15c-h), thereby maintaining nearly con-
tinuous water vapor flux into Northern California during
7-15 January (Fig. 14d).

b. C4 case: February 1986

The C4 event, spanning 12-20 February 1986, produced a
generally similar precipitation distribution to the January 1995
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event, though precipitation totals were larger along the Sierra
Nevada mountains (Fig. 16a). This precipitation resulted in high-
impact flooding throughout Northern California (NOAA/NWS/
CNRFC 1986). The event involved a high-amplitude flow
pattern (Fig. 16b) that closely resembles the C4 composite
pattern (Fig. 8b). An expansive blocking ridge was cen-
tered over the Bering Sea and was flanked upstream and
downstream by tilted troughs, signifying cyclonic and an-
ticyclonic wave breaking, respectively. Additionally, a
band of enhanced 6pt gradients, connoting a jet stream,
stretched across the North Pacific equatorward of the ridge.
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FIG. 16. As in Fig. 14, but for the Feb 1986 C4 event. Plots are shown for (a),(b) 12-20 Feb and (c)—(e) 8-24
Feb 1986.

The precipitation during the event (Fig. 16e) was sustained
by repeated periods of strong water vapor flux (Fig. 16d) linked
to a series of three cyclones, labeled L1-L.3 in Figs. 17a-h for
12-19 February 1986. The cyclones developed in connection
with successive negatively tilted upper-level troughs or PV
streamers that stretched across the central and eastern North
Pacific equatorward of the blocking ridge (Figs. 17a-h), as re-
flected by discrete eastward-moving meridional wind anoma-
lies in Fig. 16¢c. These troughs formed through repeated
cyclonic wave breaking on the upstream flank of the blocking
ridge. The latter two troughs approached the U.S. coast on 14—
16 February and 17-20 February, respectively (Figs. 17c-h), in
association with two successive Rossby wave packets (Fig. 16¢)
along the jet equatorward of the block.

The first of the three cyclones followed a northwestward
track over the eastern North Pacific between 12 and
13 February 1986 in conjunction with cyclonic wave breaking
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aloft (Figs. 17a,b). The associated atmospheric river made
landfall on 13 February in association with a surface frontal
trough extending southeast from the cyclone center (Fig. 17b).
The latter two cyclones and their accompanying atmospheric
rivers impacted California during 14-16 February and 17-
20 February, respectively (Figs. 17c-h). The three atmospheric
river-related surface disturbances each followed a similar path
into the northwestern U.S. coast along a baroclinic zone
(not shown) maintained through anticyclonic wave breaking
downstream of the ridge (Figs. 17b-h). Consequently, the at-
mospheric rivers successively impacted Northern California
(Figs. 16d, 17b-h).

5. Summary and conclusions

In this study, we constructed a climatology of long-duration
HPEs, defined as quasi-continuous periods of heavy precipitation
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FIG. 17. As in Fig. 15, but for 12-19 Feb 1986 (C4 event). The sea level pressure minima for the three cyclones
associated with precipitation in the Northern California domain are labeled L1-L3.

(daily precipitation exceeding the climatological 95th percentile)
lasting for =3 days, over the United States for 1979-2019. In
addition, we investigated flow patterns and dynamical pro-
cesses associated with events over the West Coast, particularly
Northern California, a region that is particularly susceptible to
long-duration HPEs. Investigation of events in other regions is
left for future work.

An objective flow-based categorization method involving
EOF analysis and fuzzy clustering was applied to the 500-hPa
geopotential height anomaly fields over the North Pacific and
western North America for the selected events in order to
identify principal patterns associated with long-duration
HPEs. Four different event clusters (i.e., C1, C2, C3, and C4)
were identified and examined through composite analyses as
well as case studies of events in February 1986 and January
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1995. The composites reveal four distinct large-scale flow
patterns, schematically summarized in Fig. 18. The patterns all
tend to be persistent, remaining in place for several days, and
are characterized by quasi-stationary circulation anomalies
that serve to maintain conditions for heavy precipitation in
Northern California. For each cluster, an anomalous upper-
level trough occurs in connection with Rossby wave breaking
near the western coast of North America. The trough is asso-
ciated with anomalous baroclinicity, anomalous extratropical
cyclone frequencies, and QG ascent in the vicinity of Northern
California. The cyclone activity is linked to persistent strong
water vapor flux directed into Northern California, reflecting
occurrences of landfalling atmospheric rivers that favors
sustained orographic forcing of precipitation. The nexus of
Rossby wave breaking and landfalling atmospheric rivers
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show the pt anomaly pattern (shading), the configuration of the upper-level jet stream (thick dark arrow), the
corridor of anomalous IVT associated with atmospheric rivers (thin yellow arrow), the 310-K 6prisentrope (dashed
red), and the region of anomalously high cyclone frequencies where cyclone clustering is favored (hatching).

along the West Coast revealed by the composites is consistent
with findings of several prior studies (e.g., Ryoo et al. 2013;
Mundhenk et al. 2016).

The results of the composite analyses and case studies
indicate a tendency for serial clustering of synoptic-scale
Rossby waves and extratropical cyclones near the U.S. coast
during the HPEs. This clustering supports repeated periods
of water vapor flux and forcing for ascent over Northern
California and, thereby, constitutes an essential process for the
prolongation of the heavy precipitation, as highlighted in prior
case studies (e.g., Grams et al. 2014; Priestley et al. 2017a; Moore
etal. 2020). The large-scale patterns embodied in the composites
for the four HPE clusters appear to modulate the occurrence of
higher-frequency synoptic-scale disturbances over the eastern
North Pacific. The persistence of these patterns for several days
fosters serial clustering of the disturbances.

The flow patterns identified for the four HPE clusters logi-
cally divide into two general types: one characterized by a
strong, elongated zonal upper-level jet stream over the North
Pacific (C1 and C2), and another by a high-amplitude wave
pattern featuring blocking over either the central North Pacific
(C3) or the Bering Sea—Alaska region (C4). The zonal jet-type
HPEs occur much more frequently than the blocking-type
HPEs. The two zonal jet patterns are primarily differentiated
by the latitude and orientation of the jet stream; similarly,
the two blocking patterns are primarily differentiated by the
location and structure of the blocking ridge. In the zonal jet
patterns (Figs. 18a,b), an anomalously strong jet extends across
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the eastern North Pacific to the West Coast and corresponds
to a persistent elongated waveguide and baroclinic zone. As
illustrated in the January 1995 case study, synoptic-scale waves
propagating along the jet induce cyclone development and
undergo cyclonic wave breaking in the poleward jet exit region
near the West Coast. Precipitation is sustained in Northern
California by successive landfalling cyclones and atmospheric
rivers linked to these waves. Similar patterns over the North
Atlantic exhibiting a persistent zonally extended jet stream
have been found to support cyclone clustering over western
Europe (e.g., Pinto et al. 2014; Priestley et al. 2017b)

In the blocking patterns (Figs. 18c,d), anticyclonic wave
breaking occurs on the downstream flank of a stationary
blocking ridge, resulting in the formation of upper-level
troughs and establishing and maintaining baroclinicity near
the coast of North America. This configuration promotes re-
peated development and landfall of cyclones and atmospheric
rivers along the U.S. coast. For the HPEs involving blocking
over the Bering Sea—Alaska region (C4; Fig. 18d), as illustrated
in the February 1986 case study, landfalling cyclones tend
to propagate across the eastern North Pacific equatorward
of the block into the region of anticyclonic wave breaking
in conjunction with successive cyclonically breaking waves
(i.e., negatively tilted PV streamers) extending from the up-
stream flank of the block. This blocking scenario closely re-
sembles scenarios previously found to favor landfalling
atmospheric rivers (e.g., Benedict et al. 2019) and HPEs (e.g.,
Carrera et al. 2004; Moore et al. 2020) along the West Coast.
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The results of this study have elucidated key aspects of long-
duration HPEs in Northern California; however, some aspects
were not directly addressed and are left for future work. For
instance, processes governing the formation and persistence of
the large-scale patterns associated with the HPEs were not
explicitly investigated. It is conceivable that eddy feedbacks
(e.g., Shutts 1983; Riviere and Orlanski 2007) and Rossby wave
forcing by tropical convection (e.g., Sardeshmukh and Hoskins
1988) play important roles in this respect. In addition, dynamical
mechanisms that may contribute to cyclone clustering during the
events were not diagnosed in detail. While successive upper-level
Rossby waves appear to play a key role in the clustering, it is likely
that secondary cyclogenesis driven by frontal instabilities and
other mechanisms is also important in some cases.

The utility of the four HPE-related patterns for detecting
HPEs in Northern California was explored through analy-
sis of sets of close analogs for the patterns. For each pat-
tern type, the likelihood of HPEs, especially those with a
long duration, is significantly increased relative to random
chance over Northern California and other parts of the West
Coast region when an analog occurs. Additionally, com-
posite analyses revealed key factors distinguishing analogs
that result in a long-duration HPE from ‘‘ordinary’’ or null
analogs that do not. Despite featuring similar large-scale con-
ditions, the HPE and null analog cases exhibit critical differ-
ences in the structure and position of key flow features over the
eastern North Pacific such that significantly higher cyclone
frequencies and stronger IVT occur along the West Coast in
the HPE cases.

The results of the analog-based analysis could provide a basis
for applications in climate research and weather forecasting. For
instance, the HPE-related patterns could be applicable for
detecting HPESs in coarse-resolution general circulation model
simulations, which tend to poorly represent precipitation in re-
gions of complex terrain. Additionally, identification of the
patterns in numerical model forecasts could provide increased
situational awareness regarding the potential for heavy precip-
itation along the West Coast. This increased awareness is par-
ticularly relevant for late medium-range lead times (e.g., >10
days), at which models have limited skill in predicting precipi-
tation over the West Coast (Pan et al. 2019), but may have
some skill in predicting persistent large-scale flow patterns
(e.g., Ferranti et al. 2018). Future research using model reforecasts
could evaluate forecast skill for the HPE-related flow patterns and
determine implications for precipitation forecasting.
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