1 MARCH 2022 FISH ET AL. 1515

Large-Scale Environments of Successive Atmospheric River Events Leading to
Compound Precipitation Extremes in California?

MEREDITH A. FIsH,*® JAMES M. DONE, DANIEL L. SWAIN,%“® ANNA M. WILSON,! ALLISON C. MICHAELIS,?
PETER B. GIBSON,"" AND F. MARTIN RALPH'

& Department of Earth and Planetary Sciences, Rutgers, The State University of New Jersey, Piscataway, New Jersey
° Rutgers Institute of Earth, Ocean, and Atmospheric Sciences, Rutgers, The State University of New Jersey, New Brunswick, New Jersey
€ Capacity Center for Climate and Weather Extremes, National Center for Atmospheric Research, Boulder, Colorado
d Institute of the Environment and Sustainability, University of California, Los Angeles, Los Angeles, California
¢ The Nature Conservancy of California, San Francisco, California
t Center for Western Weather and Water Extremes, Scripps Institution of Oceanography, University of California,
San Diego, La Jolla, California
& Department of Geographic and Atmospheric Sciences, Northern Illinois University, DeKalb, Illinois
Y National Institute of Water and Atmospheric Research, Wellington, New Zealand

(Manuscript received 14 March 2021, in final form 11 November 2021)

ABSTRACT: Successive atmospheric river (AR) events—known as AR families—can result in prolonged and elevated
hydrological impacts relative to single ARs due to the lack of recovery time between periods of precipitation. Despite the out-
sized societal impacts that often stem from AR families, the large-scale environments and mechanisms associated with these
compound events remain poorly understood. In this work, a new reanalysis-based 39-yr catalog of 248 AR family events affect-
ing California between 1981 and 2019 is introduced. Nearly all (94%) of the interannual variability in AR frequency is driven by
AR family versus single events. Using k-means clustering on the 500-hPa geopotential height field, six distinct clusters of large-
scale patterns associated with AR families are identified. Two clusters are of particular interest due to their strong relationship
with phases of El Nifio-Southern Oscillation (ENSO). One of these clusters is characterized by a strong ridge in the Bering Sea
and Rossby wave propagation, most frequently occurs during La Nifia and neutral ENSO years, and is associated with the high-
est cluster-average precipitation across California. The other cluster, characterized by a zonal elongation of lower geopotential
heights across the Pacific basin and an extended North Pacific jet, most frequently occurs during El Nifio years and is associated
with lower cluster-average precipitation across California but with a longer duration. In contrast, single AR events do not show
obvious clustering of spatial patterns. This difference suggests that the potential predictability of AR families may be enhanced
relative to single AR events, especially on subseasonal to seasonal time scales.
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1. Introduction of a formal framework for characterizing compound events,
especially in the context of risk assessments (Palmer and
Raisdnen 2002; Leonard et al. 2014; Zscheischler et al. 2018).
Fewer studies have directly addressed the causes and impacts
of “same type” successive compound events, yet numerous
case studies of meteorological temporal clustering exist (e.g.,
Martius et al. 2013; Grams et al. 2014; Barton et al. 2016). In
2017, Northern California experienced a record wet water
year, which featured a large number of successive extreme
precipitation events. These storm sequences yielded very
large cumulative rainfall accumulation for many locations
in Northern California (White et al. 2019; Moore et al.
2020) and did not allow time for watershed recovery
between storms, thus contributing to the crisis at Oroville
Dam in February 2017, during which excessive runoff dam-
aged both the main and emergency spillways and prompted
the evacuation of 188000 people (Huang et al. 2018; White
& Supplemental information related to this paper is available at €t al. 2019; Henn et al. 2020).

the Journals Online website: https://doi.org/10.1175/JCLI-D-21- Cyclone families, defined as a temporally clustered series
0168.s1. of extratropical cyclones and first identified by Bjerknes and

Solberg (1922), arise via the development of multiple succes-

Corresponding author: Meredith A. Fish, meredithfishl@gmail. ~ Sive cyclones along the polar front and have long been studied
com in the meteorological community. Identification and analysis

Compound weather events—variously defined as multivari-
ate extremes, combinations of two or more extreme events
occurring simultaneously or successively, or the combina-
tion of nonextreme events that lead to an extreme impact
(Seneviratne et al. 2012; Zscheischler et al. 2020)—often
bring greatly elevated societal impacts relative to single
extreme weather events. Early studies on compound events
focused on a broad range of physical event types, including
the co-occurrence of storm surge and precipitation (Wahl
et al. 2015; van den Hurk et al. 2015), precipitation and
wind extremes (Martius et al. 2016), and heat and precipita-
tion extremes (AghaKouchak et al. 2014; Kirono et al.
2017; Zscheischler and Seneviratne 2017; Sedlmeier et al.
2018). These studies collectively highlight the importance
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of cyclone families affecting western Europe has shown that
while these events occur under a variety of synoptic regimes,
they occur more frequently during specific periods than would
be expected through random chance (Mailier et al. 2006;
Pinto et al. 2014). This suggests that certain atmospheric con-
ditions and dynamical mechanisms must favor clustered
cyclone development (Mailier et al. 2006; Pinto et al. 2014).
For example, cyclone families impacting the United Kingdom
often occur during persistent, zonal, and extended North
Atlantic jet conditions with the presence of Rossby wave
breaking on either side constraining the jet’s latitudinal move-
ment (Pinto et al. 2014; Priestley et al. 2017, 2020). Secondary
cyclones—also known as cyclone families—often form follow-
ing periods of enhanced Rossby wave breaking, which leads to
an increase in upper-level jet speed and a decrease in low-level
stability, creating an environment suitable for cyclone develop-
ment in the same vicinity as the primary cyclone (Priestley
et al. 2020). Additionally, deformation and shear (e.g., Cha-
boureau and Thorpe 1999), latent heating (e.g., Reed et al.
1993; Schemm and Sprenger 2015), and low-level forcing (e.g.,
Dacre and Gray 2006) associated with primary cyclones are
critical to the development of secondary cyclones across the
Atlantic Ocean basin. However, much less attention has been
given to cyclone clustering in the North Pacific, and the physi-
cal processes that lead to cyclone families in the region remain
largely unexplored (Mailier et al. 2006; Blender et al. 2015;
Dacre and Pinto 2020).

Recently, this meteorological “event family” framework
has been applied to atmospheric rivers (ARs) affecting North-
ern California (Fish et al. 2019). ARs are long, narrow, and
transient corridors of horizontal water vapor transport that
form along a low-level jet (often, but not always, ahead of a
cold front) and are typically, but not exclusively, associated
with extratropical cyclones (Zhu and Newell 1998; Ralph et al.
2004, 2005; Guan and Waliser 2017; Ralph et al. 2017).
Indeed, in the North Pacific, 45% of extratropical cyclones
are associated with ARs, yet 82% of ARs are associated with
cyclones (Zhang et al. 2019). The relationship between these
two phenomena can be synergistic: cyclones tend to enhance
the magnitude of water vapor transport in ARs, and the mois-
ture and subsequent precipitation provided by ARs can
strengthen cyclones through latent heating (Zhang et al.
2019). While a direct study linking cyclone clustering and AR
clustering has not been completed, the greater-than-random
co-occurrence between ARs and cyclones allows us to infer
the relevance of cyclone families to this study.

Using in situ observations of AR conditions from the
Bodega Bay Atmospheric River Observatory in Northern
California, Fish et al. (2019) concluded that, similar to cyclone
families, ARs that occur within 120 h of another AR exhibit
large-scale characteristics distinct from those associated with
single AR events. In that study, the use of a single point
observational dataset constrained the identification and analy-
sis to a 13-yr dataset from 2005 to 2017, restricting the ability
of a long-term trend analysis or investigation of the relation
to important teleconnections in the region, such as FEl
Nifio-Southern Oscillation (ENSO) or the Madden-Julian
oscillation (MJO). Both ENSO and MJO teleconnections
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have been shown to influence Pacific AR activity and U.S.
West Coast precipitation through modifications to midlatitude
Rossby wave patterns over the Pacific basin (e.g., Horel and
Wallace 1981; Alexander et al. 2002; Waliser et al. 2003; Guan
et al. 2012; Gibson et al. 2020). The dynamical mechanism for
the warm phase ENSO-associated precipitation teleconnec-
tion is the poleward propagation of a Rossby wave train into
the midlatitudes, initially triggered by enhanced deep convec-
tive activity over the longitude-shifted region of warm tropical
SST (Horel and Wallace 1981; Trenberth et al. 1998; Alexander
et al. 2002 and references therein; McPhaden et al. 2006). This
warm-phase teleconnection supports a seasonally strengthened
Gulf of Alaska/western U.S. trough, which in turn can lead to
increased extratropical cyclone and AR activity, while the
likelihood of a ridge over the western United States increases
during the cold phase (e.g., Gibson et al. 2020). Multiple stud-
ies have demonstrated that AR frequency changes throughout
the North Pacific basin during ENSO. During the warm
phase, the subtropical jet enhancement and cyclonic Rossby
wave breaking displaces the AR landfalls south. Conversely,
during the cold phase, the subtropical jet retraction and anti-
cyclonic Rossby wave breaking displaces the AR landfalls
north (Bao et al. 2006; Ryoo et al. 2013; Mundhenk et al.
2016).

In addition to ENSO, MJO, which is characterized by the
eastward propagation of tropical convection on 30-60-day
time scales, strongly influences North American precipitation
patterns via the development of a quasi-stationary Rossby
wave in the midlatitudes (Waliser et al. 2003; Moon et al.
2011; Zhou et al. 2012; Guan et al. 2012; Zhang 2013; Arcodia
et al. 2020). Mundhenk et al. (2016) found increased AR fre-
quency throughout the central and eastern Pacific during
MIJO phases 7 and 8, while Guan et al. (2012) identified signif-
icant relationships between high-impact AR events and active
(amplitude = 1) MJO phase 6. Increased California precipita-
tion and landfalling ARs have previously been linked to
phases 6-8 of the MJO (Guan et al. 2012; Bui 2020), with pos-
sible future expansion into phase 5 due to climate change
(Zhou et al. 2020). The MJO-AR relationship is further mod-
ified by the quasi-biennial oscillation, an interannual oscilla-
tion in the tropical stratosphere (Mundhenk et al. 2018).
Additional teleconnections, such as the Pacific-North American
pattern (Guan and Waliser 2015; Brands et al. 2017) and the
Pacific decadal oscillation (Liu et al. 2016), have been shown to
increase AR activity throughout Alaska and British Columbia
and along the U.S. West Coast, respectively.

In the present study, we use reanalysis data to create a
novel 39-yr dataset of AR families affecting California, and
subsequently evaluate the large-scale conditions linked to
these successive events and their relationship to precipitation
along the U.S. West Coast. We seek 1) to understand the
characteristics of AR families and their causative processes,
2) to examine relationships between AR families and modes
of climate variability, and 3) to quantify the precipitation
accumulation associated with AR families. In the sections
that follow, we describe the interannual variability of AR
families using the new AR family catalog, discuss the persis-
tence of each identified cluster, and investigate the physical
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mechanisms of two clusters that exemplify two dynamical
regimes. To address subseasonal predictability, a brief analy-
sis linking ENSO and the MJO to AR families is presented.
Both ENSO and the MJO act to modulate midlatitude vari-
ability, including that related to AR landfalls, through geo-
graphically remote teleconnections to the tropics. While
ENSO is an interannual mode of variability and the MJO
varies on subseasonal time scales, both the MJO and ENSO
have the potential to increase the predictability of extratropi-
cal North Pacific flow regimes on subseasonal time scales.

2. Methods
a. Atmospheric reanalysis data

Following Fish et al. (2019), the Modern-Era Retrospective
Analysis for Research and Applications, version 2 (MERRA-2)
dataset (Gelaro et al. 2017) is used to create a daily climatology
of several relevant atmospheric variables at 3-h resolution. We
use MERRA-2 primarily due to its high spatial resolution,
0.625° X 0.5° (longitude-latitude), and its incorporation of
numerous observations assimilated from a wide range of sour-
ces, including satellite-derived atmospheric motion and surface
wind vectors that are critically important for the accurate detec-
tion of ARs.

The daily climatology computed in Fish et al. (2019) is
expanded spatially to an area spanning all longitudes over the
latitudes 20°S-90°N. A smoothed daily climatology over the
30-year period, 1987-2016, is created using a 21-day running
mean technique (Hart and Grumm 2001). This climatology is
calculated for the following relevant atmospheric variables:
500- and 850-hPa geopotential heights, 850-hPa air tempera-
ture, 250-hPa wind speed, sea level pressure, and integrated
water vapor (IWV). Integrated water vapor transport (IVT),
an often-important identifier of AR activity, is included only
for two clusters discussed in more depth, as the multiday
events resulted in widespread smoothing well below the com-
monly applied IVT threshold of 250 kg m~' s™!, therefore
making interpretations less clear than for other selected varia-
bles. IVT is calculated from the water vapor mixing ratio and
wind components at each atmospheric level then summed
across the 1000-300-hPa layer (Neiman et al. 2008).

These reanalysis data are sampled to calculate anomalies
over the duration of the MERRA-2 dataset (1980-2019).
Anomalies associated with successive AR events are subsetted
according to the AR detection algorithm defined in section 2b
and the AR family algorithm defined in section 2c. We also
use MERRA-2 to evaluate case study mean composites and to
calculate wave activity flux (WAF), an approximate measure
of wave-activity pseudomomentum developed by Takaya and
Nakamura (2001). WAF has been used in related studies (e.g.,
Gibson et al. 2020) to diagnose the horizontal Rossby wave
activity in relation to large-scale ridge development and decay,
which is relevant to several of the identified clusters. To target
slowly propagating wave signals, a 10-day low-pass filter was
applied in the WAF calculation (Takaya and Nakamura 2001).
While this method focuses on low-frequency WAF, future
work should expand to explore the impacts of mesoscale
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processes on AR families, which have already shown to be
important in California events (e.g., Michaelis et al. 2021).
MERRA-2 was additionally used to calculate velocity poten-
tial at 250 hPa to describe upper-level divergence (Hendon
1986) and to serve as a proxy for tropical convection. As a
proxy for storm track activity (Chang and Fu 2003), 24-h vari-
ance of daily-mean sea level pressure was calculated according
to Eq. (2) from Chang et al. (2013):

SLP,ariance = [SLP(¢ + 24 h) — SLP(1)[*,

where the overbar indicated an event average, in this case
over all the events which fall in the same cluster.

To objectively identify large-scale variability within the cat-
alog of successive AR events, we perform k-means clustering
on anomalous 500-hPa geopotential heights in the North
Pacific. The k-means method is an iterative clustering proce-
dure that minimizes the sum of variance within each cluster
and maximizes the variance between the clusters (Diday and
Simon 1976). This method was chosen for its success in previ-
ous studies aimed at identifying large-scale circulation pat-
terns (Fereday et al. 2008; Moron et al. 2008; Jiang 2011;
Roller et al. 2016), with similar cluster accuracy to self-orga-
nizing maps (Gibson et al. 2017) and low computation time
compared to other methods.

Prior to clustering, data are weighted according to the

following:
aw
W=, ’COS((;’)@) R

where W is the weight and ¢ is latitude. The weight is applied
to the anomalous 500-hPa geopotential heights over North
Pacific latitudes (20°-85°N). Accuracy (within each cluster) and
uniqueness (between the clusters) calculations are evaluated
across a range of k values to determine the optimal & (Lee and
Feldstein 2013; Gibson et al. 2016). Given the relatively flat
uniqueness and accuracy curves and the qualitative discernibil-
ity of large-scale atmospheric patterns, k = 6 is subjectively cho-
sen as the most conservative and physically interpretable value,
while prioritizing accuracy and aiming for equal sample size dis-
tribution across clusters (see Fig. S1 in the online supplemental
material). Clustering is conducted using data within a box in the
North Pacific extending from 120°W to 270°E and from 20° to
85°N; results were largely insensitive to changes of 10°-30° lon-
gitude and 10°-20° latitude (not shown).

b. AR detection algorithm

We identify AR objects using the global AR detection algo-
rithm, namely “tARget” version 2.0 (Guan et al. 2018),
applied to the 6-h MERRA-2 reanalysis data, described
above in section 2a. The AR detection algorithm uses inte-
grated water vapor transport (IVT), direction, and geometry,
described in detail in Guan and Waliser (2015) and refined in
Guan et al. (2018). The key requirements are as follows: 1)
the maximum 85th percentile or 100 kgm™~' s~ of IVT inten-
sity, whichever is greater, at each grid cell; 2) mean IVT
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within 45° of an AR object and with large poleward compo-
nent; and 3) object length greater than 2000 km with a length-
to-width ratio greater than 2. We chose this AR catalog due
to the length of the dataset (1980-2019) and use of the high-
resolution MERRA-2 reanalysis.

We evaluate AR objects that made landfall anywhere along
the California coast during a particular water year (WY;
defined as 1 October-30 September periods spanning two cal-
endar years, beginning in October 1981 and ending in May
2019). The WY is referred to by the second calendar year
(e.g., 1 October 1981-30 September 1982 is WY 1982). The
AR landfall is defined as the coastal grid point that first
detects AR conditions. There can only be one landfall per
AR event.

¢. AR families algorithm

Fish et al. (2019) used observational data to define AR fam-
ilies as successive AR events that made landfall at Bodega
Bay, California, and found a 120-h aggregation period to be
suitable for Northern California AR events. Therefore, we
classify AR objects (i.e., AR conditions identified in reanaly-
sis data) as an AR family if two or more AR objects occur
within the 120-h aggregation period. The AR objects were
not geographically constrained, but ~76% of all families were
composed of landfalling events within 5° latitude of one
another. Once an AR object initiates a new AR family or
follows a previously occurring AR object by less than 120 h
(i.e., was included in an AR family), that AR object can no
longer initiate a new AR family. Additionally, AR objects are
counted at first landfall and their propagation is tracked.

We further filter AR family events to retain only AR fami-
lies with at least one 12-h AR object, which removes instanta-
neous and short-duration (6 h, 1 time step) AR objects. AR
objects less than two grid points wide are also removed, since
these objects are too narrow for the IVT computation (Guan
et al. 2018). Therefore, AR families consisting of only narrow
AR objects are removed. These additional requirements left
~900 AR objects, with almost 600 considered a part of an AR
family, creating 248 AR families; the remaining 300 are single
AR objects (Fig. S2). Single AR objects are formally defined
as AR objects occurring without another AR object within
120 h before or after the event.

Clustering is performed at single time-step resolution from
the first to last 3-h window of the AR family event (i.e., each
time step within the AR family has an associated cluster). The
majority of AR family events exhibit the same cluster
throughout the event duration. For those events exhibiting
more than one cluster, the mode cluster is used to partition
the AR family event.

d. Precipitation data

To investigate the impacts of AR families and whether
large-scale atmospheric variability is related to precipitation
outcomes, PRISM daily precipitation observations from 1981
to 2019 is used. PRISM uses point data and a digital elevation
model to generate gridded estimates of precipitation and
other climate variables (Daly et al. 1994, 2001, 2002). The
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PRISM daily precipitation dataset is chosen for its strength in
representing precipitation in mountainous regions such as the
western United States and its high spatial resolution of 4 km.

e. ENSO data

The ENSO longitude index (ELI) is a physically based met-
ric dependent on the average Pacific longitude where equato-
rial SST exceeds the threshold for deep convection, set by the
tropical mean SST and varying annually (Williams and Patri-
cola 2018). We use the ELI to characterize ENSO variability
and its relation to AR families over 1981-2019. While the tra-
ditional Nifio-3.4 index based on SST anomaly was also evalu-
ated (not shown), the ELI was ultimately chosen due to its
stronger relationship between tropical Pacific deep convection
and geographically remote teleconnections, particularly those
relevant to western U.S. precipitation (Patricola et al. 2020).

The ELI dataset used here is provided by Patricola et al.
(2020) and calculated using the monthly 2.0° X 2.0° Extended
Reconstructed SST v5 (Huang et al. 2017). ENSO events are
defined as the December-February (DJF) average of the ELI
(Patricola et al. 2019). El Nino events exhibit an ELI greater
or equal to 162°E, La Nifna events exhibit an ELI less than
158°E, and neutral events have an ELI less than 162°E but
greater than or equal to 158°E. Nine years were classified as
El Nino (1983, 1987, 1992, 1993, 1995, 1998, 2003, 2010, 2016)
and another nine as neutral (1988, 1990, 1991, 1997, 2002,
2005, 2007, 2015, 2019) and the remaining 21 years were clas-
sified as La Nifia. Relationships between ELI and AR families
are then based on the corresponding occurrences of AR fami-
lies over DJF for each WY.

f- Madden—Julian oscillation data

The MJO is the oscillation of convection in the near-
equatorial west Pacific that influences global weather on weekly
to monthly time scales (e.g., Madden and Julian 1971; Hendon
and Salby 1994; Matthews 2000; Waliser et al. 2003; Zhang
2005, 2013). We use real-time multivariate MJO (RMM) data
between 1980 and 2019 as in Wheeler and Hendon (2004). The
MJO is tracked using RMM1 and RMM?2, which are mathe-
matical methods that combine cloud percentage and winds at
two atmospheric levels, upper and lower, and describe the
strength and location of the MJO.

g. Sea surface temperature data

The NOAA Daily Optimum Interpolation Sea Surface
Temperature Anomaly dataset was used to evaluate SST
anomalies between 1981 and 2019 (Reynolds et al. 2007;
Banzon et al. 2016; Huang et al. 2020). This dataset is daily at
0.25° resolution and includes observations from various sour-
ces such as satellites, ships, and buoys.

h. Outgoing longwave radiation data

The NOAA interpolated outgoing longwave radiation
(OLR) dataset was used to analyze OLR anomalies from
WYs 1981 to 2019 (Liebmann and Smith 2006) as a proxy for
tropical convection. The data are interpolated in time and
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F1G. 1. The distribution of AR events per water year by total AR events (blue), number of
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show the ratio of AR events within AR families to total AR events per water year. The bars out-
lined (not outlined) in black have a higher (lower) than 0.5 ratio.

space and averaged to daily values with a resolution of 2.5°
latitude X 2.5° longitude.

3. Results
a. Interannual variability of AR families

The 39-yr time series, from WY 1981 to 2019, allows for the
evaluation of interannual variability of 1) the total number of
AR events, 2) the number of events in AR families, 3) the
resulting single AR events, and 4) the ratio of events in AR
families to the total number of AR events (Fig. 1). The total
number of AR events ranges from a minimum of 11 in WY
1991 to a maximum of 42 in WY 1983. Events within AR fam-
ilies range from four AR events in WY 1985 to 34 AR events
in WY 1983. Single AR events have a much smaller range
with 4-10 single AR events occurring per WY.

The interannual variability in ARs occurring as part of a
family event is high and is responsible for a large fraction of
variability in AR frequency overall (94%). Contrarily, single
ARs contribute only 4.6% of the variability in overall AR fre-
quency. The close correspondence between family associated
ARs and overall AR variability is especially striking during
both very active WYs (e.g., 1983 and 2017) and very inactive
WYs (e.g.,1985, 1987, and 1991). As both WY 1983 and WY
2017 were exceptionally wet seasons in California, with wide-
spread hydrologic impacts, these cases suggest that the fre-
quency of AR families could potentially be an important
modulator of seasonal precipitation accumulation, although a

Brought to you by UNIVERSITY OF CALIFORNIA Los Angeles | Unauthenticated | Downloaded 02/14/22 09:19 PM UTC

formal assessment would require further research. The ratio
of AR family events to total AR events highlights the code-
pendence well, with ratios greater than 0.5 occurring during
active WYs and less than 0.5 during inactive WYs. Out of the
39-yr time series, only eight WYs had a ratio of AR family
events to total AR events less than 0.5 (1985, 1987, 1991,
2001, 2003, 2007, 2008, 2009). In 31 of 39 years (79%), more
than half of ARs occurred as part of an AR family, rather
than as a single event.

b. Large-scale 500-hPa height patterns associated with
successive ARs

The k-means cluster analysis of AR family events (k = 6)
on the anomalous 500-hPa geopotential height (z500) field
reveals primary modes of large-scale variability during these
events (Fig. 2). We find that there are two dominant types of
large-scale patterns associated with AR families: high-ampli-
tude meridional flow and strongly zonal flow. Clusters 1, 3, 5,
and 6 all exhibit anomalously high geopotential heights
upstream (west) of an anomalously low geopotential height
region associated with AR activity, although magnitudes and
precise locations vary (Figs. 2a.c,e.f). Clusters 2 and 4 exhibit
a much more zonal pattern that distinctly lacks any upstream
positive geopotential height anomalies (Figs. 2b,d).

Interestingly, when the same method is applied to single
AR events, the accuracy across a range of clusters (from k = 2
to k = 20) was low (median pattern correlation less than 0.2)
compared to AR family events (not shown). This result, which
is robust to spatial shifts in the domain, suggests that
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cluster 6: n = 990.

atmospheric variability associated with single AR events is
much higher than for AR families. In other words, while there
is clear evidence of preferred large-scale patterns conducive
to AR family events, the range of patterns capable of produc-
ing a single landfalling AR in the study region is much more
diverse. This also hints that AR families may potentially be
physically linked to certain underlying modes of variability,
whereas single events may be less so.

Clusters 1, 3, 5, and 6 all exhibit upstream positive z500 anom-
alies, classifying them as meridional patterns (Figs. 2a.c.e.f).
Cluster 1 is similar to the anomalous pattern shown for WY
2017 AR families in Fish et al. (2019), with moderate posi-
tive geopotential height anomalies (i.e., ridging) in the cen-
tral Pacific and two regions of negative geopotential height
anomalies and associated minima just west of the Bering
Sea and off the coast of Northern California, respectively
(Fig. 2a). In cluster 3, a widespread region of anomalously
high geopotential heights is centered over the Bering Sea,
extending southward into the North Pacific, northward into
the Arctic, eastward to Canada, and westward into eastern
Russia (Fig. 2c). This large region of positive anomalous
geopotential height is suggestive of a large-scale blocking
pattern that would influence the propagation of cyclonic
storms across the North Pacific as described by Shutts
(1983) and Carrera et al. (2004). Blocking induces an equa-
torward displacement and/or enhancement of the storm
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track downstream of the high-latitude ridge, yielding nega-
tive geopotential height anomalies across much of the sub-
tropical and midlatitude Pacific (20°-45°N). The region of
negative anomalous z500 is located east of Hawaii toward
the Pacific Northwest, with a minimum located offshore of
Washington state and British Columbia (Fig. 2c). Cluster 3
is similar to composite patterns shown by Moore et al.
(2020) for extreme precipitation events affecting Northern
California. Cluster 5 exhibits a region of positive anomalous
z500 south of the Aleutian Islands around 30°N (Fig. 2e).
Negative geopotential height anomalies concentrate along
the U.S. West Coast, extending in a more meridional alignment
compared to other clusters (Fig. 2e). Cluster 6 has equal spatial
extent of negative and positive regions of geopotential height
anomalies (Fig. 2f). Similar to cluster 3, cluster 6 has an elon-
gated region of negative z500 anomalies extending from the
minimum, centered at S0°N, 145°W, southeast into the subtropi-
cal region of the east central Pacific (Fig. 2f). The region of posi-
tive z500 anomalies is located in the western Bering Sea, off the
coast of Russia, extending into the northern Eurasian continent
(Fig. 2f).

Clusters 2 and 4 are less meridional and lack upstream ridg-
ing and are thus classified as zonal patterns. Instead, cluster 2
has a broad region of negative geopotential heights extending
from the eastern edge of the Gulf of Alaska to eastern Russia
through the Bering Sea (Fig. 2b). This cluster has the lowest
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average negative z500 anomaly of all clusters. While this clus-
ter exhibits no upstream positive anomaly, anomalously high
geopotential heights are still present throughout the domain,
downstream over central eastern Canada and northeast of
Hawaii (Fig. 2b). Cluster 4 is characterized by a zonally elon-
gated region of negative geopotential heights, with a mini-
mum in the central Pacific extending toward the U.S. West
Coast (Fig. 2d). This pattern is similar to that of AR families
with =3 AR events (Fish et al. 2019). Indeed, cluster 4 has the
most (16) AR families with =3 AR events (see Table ST 1 in
the online supplemental material).

¢. Thermodynamic and kinematic composite patterns
associated with successive AR events

Cluster 3 has the largest magnitude and spatial extent of
anomalous IWV with positive values extending from Hawaii
to the California coast and penetrating inland as far as Ari-
zona and Utah (Fig. 3c). Along the California coast, the cli-
matological average IWV ranges from 12 to 16 mm; however,
cluster 3 AR families are associated with IWV 8 mm above
average, corresponding to a 50%-66% increase (Fig. 3c).
Cluster 3 exhibits above average anticyclonic flow in the same
region as the anomalous positive SLP and positive z500 anom-
aly (Fig. 2c). Cluster 6 AR families also exhibit a large magni-
tude of anomalous IWV similar to cluster 3 (also +8 mm)
(Fig. 3f). However, for cluster 6 events, the region of anoma-
lous IWV is more narrowly concentrated around coastal Cali-
fornia, with a sharper gradient relaxing to climatological
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values on all sides, likely related to the general atmospheric
state and geopotential height pattern (Fig. 3f). In clusters 3
and 6, negative geopotential height anomalies extend into the
subtropics, which are particularly favorable for poleward
transport of moist air from low latitudes (Fig. 2). Anomalous
250-hPa wind vectors are above climatological conditions and
directed onshore toward the northeast for cluster 6 AR fami-
lies, indicating an enhanced upper-level jet off the U.S. West
Coast enabling strengthened moisture transport (Fig. 3f). An
anomalous positive and negative SLP dipole is located over
the western Pacific, consistent with their midtropospheric coun-
terparts (Fig. 3f). This pattern signifies increased extratropical
cyclone activity in the central to eastern Pacific coinciding with
enhanced moisture transport into California. Cluster 2 AR fam-
ilies have the smallest spatial extent and lowest magnitude of
anomalous IWV, but the largest spatial extent of anomalously
negative SLP collocated with positive 250-hPa wind vectors
directed onshore (Fig. 3b). Similar to their associated negative
geopotential height anomalies, clusters 1 and 5 show more
meridionally elongated positive IWV anomaly regions and
anomalous 250-hPa wind vectors (Figs. 3a,e). Both clusters 1
and 5 have small regions of negatively anomalous SLP, con-
strained close to the U.S. West Coast (Figs. 3a,e). Cluster 4’s
IWYV anomaly, zonal anomalous 250-hPa wind vectors, and
zonally elongated negative SLP anomaly closely resemble
previous results for ARs affecting California (Ralph et al.
2004; Dettinger et al. 2011; Lamjiri et al. 2017), including
those of long durations (Ralph et al. 2013; Payne and
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Magnusdottir 2016; Lamjiri et al. 2017; Fish et al. 2019;
Moore et al. 2020) (Fig. 3d).

d. Precipitation impacts

AR family events are typically characterized by multiday
(2-5 day) durations (Fish et al. 2019). Indeed, extreme precip-
itation events in Northern California are often multiday
events (White et al. 2019; Moore et al. 2020; 2021). For the
events in this catalog, the average total precipitation accumu-
lation across all AR family events varies substantially across
California, with the highest values collocated with areas of
enhanced orography (Fig. 4a). Most AR family events affect
the northern Sierra Nevada mountains and the coastal moun-
tains of Northern and Central California (Fig. 4a). The Trans-
verse Ranges in Southern California can also receive heavy
AR-related precipitation, but these are more often single
events associated with a single, slow-moving closed low pres-
sure system (Oakley et al. 2018) (Fig. 4a). The AR family
events in this catalog were sorted to evaluate how the differ-
ent large-scale environments affected the average precipita-
tion total per cluster (Fig. 4b). While each cluster shows high
precipitation totals across both the Coast Ranges and inland
Sierra Nevada Mountains, clusters 2 and 6 show a preference
for increased precipitation in coastal Northern California.
Cluster 3 affects the entirety of the Sierra Nevada mountains,
Northern California, and coastal central California. Cluster 5
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AR family events not only affect Northern California and the
Sierra Nevada mountains, but also the Transverse Ranges in
Southern California.

We evaluate precipitation differences between clusters by
comparing the anomaly of each cluster’s average cumulative
precipitation to the average precipitation accumulation across
all AR families (Fig. 4c). We find that cluster 3 generally
brings much wetter conditions throughout California relative
to the AR family mean, while cluster 4 brings below average
precipitation, especially to Northern California, which coin-
cides with each cluster’s IWV anomaly (Figs. 3c,d). Cluster 6
AR families precipitate less in Central and Southern Cali-
fornia compared to cluster 5 events, which produce average
precipitation totals in the same area. Comparing the precipita-
tion spatial patterns to the cluster composites, the lower geo-
potential heights of clusters 6 and 2 are located farther north
in the Gulf of Alaska (Figs. 2f,b), drawing precipitation away
from Southern California, compared to cluster 5 (Fig. 2e).

e. Persistence of the clusters

Given the differing large-scale features of the clusters, we
assess the temporal evolution of the similarity (pattern corre-
lation) between the composite z500 pattern for each cluster
(Fig. 2) and conditions for up to 60 days prior to each event’s
start day to determine how long the patterns precede the AR
family event. The resultant time series (Fig. 5) can be used to
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discern the level of persistence that a particular pattern exhib-
its in the lead-up to the AR family event as well as allows us
to identify if any seasonal or subseasonal mechanisms are
playing a role. We find that two clusters (4 and 5) consistently
maintain a high (>0.6) pattern correlation (and thus high per-
sistence) for at least 5-10 days prior to events, while the pat-
tern correlation of three other clusters (1, 3, and 6) is low in
comparison. Clusters 2 and 4 consistently exhibit a high pat-
tern correlation 10 or more days prior to AR family start.
Cluster 4 pattern correlations reach a secondary maximum
(pattern correlation 0.6-0.8) between 25 and 45 days prior to
AR family start, suggestive of a possible subseasonal signal
that has similar large-scale characteristics to cluster 4. Follow-
ing the event onset (day 0), all clusters exhibit pattern persis-
tence for the first ~5 days. After the typical AR family ends,
clusters 1 and 3 decline in pattern correlation the quickest,
while clusters 2 and 5 maintain the highest pattern correlation
for the longest period, suggesting the continuation of the pat-
tern beyond the end of the AR family and for long-lasting
blocking patterns over the midlatitude North Pacific (Fig. 5).

f- Evolution and mechanisms of two clusters

Of the non-persistent (1, 3, 6) and persistent (2, 4, 5) clus-
ters, we subsequently focus on clusters 3 and 4, respectively,
to further explore the development, evolution, and decay of
these events. To understand the temporal evolution leading
to each cluster’s large-scale environment, we examined condi-
tions £10 days from the AR family start date. These two clus-
ters were chosen due to their differing precipitation impacts
across California (Fig. 4c) and large-scale characteristics as
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cluster 3 exhibits the strongest (in terms of magnitude) ridging
and cluster 4 exhibits solely zonal geopotential height anoma-
lies across the Pacific (Figs. 2c,d). These differences led us to
hypothesize that the mechanisms supporting these two clus-
ters are different, and so too are their relation to mean tropi-
cal forcing on subseasonal time scales.

1) NON-PERSISTENT: CLUSTER 3

Cluster 3 is characterized by a positive z500 anomaly in the
Bering Sea (Fig. 2) on day 0, but this pattern is absent 10 days
prior (Fig. 6). Between days —10 and —4 (Figs. 6a—g), a posi-
tive z500 anomaly slowly builds near the Aleutian Islands,
then steadily grows until day 0 (Fig. 6k) and persists until day
+5 (Fig. 6p), after which it decays and retreats westward
(Figs. 6q—u). High SLP variance occurs near the Aleutian
Islands between days —10 and —7 (Figs. 6a—d), with a region
of higher variability off the coast of Japan starting at day —5
(Fig. 6f). Enhanced SLP variance, an indicator of storm track
activity (Chang and Fu 2003), may relate to enhanced latent
heat release through large-scale condensation in the warm
sector of extratropical cyclones (Chang et al. 2002). It has pre-
viously been shown that latent heat release and upper-level
divergent outflow associated with extratropical cyclones con-
tributes to downstream ridge building through the redistribu-
tion of kinetic energy via the ageostrophic geopotential flux
and/or downstream advection of low potential vorticity
(Orlanski and Sheldon 1995; Keller et al. 2019 and references
therein). We extrapolate those results to suggest that the
enhanced cyclone activity (higher SLP variance) in the pre-
sent case may be causally linked to the amplified downstream
ridge, and that the continued storm track activity subse-
quently acts to maintain the ridge. The increased variance
persists throughout the central Pacific from days 0 to +4
(Figs. 6k-o0), then declines while the ridge starts to decay
(Figs. 6p-r). While not explored here, dry adiabatic dynamical
processes (such as warm air and negative potential vorticity
advection linked to baroclinic waves and extratropical cyclo-
nes) can also play an important role in ridge amplification
(e.g., Nakamura et al. 1997 and references therein).

In conjunction with the height changes at 500-hPa and sea
level, anomalously positive IWV first appears at day —6 east
of Hawaii (Fig. 6¢). As the evolution progresses, the spatial
footprint of the IWV expands and moves eastward, likely
becoming entrained in extratropical cyclones and/or ARs,
until the moisture reaches the U.S. West Coast at day 0
(Fig. 6k). There also appears to be a modest maximum of SLP
variance near the West Coast in successive AR cases, suggest-
ing that cyclone centers occur with increased frequency near
the coast during such events (with possible implications for
impacts beyond precipitation, including strong winds and
coastal inundation). The large region of enhanced water
vapor content persists onshore until day +7 (Fig. 6r).
Together, these three variables show that 1) the ridging asso-
ciated with cluster 3 precedes the development of the AR
family by several days (Figs. 6g—k), 2) the moisture is of sub-
tropical origin, and is present before the ridge builds
(Figs. 6e-k), and 3) increased SLP variability and associated
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(day 0) within cluster 3.

storm activity off the coast of Japan is a plausible physical
ridge-building mechanism (Figs. 6a—k).

Analysis of horizontal 250-hPa WAF yields further insights
into the development of the high-latitude ridge and presence of
Rossby wave activity (Fig. 7). WAF vectors show the instanta-
neous direction of Rossby wave packets, with the temporal evo-
lution allowing us to understand the directional change over
time. In the days leading up to cluster 3-type events, WAF
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vectors depict an eastward-directed Rossby wave pathway origi-
nating from the central Pacific from days —4 (Fig. 7d) to 0
(Fig. 7h). By day —1, the propagation extends toward the south-
east between Hawaii and the U.S. West Coast (Fig. 7g). Around
the same time, a Rossby wave source in the Gulf of Alaska
develops, as indicated by WAF vector divergence, and the
WAF vectors increase in magnitude (Figs. 7f—j). By day +2, a
wave sink develops northeast of Hawaii, indicated by the
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convergence of WAF vectors, and the WAF vectors start to
retreat westward, continuing to increase in magnitude as
the high-latitude ridge moves westward and begins to decay
(Fig. 7j). While overturning potential vorticity contours are typi-
cally indicative of Rossby wave breaking (e.g., Masato et al.
2011 and references therein) a divergence—-convergence dipole
(not shown) is evident downstream of the ridge, which is also
consistent with Rossby wave breaking (e.g., Wolf and Wirth
2017). This composite evolution of WAF for cluster 3 AR fam-
ily events is consistent with the extreme precipitation case study
presented in Moore et al. (2020).

We suggest that the cluster 3 large-scale z5S00 pattern devel-
opment may owe its existence to the upstream local maxima
in SLP variance and associated storm track activity, which is
known to favor downstream ridge development. Additionally,
and consistent with previous work, the WAF and subsequent
Rossby wave activity suggests that the transfer of energy
downstream from the high-latitude ridge acts to reinforce the
persistent downstream trough, thus supporting successive
extratropical cyclone development, increased AR activity,
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and resultant precipitation along the U.S. West Coast (Ryoo
et al. 2013; Payne and Magnusdottir 2014; Mundhenk et al.
2016; Hu et al. 2017; Benedict et al. 2019; Moore et al. 2020,
2021).

While Rossby wave propagation in the extratropics appears
to be an important factor for AR families in cluster 3, we also
consider the potential role of tropical drivers. Analysis of
anomalous velocity potential (VP), which describes plane-
tary-scale characteristics of upper-level divergence (Hendon
1986), is specifically relevant for understanding connections
to the MJO (Ventrice et al. 2013). VP evolution throughout
cluster 3 AR family events shows two distinct signs (Fig. 8):
1) increased upper-level divergence (negative VP anomalies)
from day 0 to +7 between Hawaii and the U.S. West Coast,
reflecting an environment favorable for extratropical cyclone
activity (Figs. 8k-1), and 2) increased upper-level convergence
(positive VP anomalies) in the Gulf of Alaska from days —5
to +2 in a region east of the high-latitude ridge, locally
enforcing the upper level ridge (Figs. 8-m). The convergence—
divergence dipole from day 0 to +2 reflects expected regions of
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descent and ascent (Figs. 8k-m) consistent with a strengthened
geopotential height gradient (Fig. 2c) and jet feature (Fig. 9a)
helping to direct successive cyclones and ARs toward the U.S.
West Coast. The increased AR activity is evident in the compos-
ite of integrated water vapor transport; the transport is particu-
larly strong east of Hawaii (Fig. 9¢). Additionally, from days
—10 to +6, above average VP exists over the Maritime Conti-
nent (Figs. 8a—q). The combination of warm SST anomalies
(Fig. 9¢c) and below average OLR anomalies in the same region
(Fig. 9d) suggests enhanced convection over the Maritime Con-
tinent and patterns similar to phase 5 of the MJO (Ventrice et al.
2013). This pattern could induce an extratropical Rossby wave
response, potentially leading to the development of the high-
latitude ridge. Further, the anomalous jet pattern (Fig. 9a) and
high-latitude ridging (Fig. 2c) is most similar to the equator-
ward shift of the North Pacific jet discussed by Winters et al.
(2019a,b) and also consistent with cold downstream tempera-
ture anomalies (Fig. 9b), expected due to the large surface
anticyclone (Winters et al. 2019a,b).

In sum, cluster 3 AR families are characterized by a large-
scale, high-latitude ridge that develops approximately four days
prior to event initiation while a stationary Rossby wave propa-
gates across the central and eastern Pacific (Figs. 2, 6, and 7). We
hypothesize that enhanced tropical convection (i.e., negative
OLR and VP anomalies fueled by warm SSTs over the Maritime
Continent) aids in the Rossby wave train setup. Simultaneously,
latent heat release associated with increased SLP variance (i.e.,
extratropical cyclone activity) off the coast of Japan reinforces
downstream ridge development over the Bering Sea (Figs. 6, 8,
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and 9c). The subsequent transfer of energy downstream from
this high-latitude ridge supports the persistent downstream
trough, further indicated by the concurrent negative VP anoma-
lies, creating an environment supportive of successive extratropi-
cal cyclones and AR activity off the U.S. West Coast.

2) PERSISTENT: CLUSTER 4

In contrast to the high-amplitude meridional flow of cluster
3, we analyze the development and evolution of cluster 4 AR
families, which are characterized by an elongated region of neg-
ative z500 anomalies and lack of upstream ridging (Fig. 2d).
Cluster 4 events also exhibit the greatest temporal persistence,
maintaining a high z500 pattern correlation both 10 days prior
to AR family start and 10 days after (Figs. 5 and 10). This per-
sistence is suggestive of a sub-seasonal-scale process conducive
to successive cyclones and ARs. In addition to consistent nega-
tive z500 anomalies across the Pacific Ocean, SLP variance sug-
gests a weaker more zonally elongated pattern of cyclonic
activity (i.e., extratropical storm track) spread across the west-
ern and central Pacific (Figs. 10d-o), rather than being confined
to the far western Pacific as in cluster 3. This pattern is concur-
rent with the zonally elongated North Pacific jet. Enhanced
IWYV, which appears one day prior to AR family start (Fig. 10j),
is of lower peak magnitude than cluster 3 and persists offshore
of California through day +5 (Fig. 10p). These results support
the earlier result that cluster 4 events have less water vapor con-
tent than cluster 3 events (Fig. 3d) and are fed by the zonal
propagation of cyclones and ARs across the Pacific, as shown
by the integrated water vapor transport of the cluster 4 events
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FIG. 10. As in Fig. 6, but for cluster 4.

(Fig. 12¢) with a large-scale pattern that is maintained beyond
the extent of the AR family itself.

Anomalous negative VP suggests widespread anomalous
upper-level divergence across the eastern Pacific for 10 days
prior to the AR family initiation (Figs. 11a-m), while upper-
level convergence (positive VP anomalies) persists across
the western Pacific for the full period of —10 to +10 days
(Fig. 11). This pattern suggests that the eastern Pacific is an
active region of low-level convergence indicative of cyclonic
and/or convective activity (Fig. 11). In addition to their
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midtropospheric patterns, cluster 4 AR families are associ-
ated with zonally elongated 250-hPa wind maxima (“jet
extension”) (Fig. 12a) (Winters et al. 2019a,b) and cooler
850-hPa temperature across the U.S. West Coast (Fig. 12b) .
This pattern is further supported by the eastward Rossby
wave pathway, as seen in the WAF (Fig. S3). The lack of
clear sources and/or sinks for Rossby wave development for
cluster 4 events suggests that cluster-4 AR families were not
sustained by stationary Rossby waves. Analysis of anoma-
lous OLR shows an opposite pattern in the tropical Pacific
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compared to cluster 3 events, as cluster 4 displays increased
OLR anomaly over the Maritime Continent and the central
Pacific shows decreased OLR (Fig. 12d). Additionally, clus-
ter 4 exhibits increased SST anomalies over the central and
eastern tropical Pacific, a pattern resembling a warm ENSO/
SST anomaly field (Fig. 12c). The combined SST and OLR
anomalies indicate enhanced convection over the eastern
tropical Pacific. We hypothesize that the divergent outflow
associated with this convection enhances tropopause poten-
tial vorticity gradients thus favoring a strong zonal North
Pacific jet directed into the U.S. West Coast.

g. Cluster relationships to teleconnections

Given the distinctly different tropical Pacific conditions
between clusters 3 and 4 and differences in presumptive
causal physical processes, we seek to more formally quantify
the relationships of these clusters to climate phenomena

150w 120w

Anomalous Outgoing Longwave Radiation (W/m?)

HF]_E_

8 12 16 20

but for cluster 4.

including ENSO and the MJO. Using the ELI metric, we find
that the DJF AR family time steps within each cluster are
sorted by ENSO phases (La Nifia, neutral, or El Nifio)
depending on the overall WY characterization (Table 1/54).
Out of 3625 total DJF AR family time steps, 2004 occurred in
La Nifia years, 578 in neutral years, and 1043 in El Nifio years
(although we note that there are 21 La Nina years and only
9 neutral and 9 El Nifio years in this dataset). Cluster 2 is the
most frequently occurring cluster across all phases of ENSO,
and cluster 6 occurs least frequently. Cluster 3 occurrence is
strongly associated with La Nifa conditions, with 412 out of
611 (~67%) of total cluster 3 time steps occurring during the
ENSO cool phase (Table 1, Fig. 13). Interestingly, cluster 3 is
largely absent during El Nifio years (51 out of 611 total time
steps, or 8%). Cluster 5, with a central Pacific ridge (Fig. 2e),
has the highest fraction (72%) of occurrence during La Nina
conditions (Fig. 13). Cluster 4 most frequently occurs in El Nifio

TABLE 1. December—February (DJF) AR family time steps partitioned according to DJF average ELI into La Nifa, neutral, or El
Nino years and according to corresponding cluster. Total time steps per phase are provided in the bottom row. Total time steps per

cluster are provided in the rightmost column. Overall total number

of time steps are at bottom right. A graphical representation of

the table data is provided in Fig. S4. The relative risk of each cluster occurring during each ENSO phase is given in brackets.

Cluster No. La Nifa (21 years) Neutral (9 years) El Nifo (9 years) Total
1 291 [0.73] 154 [1.73] 116 [0.53] 561

2 583 [0.64] 171 [0.69] 333 [0.77] 1087

3 412 [1.47] 148 [1.43] 51 [0.18] 611

4 253 [0.46] 33 [0.25] 316 [2.43] 602

5 331 [1.93] 16 [0.16] 112 [0.69] 459

6 147 [0.57] 57 [1.09] 123 [1.39] 327
Total 2004 578 1043 3625
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F1G. 13. The fraction of DJF time step occurrence per cluster
compared to the total DJF time steps within each ENSO phase [La
Nifa (blue), neutral (gray), El Nifo (red)]. Exact values of frac-
tions are found in Table 1.

years [316 out of 602 (52%) of total cluster time steps], the
most of any cluster, with infrequent occurrences in neutral
years (Fig. 13).

To quantify these relationships further we calculate rela-
tive risk ratios for each cluster, defined as the ratio of the
probability of occurrence in a given ENSO phase to the
probability of occurrence in the other two ENSO phases
(Table 1). We find that cluster 4 has ~2.4 times the risk dur-
ing El Nino. However, during neutral years, cluster 4 has
0.25 times the risk, meaning that it is 75% less likely to
occur. Cluster 3 has ~1.5 times the risk during La Nifa.
Additionally, cluster 3 is 82% less likely to occur during El
Nifio years. Cluster 5 has ~1.9 times the risk during La Nifia
and is 84% less likely during neutral years. These relative
risk ratios may be useful in a water and flood management
context to provide more nuanced information regarding the

MJO Phase Clusters 3 & 4
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likelihood of high-impact AR family events given a particu-
lar set of ENSO conditions.

Using the RMM values to characterize high-amplitude (=1)
MJO events, we find that cluster 3 events most often occur in
MIJO phase 5 and cluster 4 events most often occur in MJO
phase 7 (Fig. 14a, Table 2), which correspond to phases previ-
ously linked to enhanced California precipitation. In contrast,
clusters 1, 2, and 5 most often occur in MJO phases 2, 3, and 2,
respectively, which are often associated with below average pre-
cipitation impacts across the U.S. West Coast (Fig. 13b, Table 2).
Previous work has shown that remote tropical forcings such as
the MJO and ENSO provide seasonal and subseasonal pre-
dictability for U.S. West Coast weather (e.g., Waliser et al.
2003; Patricola et al. 2020). Our finding that specific phases
are associated with increased AR activity through serial clus-
tering not only enhances our process-based physical under-
standing of such events, but also offers new paths toward
enhanced predictability and early warning of high-impact
events.

4. Discussion and conclusions

This study introduces a new catalog of AR families that
affected California during 1981-2019. Using this 39-yr dataset we
conducted analysis of the background climatology and interan-
nual variability of these successive events. In 79% of years, half
(or more) of all AR events occur as part of AR families (i.e., as
successive AR events). Further, there is a strong positive rela-
tionship between the total number of AR families per year and
the overall number of AR events, and a great majority of the
interannual variability in AR frequency driven by AR family fre-
quency (94%) versus single AR events. Clustering the anoma-
lous 500-hPa geopotential heights associated with AR families
indicates that there are distinct large-scale patterns associated
with different types of landfalling AR family events. In contrast,
single AR events do not show obvious clustering of spatial

MJO Phase All Clusters
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FIG. 14. MJO phase diagram for high amplitude events (RMM = 1) of (a) clusters 3 (blue dots) and 4 (red dots) and
(b) all clusters (refer to legend for differentiation).
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TABLE 2. The average number of AR family days (top number) and the average amplitude (bottom number) per MJO phase
(columns) and cluster (rows) of all high-amplitude (>1) events. Total number of phase and cluster days on the bottom row and right-

most column, respectively. Values in brackets in the rightmost column are the total number of days per cluster, irrespective of

amplitude.

Cluster No. Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Total
1 25 31 18 12 17 15 12 17 147
1.90 1.66 1.22 1.47 1.70 1.90 1.55 1.78 [246]

2 14 29 51 30 14 40 26 16 220
1.75 1.57 1.80 1.70 1.68 1.67 1.85 2.23 [288]

3 2 7 0 12 17 11 5 9 63
1.11 1.25 — 1.38 1.73 2.33 1.69 1.54 [143]

4 32 28 24 8 10 12 38 26 178
1.63 1.76 2.06 1.80 1.08 1.41 1.88 1.63 [273]

5 17 20 15 15 5 3 11 6 92
1.55 1.79 1.53 1.51 2.37 2.79 1.38 1.61 [173]

6 9 8 0 9 18 11 26 20 101
1.72 1.95 — 1.48 1.49 1.51 2.21 1.77 [146]

Total 99 123 108 86 81 92 118 94

patterns. This difference suggests that the potential predictability
of AR families may be enhanced relative to single AR events,
especially on subseasonal to seasonal time scales.

The resultant clusters for AR families feature either meridio-
nal (clusters 1, 3, 5, and 6) or zonal patterns (clusters 2 and 4).
The variability in location and magnitude of persistent ridging
defines each meridional cluster, and the orientation and center
location of low geopotential height regions define each zonal
cluster. Additionally, the water vapor, sea level pressure, and jet
stream variability vary greatly across different types of AR fami-
lies. Cluster 3, in particular, is associated with the greatest
amount and largest spatial extent of water vapor. Meridional
clusters are associated with anomalous easterly jet-level flow par-
ticularly on the east side of associated z500 ridges, while zonal
clusters occur during jet extension periods. Clusters 2 and 4
exhibit the longest pattern persistence, while patterns associated
with clusters 1, 3, and 6 develop within 5 days of AR family start.
The North Pacific blocking ridge characteristic of cluster 3 events
appears to be associated with increased upstream sea level pres-
sure variance, and later reinforces the downstream trough off the
U.S. West Coast. The large region of anomalous moisture prior
to AR family onset provides an ample moisture source for the
development of successive AR activity in California once a favor-
able large-scale circulation pattern arises. Meanwhile, the broad
region of low geopotential heights, extended Pacific jet, and rela-
tive lack of Rossby wave sources allow the cluster 4 pattern to
persist well beyond the AR family time scale. Adding to the
robustness of our results, Moore et al. (2021) clustered multiday
precipitation events in California and identified four similar clus-
ters that dominated the large-scale variability of these events. The
similarity between the results from Moore et al. (2021) and the
results presented here suggests that multiday precipitation impacts
are likely driven by AR families and/or successive cyclones. While
a detailed analysis of the physical drivers of these multiday events
at all relevant scales, including global teleconnections, is out of
the scope of this work, investigating the physical driver of cluster
frequency and the sequential links between clusters could be
worthwhile avenues to pursue in future research.

Brought to you by UNIVERSITY OF CALIFORNIA Los Angeles | Unauthenticated | Downloaded 02/14/22 09:19 PM UTC

We find that individual AR family clusters tend to be asso-
ciated with specific ENSO and/or MJO phases. Cluster 3
events (meridional) most often occur in La Nifia or neutral
years, while cluster 4 events (zonal) most often occur in
El Nifio years. Cluster 4 has ~2.4 times the risk during El Nifio
years, while cluster 3 has 1.5 times the risk during La Nina.
Cluster 5 also has a strong correspondence with La Nifia,
exhibiting ~1.9 times the risk. Cluster 3 events most often
occur during MJO phase 5 of the MJO, while cluster 4 occurs
most frequently during MJO phase 7, both of which are
phases that have previously been linked to increased precipi-
tation in California. On average, cluster 3 AR families result
in the greatest accumulated precipitation per event, and
cluster 4 events result in the least accumulated precipitation
per event. These substantial differences in precipitation
accumulation across clusters suggest linkages between AR
family surface impacts and the associated large-scale pat-
terns. In particular, AR family events associated with high-
amplitude upstream blocking and enhanced moisture con-
tent, as in cluster 3, clearly favor enhanced precipitation
across much of California. Conversely, AR family events
associated with low-amplitude, largely zonal patterns, as in
cluster 4, tend to produce less intense precipitation in Cali-
fornia. Collectively, this suggests that the type of large-scale
pattern present over the North Pacific may be a useful pre-
dictive factor regarding the precipitation impacts of succes-
sive AR events in California.

This study enhances understanding of the large-scale vari-
ability relevant to successive AR events affecting California,
which has previously gone largely unexplored. Given that
many of these events produce extreme precipitation, these
findings have implications for meteorological and hydrologic
hazard situational awareness. The presence of persistent
upstream ridging across the far North Pacific, shown here to
be associated with certain types of AR families, has previ-
ously been shown to be associated with extreme precipitation
events in Northern California (Moore et al. 2020, 2021) and
increased frequency for ARs affecting the Pacific Northwest
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(Benedict et al. 2019). This cross-study agreement suggests
that it may be possible to use such patterns as predictors for
increased AR activity and associated extreme precipitation in
a statistical and/or dynamical modeling context. Critically, our
findings suggest that the predictability of ARs occurring as
part of a family may be higher than that of single AR events,
which is potentially of considerable relevance in a water and
flood management context given the outsized hydrologic
impacts of such events.
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