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Abstract A new method for automatic detection of atmospheric rivers (ARs) is developed and applied to
an atmospheric reanalysis, yielding an extensive catalog of ARs land-falling along the west coast of North
America during 1948–2017. This catalog provides a large array of variables that can be used to examine AR
cases and their climate-scale variability in exceptional detail. The new record of AR activity, as presented,
validated and examined here, provides a perspective on the seasonal cycle and the interannual-interdecadal
variability of AR activity affecting the hydroclimate of western North America. Importantly, AR intensity
does not exactly follow the climatological pattern of AR frequency. Strong links to hydroclimate are
demonstrated using a high-resolution precipitation data set. We describe the seasonal progression of AR
activity and diagnose linkages with climate variability expressed in Pacific sea surface temperatures, revealing
links to Pacific decadal variability, recent regional anomalies, as well as a generally rising trend in
land-falling AR activity. The latter trend is consistent with a long-term increase in vapor transport from the
warming North Pacific onto the North American continent. The new catalog provides unprecedented
opportunities to study the climate-scale behavior and predictability of ARs affecting western North America.

Plain Language Summary We have created a new seven-decade-long catalog of atmospheric river
behavior land-falling upon the west coast of North America. The catalog has been validated against
independent precipitation observations to ensure that the atmospheric rivers represented therein are
associated with extreme orographic precipitation. Our results clearly delineate a prominent role for
atmospheric rivers in California’s hydroclimate. Atmospheric river variability has been particularly important
in the recent California drought as well as its most recent lapse. We also detect a long-term increasing
trend in water vapor transport impinging on the west coast of North America associated with atmospheric
rivers and overall wintertime water vapor transport associated with climate warming. Our results,
moreover, suggest that potential predictability of seasonal behavior of atmospheric rivers may hinge on
sources of climatic variability somewhat different from that of total water vapor transport.

1. Introduction

Atmospheric rivers (ARs) concentrate and accomplish significant moisture transport from the tropical to high
latitudes [Zhu and Newell, 1998]. These filamentary features of the low troposphere are statically stable and
can produce copious amounts of precipitation as long as an external uplifting mechanism is available
[Ralph et al., 2006, 2011]. Land-falling ARs, therefore, greatly impact hydrology along the west coasts of con-
tinents, particularly where substantial orography is present. Their impacts are felt across the midlatitudes and
even as far as the polar regions, where they contribute to the ice sheet surface mass balance [Gorodetskaya
et al., 2014]. The west coast of North America is an example of a region where hydroclimate swings to the
beat of AR landfalls. In California’s Mediterranean climate, where total annual precipitation is generated in
a narrow seasonal window, the difference between wet and dry years is typically due to the occurrence or
absence of a few big winter storms [Dettinger et al., 2011; Dettinger, 2015; Ralph and Dettinger, 2011], and
hydroclimate and water resource management are particularly sensitive to AR activity.

Along the west coast of North America, atmospheric circulation and precipitation are known to respond to
interannual and interdecadal modes of climate variability [e.g., Gershunov and Barnett, 1998] expressed in
Pacific sea surface temperature (SST) anomalies, a fact that accounts for significant seasonal predictability
of precipitation, heavy precipitation frequency in particular [Gershunov and Cayan, 2003]. ARs are strongly
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linked to heavy precipitation over the orographically complex western United States [Rutz et al., 2014]. They
represent an episodic dynamical mechanism responsible for much of the moisture transport in the midlati-
tudes. Assessing land-falling AR behavior on climate time scales should lead to improved understanding of
hydroclimate variability, likely leading to improved seasonal predictability.

Quantifying and assessing interannual-interdecadal variability in AR activity is clearly important; however,
adequate records for such work have not been available until recently. Traditionally, development of AR cat-
alogs has relied on satellite retrievals of atmospheric moisture, was based on vertically integrated water vapor
(IWV), and limited to the satellite era [Neiman et al., 2008]. We hereby refer to the SSM/I IWV-based Neiman
et al. [2008] catalog as “RNW,” according to the last names of the authors who proposed the approach
[Ralph et al., 2004]. Recent versions of IWV-based AR catalogs were developed by automated detection
schemes from satellite data byWick et al. [2013] and from reanalysis products [Jackson et al., 2016] and used
to assess and compare cold-season landfall frequencies along the North American West Coast between these
different products during the satellite era.

An essential feature of ARs is that they move water vapor. Thus, vertically integrated horizontal vapor trans-
port (IVT), being a product of wind andmoisture, more fully reflects the water vapor flux essence of ARs and is
likely more closely associated with extreme orographic precipitation than is IWV alone [Swales et al., 2016].
Automated AR detection methodologies based on IVT data from reanalyses are becoming available [e.g.,
Lavers et al., 2012; Rutz et al., 2014; Payne and Magnusdottir, 2014; Guan and Waliser, 2015; Brands et al.,
2016; Eiras-Barca et al., 2016; Mundhenk et al., 2016]; however, each of these has their strengths and weak-
nesses having been developed for different applications, and the resulting catalogs are typically not vali-
dated against independent precipitation data, nor do they include all variables of interest, e.g., IVT, IWV,
wind speed, and direction, over the impacted region. Importantly, the available catalogs start in 1979, with
the notable exception of Brands et al. [2016], and are not long enough to resolve interdecadal variability,
particularly the mid-1970s North Pacific climate shift [e.g., Mantua et al., 1997]. This prompts us to develop
a new AR detection methodology (ARDT) based on both IVT and IWV measures to independently identify
ARs in reanalysis products with relatively long records and demonstrate their association with heavy precipi-
tation. We start with the National Center of Environmental Prediction-National Center for Atmospheric
Research reanalysis (R1, Kalnay et al. [1996]), which covers 69+ years, yielding a record long enough to allow
a comprehensive examination of climate-scale variability in AR activity along the west coast of North America.

Below, we report on our automated AR detection methodology (section 2 and supporting information sec-
tion S1), apply it to R1, and, after validating the records thus obtained against (a) a shorter established
satellite-based record (i.e., RNW), (b) independent precipitation observations, and (c) a longer and arguably
more stable reanalysis product (supporting information section S2), we present the year-round climatology
of monthly AR landfalls along with their IVT intensity, IWV content, and wind measures (section 3). We then
examine climate-scale variability of AR activity along the North AmericanWest Coast (section 4) and conclude
with implications, including those for potentially improving seasonal predictability (section 5).

2. AR Detection Methodology (ARDT) and Validation

Our AR detection methodology (ARDT) is described in detail in supporting information section S1. Although
this method is technically unique, we do not claim methodological novelty as it shares many features with
other available AR detection methods. The main benefits of our ARDT are as follows: it provides a long and
validated (see supporting information section S2) record of AR activity at the North AmericanWest Coast with
established links to orographic precipitation (see supporting information section S2b) and a broad array of
variables we require for this and future analyses (see supporting information section S1). We refer to this
Scripps Institution of Oceanography (SIO)-generated AR catalog as the SIO-R1 catalog.

We validated SIO-R1 in three ways: (1) by comparing it against the RNW catalog developed by Neiman et al.
[2008] and recently updated through 2015, (2) by assessing the contribution of ARs from both the SIO-R1 and
the RNW catalogs to observed precipitation resolved daily over the West on a 6 × 6 km grid [Livneh et al.,
2013], and (3) by comparing presatellite and satellite era AR climatologies with those derived by application
of our ARDT to the NOAA 20th Century Reanalysis [Compo et al., 2011]. Validation results are presented in
supporting information section S2. In summary, there is significant agreement between SIO-R1 and RNW
as far as the strongest ARs are concerned (Figure S1). However, compared to the IWV-based RNW, the
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SIO-R1 contains more ARs in winter and fewer ARs in the less windy but more humid summer. Moreover, SIO-
R1 is associated with more accumulated precipitation as well as with more intense precipitation events, yield-
ing ARs that are clearly strongly associated with heavy orographic precipitation over the coastal ranges and
to some extent over the inland topography of the mountainous West (Figure S2). What’s more, SIO-R1,
accounts best for heavy precipitation over the interior southwestern mountains and deserts (Figure S2),
which is associated with ARs land-falling over Baja California [Rutz and Steenburgh, 2012; Rivera et al., 2014]
that are missing from RNW. Additionally, we do not see any spurious discontinuities in the SIO-R1 data that
may have been due to the introduction of satellite data in the 1970s (supporting information section S2c),
justifying the use of SIO-R1 in studies of land-falling AR activity from a long-term climatological perspective.

3. AR Climatology

The climatology of AR landfalls at the North American West Coast during 1948–2015 is described next by
showing average frequency, duration, and intensity of AR cases present in the SIO-R1 catalog by month
and land-falling latitude (Figure 1). Wind vectors at coastal grid cells during AR landfalls were assessed at
850 hPa (Figure S7).

The climatological frequency of ARs by month and land-falling latitude is shown in Figure 1a. The core of AR
activity migrates from the Gulf of Alaska and British Columbia in the late summer-fall to the Washington-
Oregon-Northern California coast in winter. This seasonality in AR frequencies is in good agreement with that
described by Mundhenk et al. [2016]. Regions of most frequent ARs, moreover, tend to receive the longest
duration ARs, up to 2 days on climatological average (Figure 1b). Spring and summer are relative lulls in clas-
sic IVT/wind-driven AR activity, especially along coastal Baja California and California State, respectively
(Figures 1a, 1b, and S7). Summer and early fall, however, represent the humid season in Baja and Southern
California when very infrequent ARs can be quite long-lasting, moist, and windy (Figures 1b–1d and S7)—
more moist in fact than is common or possible elsewhere and in other seasons. We have verified that of
the 22 tropical storms (from the National Hurricane Center’s records provided online: http://weather.unisys.
com/hurricane/e_pacific/) that made landfall at subtropical latitudes in August–September (one occurred
in July) during 1948–2015, all registered as AR landfalls. Although this explains only about 20% of AR landfalls
registered below 30°N in August and September, we suspect that the majority of these were associated with
tropical depressions and moisture plumes characteristic of decaying Eastern Pacific hurricanes and
tropical storms.

AR intensity does not follow the same climatological pattern as does AR frequency. The intensity of ARs was
estimated in terms of their IVT and IWV (Figures 1c and 1d) at coastal coordinates where ARs made landfall.
Monthly total IVT and IWV associated with AR landfalls (not shown) reflect AR landfall frequency (Figure 1a).
The IVT magnitude averaged over 6 hourly intervals during AR landfalls (Figure 1c) generally displays a similar
seasonality as landfall frequency, being strongest in fall and winter at high latitudes. However, the absolute
peak in AR magnitude does not necessarily follow AR frequency in its southward migration from late summer
to winter. In the midlatitudes, unlike frequency, which peaks in British Columbia in October, AR intensity
peaks in far Northern California in December. In this region, practically all of the floods along the Russian
River are known to be associated with AR landfalls [Ralph et al., 2006]. The tropical and subtropical latitudes,
however, experience the strongest IVT even though AR conditions register very infrequently (Figure 1a).
Particularly in September (Figures 1c and 1d) when average IVT magnitude reaches up to 440 kg/m/s, IWV
reaches about 40mm, and wind rises to 15m/s (Figure S7) on average during conditions detected as AR land-
falls. Intensity together with the seasonal timing of landfalls at low latitudes and rudimentary verification
using tropical storm records described above strongly suggest advection of tropical moisture plumes asso-
ciated with eastern Pacific tropical storms.

The AR-related IVT at the high midlatitudes (British Columbia, Washington, and Oregon) tends to reach its
maximum intensity during October–December (~450 kg/m/s on average, Figure 1d) accompanied by strong
WSW winds (Figure S7) up to 18 m/s on average at 850 hPa. Note that especially in this early part of the cold
season, AR-related precipitation can penetrate inland reaching the Northern Rockies (Figure S8), e.g., through
the Columbia River Valley [Rutz et al., 2014] (also Figure 2c below). Wind speed and direction (Figure S7)
during AR landfalls follow the fall-winter migration of AR activity from high to middle latitudes (Figure 1).
At low latitudes (Baja California, Mexico), winds are strong from August to February but exhibit a seasonal
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change in direction from WNW in September to WSW in December. ARs crossing Baja California were pre-
viously noted for their significant impacts on the precipitation climatology of the interior Southwestern
U.S. [Rutz and Steenburgh, 2012; Rivera et al., 2014].

To further assess linkages of ARs to precipitation, especially heavy precipitation, we studied frequency and
intensity of precipitation occurring during AR landfalls and on the subsequent day in the regions influenced
by ARs. The process by which we identified AR-related precipitation in the 6 × 6 km gridded daily precipita-
tion record [Livneh et al., 2013], as described in the supporting information section S2b, involves accumulat-
ing daily precipitation over days associated with AR landfalls over the region under the AR footprint
(IVT > 250 kg/m/s) interpolated from the coarse R1 grid to the fine Livneh et al. [2013] grid via Shepard’s
[1968] method.

The impact of AR activity on seasonal precipitation is strongest during the extended winter season (OND and
JFM), when almost all of AR days identified in the SIO-R1 catalog for the season are associated with rainy days
(days with precipitation, Figure S8). ARs account for up to 65% of local seasonal precipitation at the coast and
about 30% inland (Arizona, Nevada, and Idaho, Figures 2c and 2d). These wet season values are reflected
annually (Figure 2a). Daily precipitation intensity expected on AR days reaches 200–300% of the local average
daily precipitation intensity seasonally (Figure S9, OND, JFM) at the coastal ranges and the Sierra Nevada, as
well as farther east into the Rockies. Spring and early summer account for the seasonally least frequent AR
activity associated with the lowest seasonal precipitation contribution (Figure 2e). However, this contribution
is still sizeable, as, particularly in late summer (Figure 2b), ARs bring to the North American west coast very
infrequent but high-intensity precipitation (Figure S9a).

4. Climate-Scale Variability

Seeking to diagnose potentially predictable seasonal patterns of land-falling AR activity, we assess relation-
ships between Pacific sea surface temperature (SST) patterns on the one hand and AR seasonal activity on
the other. We use the updated NOAA Extended Reconstructed SST data, version 4 [Huang et al., 2015]. Past

Figure 1. Monthly climatology of 6 hourly AR records expressed as (a) land-falling day counts, (b) average local land-falling
duration, (c) average IVT per AR land-falling event, (d) and AR event average IWV, all presented by month and AR land-
falling latitude.
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work has linked seasonal variability and predictability in the frequency of heavy precipitation to SST patterns,
particularly those associated with El Niño–Southern Oscillation (ENSO) and the Pacific Decadal Oscillation
(PDO). Gershunov and Cayan [2003] examined predictive linkages between Pacific SST and conterminous
U.S. heavy precipitation using canonical correlation analysis (CCA), which, in its diagnostic application,
identifies temporally coupled patterns in two fields of variables and can also be used prognostically. Land-
falling ARs, moving moisture evaporated from the ocean surface and being associated with heavy albeit
mainly orographic precipitation in mountainous western North America, can a priori be expected to respond
to Pacific SST forcing. We here apply CCA diagnostically to examine the validity of this expectation.

Although other seasons display meaningful connections between Pacific SST and North American precipita-
tion, in our example we will focus on the late winter season (January–March, JFM), which has been previously
identified as the season with the most predictable heavy precipitation [Gershunov and Cayan, 2003]. The
version of CCA used here is “directional,” i.e., sensitive to the fact that IVT is a vector field. García-
Bustamante et al. [2012] have previously performed CCA on wind vectors. In performing directional CCA,
we resolve both the u and v components of IVT, coupling IVT vectors at the land-falling R1 grids with SST over
the tropical and north Pacific. We chose the broad SST domain covering the tropical and north Pacific to
capture the important signals with known teleconnections to North America. The coastal IVT domain is sali-
ent for capturing the onshore vapor transport and therefore the AR intensity at landfall; however, for ease of
interpretation, the result is displayed over the same IVT domain over which ARDT was applied. The western
North American domain over which these results are related to precipitation represents the sink of
AR-transported water vapor as it responds to teleconnected oceanic forcing via land-falling ARs. In the follow-
ing analysis, IVT from R1, independent SST data, and gridded precipitation observations, all show consistent
signals, thus bolstering our confidence in the results.

Figure 3 shows the three leading coupled modes derived from CCA applied to JFM SST and AR-IVT with impli-
cations for AR-related precipitation, while Figure S10 shows results of a similar analysis applied to SST and
total seasonal IVT. Specifically, Figures 3a–3c display the leading mode of optimally correlated pairs of IVT
and SST time series (Figure 3a) and the temporally coupled spatial patterns in SST and IVT (Figures 3b and
3c, respectively). The spatial patterns are displayed as correlations of the corresponding canonical correlates
(CC1IVT or CC1SST) with total IVT magnitude (colors) as well as with IVT vectors (vectors at coastal grid cells).
Although only coastal IVT was used to summarize land-falling IVT activity, correlation patterns are shownwith
IVT magnitude over the entire IVT domain. We further correlated the temporal evolution of the IVT pattern
associated with this leading coupled IVT-SST mode (Figure 3a, blue bars) with JFM AR-related precipitation
(Figure 3d).

Figure 2. Contribution (%) of AR-related precipitation to (a) total annual and (b–e) seasonal precipitation. The gridded precipitation product is in situ observed daily
precipitation interpolated onto a 6 × 6 km grid [Livneh et al., 2013] and spanning 1950–2013.
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The leading CCA mode represents the impact of PDO [Mantua et al., 1997] on land-falling AR activity. PDO
(green line in Figure 3a) is correlated at (r = 0.86) with CC1SST and represents generally
enhanced/diminished AR activity along the west coast of North America during positive/negative PDO
phases. Moreover, directional CCA implies that the enhanced land-falling AR activity is associated with stron-
ger southerly IVT along much of the coastline during positive PDO phases, although also weaker/stronger
westerly IVT over British Columbia/extreme Southern California. This results in enhanced/diminished precipi-
tation along the Sierra Nevada, the mountains of Southern California, and the extreme Southwestern Deserts
(Figure 3d). Precipitation along the NNE-SSW oriented Cascades does not register this PDO signal associated
with mostly meridional AR-IVT variability in that region. The coastal ranges of British Columbia, however, may
derive more rainfall from enhanced southerly upslope IVT in land-falling ARs associated with the positive

Figure 3. (a) Leading canonical correlates (time series) and their associated spatial patterns expressed as correlations between the time series and their respective
fields of variables: (b) SST during the January–March, JFM, season and (c) seasonally summed AR-associated IVT. (d) Correlations between the IVT time series
(Figure 3a, blue bars) and AR-associated precipitation. (e–h) The second leading coupled mode. (i–l) The third leading mode. The analysis was done on AR-related
vector IVT confined to the coastal zone grid cells and expressed as correlations with the entire domain of AR-related IVT, both u and v components (arrows) and
magnitude (colors), while the coastal grids that comprised the analysis domain are marked with thick arrows (Figures 3c, 3g, and 3k). Maximum possible arrow length
is square root (2), shown to the right of the color scale, corresponding to unit (r = 1) u and v components. AR-associated JFM precipitation (PRCP) correlated with the
corresponding modal IVT time series shown in Figures 3d, 3h, and 3l. Note that PRCP data span a shorter period (1950–2013) compared to SST and IVT data
(1948–2017). The green curve in Figure 3a represents the time evolution of the JFM PDO (http://research.jisao.washington.edu/pdo/PDO.latest.txt), which is
correlated with CC1SST at r = 0.86. The least squares-fitted trends in Figure 3e are significant with p values < 0.0005.
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phase of the PDO (Figures 3c and 3d). We note that the seasonal total IVT variant of this analysis (Figure S10,
top row) shows a decidedly ENSO-related leading mode signal.

A long-term increasing trend in AR land-falling IVT is evident in the second CCA mode (Figure 3e), and this
trend is related to the warming of the far western tropical Pacific (Figure 3f), which has been previously iden-
tified [Wang et al., 2015]. This trend explains little of IVT variance (0.2 < r < 0.3 amounting to less than 10%
total AR-related IVT variability) but is associated with a broad enhancement of westerly IVT along the west
coast of the U.S. and Canada, and a decline along the Mexican west coast (Figure 3g). The associated preci-
pitation pattern shows broad gradual enhancement of AR-related precipitation over much of the interior
Western U.S. and Southwestern Canada, but a decline in the Southwestern U.S. and northwestern Mexico
(Figure 3h). The associated total seasonal IVT result (Figure S10, middle row) shows a clearer increasing IVT
trend associated with broad warming of the Pacific Ocean (Figure S10f) and a related increase of
Northwestern U.S. precipitation (Figure S10h). The directional nature of this result suggests that there may
be a regional dynamical component to this observed trend, with which precipitation has consistently been
keeping pace.

The third CCA mode (Figures 3i–3l) represents the sensitivity of land-falling AR activity on the “blob” of warm
SST stretching southward from the Gulf of Alaska and off the Pacific Northwest (Figure 3j) which is consis-
tent with a blocking high over the U.S. west coast [Bond et al., 2015]. The corresponding pattern in the
AR-related IVT field (Figure 3k) involves strongly depressed onshore IVT at the US west coast, particularly
in Northern California and much enhanced AR activity over southwestern Canada. AR-related precipitation
associated with this mode is particularly diminished over Northern California (Figure 3l). These patterns
are associated with the positive phase of the coupling, while the opposite patterns, i.e., cold “blob” in the
northeastern Pacific, anomalously strong AR activity in Northern California and weak in southwestern
Canada, are associated with the negative phase. This mode of coupled variability in SST and IVT patterns
covaries with ~30% shared variability (r = 0.55), varies strongly on interannual time scales (Figure 3i), and
was expressed particularly positively and strongly during the JFMs 2014–2015 California and Oregon
drought. The total seasonal IVT version of this analysis (Figure S10, bottom row) involves enhanced onshore
IVT at the U.S. West Coast, again particularly expressed at Northern California latitudes, associated with an
anomalously warm Kuroshio Extension region and the strongest associated enhancement of precipitation
in a broad swath from coastal Northern California and Oregon extending well into the interior
Northwestern U.S. This mode appears to have contributed marginally to the most recent and anomalously
wet winter in the western U.S., i.e., JFM 2017 (Figure S10i). The winter 2017 was notable for sporting the
second strongest total IVT impinging upon the California coast in our 70 winter record (close second after
JFM 1983, Figure S11a) and the strongest by far AR-related IVT (3 standard deviations above the mean,
Figure S11b), which was undoubtedly instrumental in organizing the decisive lapse for the drought plaguing
California in the early 21st century.

5. Summary and Conclusions

We have developed a new automated detection scheme for atmospheric rivers and applied it to 6 hourly IVT
and IWV data in R1 to create a catalog of ARs land-falling upon the North American west coast—the SIO-R1
Catalog—which currently includes 69 full years (1948–2016) plus the winter of 2017. We have validated
SIO-R1 against an established shorter and less extensive catalog (RNW) based on satellite-retrieved IWV data
and independent finely resolved daily precipitation record [Livneh et al., 2013]. The SIO-R1 catalog yielded
stronger seasonality of AR landfalls that are clearly associated with heavy precipitation over the coastal
ranges and to some extent over the inland topography of the mountainous West.

Our AR detection methodology can be applied to any west coastal region of the globe in any reanalysis
product or global climate model (GCM). In fact, it was recently applied to the NOAA 20th Century
Reanalysis, which was used to successfully validate the SIO-R1 with respect to possible discontinuities asso-
ciated with the start of the satellite era; no broadly systematic discontinuities in the SIO-R1 were detected. We
plan to create additional catalogs of AR activity affecting the west coast of North America and elsewhere
based on (a) finer-scale reanalyses to better resolve inland penetration of ARs [e.g., Rutz et al., 2014] and
(b) GCM historical simulations and climate change projections—for examination of ARs’ role in historical
floods as well as past and future trends in AR activity associated with robust expectations of enhanced IVT
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in a warmer world [Lavers et al., 2015] and projected stronger precipitation extremes along the west coast of
North America [Polade et al., 2014], notably in California.

The SIO-R1 record of AR activity examined here provides a perspective on the seasonal cycle and interannual-
interdecadal variability of AR activity affecting the hydroclimate of the North American West. We clearly
detect the seasonal migration of peak AR activity from the Gulf of Alaska in the late summer-early fall, when
AR landfalls are most frequent, to northern California in late fall-early winter. Climatological AR intensity does
not closely follow AR frequency; intensity peaks in December in far Northern California where ARs are the
prominent cause of flooding [Ralph et al., 2006]. We also see infrequent yet sustained AR landfalls over
Baja California and Southern California State that appear to be largely IVT/wind driven in winter and
IWV/moisture driven (with apparent tropical storm-related moisture origins) in late summer with a distinctive
lull during the May and June peak of coastal low cloudiness in that region [Clemesha et al., 2016].

We have also examined the updated 70 winter (JFM) record for links between AR-related (as well as the
seasonal total) IVT at the North American west coast and Pacific climate variability expressed in sea surface
temperatures. Leading patterns that emerged indicate that land-falling AR activity is sensitive to modes of
climate variability expressed in SST. These modes include most notably the PDO and associated eastern
Pacific SST. They also include the northeastern Pacific warm “blob,” described by Bond et al. [2015], suggest-
ing a consistent role for ARs in the recent California drought. ARs also played a decisive role in this drought’s
demise via vigorous activity along the California coast, unprecedented on our 70 winter record.

Moreover, a long-term trend expressed broadly in stronger winter AR activity over the U.S. and Canadian west
coast (weaker over Mexico) is associated with long-term warming of the western tropical Pacific; the latter
SST trend has previously been identified in multiple observational data sets and explained by anthropogenic
forcing [Wang et al., 2015]. Long-term precipitation changes over western North America have been very
consistent with this trend. This broad increase in AR activity is corroborated by total seasonal IVT version
of the analysis, where it is clearly associated with basin-scale ocean surface warming, as well as by a consis-
tent increasing trend pattern in observed precipitation. These results suggest that the increase in IVT
projected for the midlatitudes in response to global warming [Lavers et al., 2015] has been ongoing over at
least the north Pacific, which calls for an investigation of the role of ARs in the projected enhancement of
extreme precipitation over California and the Western U.S. [Polade et al., 2014] as well as a fresh investigation
into observed changes already under way.

Interestingly, although ENSO is the main influence on total seasonal west coastal IVT, we did not detect clear
and significant ENSO signals in land-falling AR activity. The SST-IVT linkages presented here display notable
similarities and differences depending on whether CCA is applied to AR-related or total seasonal JFM IVT.
The predictive capacity of such SST-IVT-precipitation linkages can and will be explored in a future article.

Besides uncovering modes of variability possibly accounting for seasonal and longer-term predictability, our
CCA results demonstrate the reality of the highlighted modes of climatic variability reflected in at least three
independent data sets ranging from reanalyzed AR activity to observed SST and precipitation, providing
additional validation and confidence to the new SIO-R1 catalog.
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