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Abstract Lying in the frontline of the prevailing midlatitude westerlies, British Columbia and
southeastern Alaska (BCSAK) often receive copious amounts of precipitation through atmospheric rivers
(ARs). This study quantifies the contribution of ARs to annual, seasonal, and extreme precipitation across
BCSAK from 1979 to 2012 using a recently developed high-resolution gridded precipitation data set, a
regional AR catalog, and integrated vapor transport fields calculated from a reanalysis data set. On average,
ARs contribute 13% of total annual precipitation with the higher contribution along the coastal regions
(up to 33%), parts of which are one of the wettest locations on Earth, followed by the Columbia and Rocky
Mountains (~9%-15%). The highest contributions occur during September (up to 57%) and October (up to
49%). The contribution of ARs to extreme precipitation attains >90% along the western arc of the Coast
Mountains and the coastal regions of BCSAK. ARs act as the main synoptic-scale mechanism that brings
rainfall to the Rocky Mountains in winter. The probability of observing AR-related precipitation increases
over the study period; however, no change occurs in the average AR-related precipitation amount for
most of BCSAK during 1979-2012. This work provides insights on the critical role ARs play on the water
resources of northwestern North America and has broader implications on community water supply and
management, hydropower operations, and flood risk assessment and mitigation.

1. Introduction

Globally, the regions exposed to westerly maritime flows receive a substantial amount of their precipita-
tion and its extremes from extratropical cyclones, mostly during the cold season (Gimeno et al., 2012;
Hawcroft et al., 2012). British Columbia (BC), Canada and southeastern Alaska (AK), the United States
(BCSAK), lies in the frontline of the prevailing midlatitude westerlies and receive copious amounts of pre-
cipitation, especially during autumn and winter, primarily through the extratropical cyclones emanating
from the North Pacific (Hare, 1998; Stahl et al., 2006). Although westerlies dominate this region's climate,
the presence of steep topography leads to enhanced precipitation through the orographic uplift of moist-
ure within transient Pacific extratropical cyclones (Neiman et al., 2008). Atmospheric rivers (ARs), the
phenomenon first identified by Zhu and Newell (1994) to represent the filamentary structure of atmo-
spheric water vapor transport, are long (>2,000 km) and narrow (length/width >2) mesoscale synoptic
corridors of moisture often found in the warm sector of the extratropical cyclones (Lavers et al., 2011;
Ralph et al., 2004, 2017). Generally concentrated in the lower troposphere, these moisture conveyor belts
produce effectively orographic precipitation when they interact with mountain topography and influence
substantially the precipitation of western North America including BCSAK (Dettinger et al., 2011; Ralph
et al., 2005, 2013).

Through their cumulative effects, ARs influence substantially seasonal precipitation anomalies, short-term
weather and flooding events, and contribute exceptionally to the global water cycle; indeed, they transport
>90% of (sub)tropical moisture poleward at midlatitudes globally (Ralph et al., 2017; Zhu & Newell, 1998).
Owing to the importance of ARs in water vapor transport inland and their impacts on water resources and
extreme hydrological events, there exist extensive studies on the identification and characteristics of ARs
(Bao et al., 2006; Guan & Waliser, 2015; Lavers et al., 2012; Neiman et al., 2008; Ralph et al., 2004), impacts
on precipitation (Chen et al., 2018; Dettinger et al., 2011; Lavers et al., 2013; Lavers & Villarini, 2015; Rutz
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et al., 2014), snow accumulation (Goldenson et al., 2018; Gorodetskaya et al., 2014), and peak runoff and
flooding (Curry et al., 2019; Konrad & Dettinger, 2017; Ralph et al., 2006).

During an AR, conditions are conducive to the occurrence of heavy orographic precipitation (Neiman et al.,
2008; Ralph et al., 2013). A moist low-level jet, large water vapor content, strong horizontal winds propagat-
ing toward the elevated terrain, and steep mountains yield heavy orographic precipitation from ARs (Lin
et al., 2001; Neiman et al., 2002). Moreover, the strength of orographic precipitation associated with an
AR depends on different variables such as terrain elevation, slope, wind speed and direction, and the orien-
tation of the AR trajectory (Lin et al., 2001; Neiman et al., 2008; Ralph et al., 2003). The proximity of an area
to the coast and presence (or absence) of a topographic barrier also influence the AR-related precipitation in
that area. This arises owing to the depletion of water vapor over the topographic barrier that leads to AR
decay farther inland (Rutz et al., 2014).

Precipitation associated with ARs varies in terms of amount and phase based on factors such as the time of
the year, elevation, latitude, and proximity to the coast. Generally, an intense AR-related precipitation event
occurs along the windward side of coastal mountains and weakens further inland (Rutz et al., 2015). The
intense precipitation from an AR replenishes freshwater resources and occasionally leads to extreme flood-
ing (e.g., the September 2010 Bella Coola, BC flood event; PCIC, 2013). In this context, the literature lacks
the quantification and characterization of the precipitation and its extremes associated with ARs across
BCSAK. Moreover, an increase in the global surface air temperature intensifies the availability of atmo-
spheric moisture in-line with the Clausius-Clapeyron relation (Dessler et al., 2008). This, in turn, causes
an increase in the horizontal moisture transport through ARs (Lavers et al., 2015; Payne & Magnusdottir,
2015; Radi¢ et al., 2015). However, it is not yet known whether there have been recent increases or decreases
in the contribution of ARs to precipitation across BCSAK. Motivated by these research gaps, this study aims
to analyze the relationship between ARs and precipitation in this region. We explore changes in the frac-
tional contribution of ARs to precipitation over recent decades with an implementation of a zero-inflated
beta regression model. Specifically, the main objectives of this work are (i) to quantify the contribution of
landfalling ARs to annual and seasonal precipitation (including its partitioning into rainfall and snowfall),
to assess changes in contributions during 1979-2012 across BCSAK, and (ii) to understand the relationship
between ARs and extreme precipitation across BCSAK during 1979-2012.

2. Study Area

The BCSAK region covers an area of ~1.07 x 10° km?® (BC ~0.95 x 10° km? and southeastern AK
~0.12 x 10° km?) with latitudes ranging from ~47.5°N to 60.0°N, longitudes spanning from 114.0°W to
139.0°W, and elevations varying from sea level to >4,000 m (Figure 1). Much of the western Canadian
Cordillera lies within this region and forms a barrier to the midlatitude prevailing westerlies (Hare, 1998;
Moore et al., 2010). BCSAK includes temperate rainforests, montane and alpine environments, a flat interior
plateau, wet western slopes, and dry rain-shadow regions (Church & Ryder, 2010; Holland, 1976). Its
weather shows a distinct climatological pattern controlled by season, the proximity to the coast, and topogra-
phy, such as a modest (coast) to high (inland) annual air temperature range. A strong precipitation gradient
with a moist coastal region and dry interior occurs due to the presence of the Coast Mountains and their
rain-shadow effect (Moore et al., 2010; O'Neel et al., 2015). The Columbia and Rocky Mountains to the east,
the Coast and Insular Mountains to the west, and the St. Elias Mountains to the north of BCSAK form head-
waters of many major rivers of western Canada and the Pacific Coast including the Columbia, Fraser,
Mackenzie, Nass, Skeena, Stikine, and Yukon Rivers (Hernandez-Henriquez et al., 2017; Reynoldson
et al., 2005; Richardson & Milner, 2005).

3. Data and Methods

3.1. Data

3.1.1. Precipitation Data

We use daily gridded precipitation from the Pacific Climate Impacts Consortium meteorology for northwes-
tern North America (PNWNAmet) data set (Werner et al., 2019). PNWNAmet is a high-resolution meteor-
ological data set recently developed by Pacific Climate Impacts Consortium, available through their data
portal: https://www.pacificclimate.org/data/daily-gridded-meteorological-datasets; accessed 17 August
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Figure 1. (a) Map of BCSAK showing the elevation, lakes, rivers, and major mountain ranges. The straight white solid lines near 50°N, 54°N, and 58°N parallels
depict the transects from the coast to inland, for which the AR contribution change inland is extracted (Figure 9). (b) Distribution of different elevation ranges in
bins of 100 m within the study area at 0.0625° X 0.0625° resolution (same as that of gridded precipitation data).

2018. This data set provides temporally consistent daily gridded precipitation and daily minimum and
maximum air temperatures at a relatively high spatial resolution of 0.0625° x 0.0625° (~6 km x 6 km) for
northwestern North America spanning 1 January 1945 to 31 December 2012. Werner et al. (2019) con-
structed the PNWNAmet daily gridded data using three independent variables as predictors: longitude, lati-
tude, and Climate Western North America (ClimateWNA; v5.10) monthly climate normals (Wang et al.,
2006, 2016). The ClimateWNA data set, available at monthly temporal resolution, implements a bilinear
interpolation and an elevation adjustment to generate scale-free climate data for western Canada and the
Alaska Panhandle (Wang et al., 2006, 2016).

Werner et al. (2019) perform validation of the PNWNAmet and other available gridded data (e.g., Natural
Resources Canada meteorology [NRCANmet], also known as the Australian National University Spline;
McKenney et al., 2011) with the independent Agricultural and Rural Development Act network data,
of which many stations were located at elevations >1,000 m above sea level throughout BC covering
1965 to 1991. Their results show that the PNWNAmet precipitation has a lower magnitude positive bias
when compared to the negative bias shown by NRCANmet precipitation (see Figure 2a in Werner et al.,
2019). For average and extreme precipitation, PNWNAmet outperforms NRCANmet making it a more
reliable product for the higher end of extreme precipitation analysis compared to other major daily fre-
quency gridded products for this region (Werner et al., 2019). For example, the biases of PNWNAmet
and NCARmet versus Agricultural and Rural Development Act for total annual precipitation when daily
precipitation amount is >95th percentile are —4.25% and —30.71%, respectively (Werner et al., 2019). We
calculate the total monthly, seasonal, and annual precipitation from the daily data and average these
values over the period of study.

Daily precipitation partitioning into snow and rain relies on daily mean air temperature (obtained as the
average of daily minimum and maximum air temperatures) threshold following the UBC Watershed
Model equation (Quick & Pipes, 1977). This model considers the precipitation as all snow when daily mean
air temperature <0.6 °C and all rain if >3.6 °C. Equation (1) then gives the proportion of snow when daily
mean air temperature (T, °C) lies between 0.6 °C and 3.6 °C (Kienzle, 2008; Quick & Pipes, 1977; Trubilowicz
& Moore, 2017):
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This approach, originally designed and validated for mountainous catchments in BC (e.g., the Columbia and
Fraser river basins; Quick & Pipes, 1977), considers the thermal energy distribution and the gradual change
from rain to snow based on a linear transition.

3.1.2. Data on ARs

Given the significance of ARs in water resources and their accompanying extreme weather events, many
AR databases have been developed in recent years that provide information on AR chronologies and char-
acteristics at global and regional levels, including the BCSAK region (Gershunov et al., 2017; Guan &
Waliser, 2015; Rutz et al., 2014). We use the AR chronology and integrated vapor transport (IVT) informa-
tion in BCSAK from a 6-hourly AR catalog published by the Scripps Institution of Oceanography
(SIO-R1-AR catalog, Gershunov et al., 2017; http://cw3e.ucsd.edu/Publications/SIO-R1-Catalog/, accessed
13 February 2018). The IVT field is regridded using bilinear interpolation to the resolution of the
PNWNAmet data set. This AR catalog provides the frequency, duration, and landfalling location, along
with IVT gridded data at 6-hourly temporal resolution across the North American West Coast (20°N to
60°N) from January 1948 to March 2017. The SIO-R1-AR catalog was derived using the 6-hourly specific
humidity and wind fields at 2.5° X 2.5° spatial resolution from the National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data set (Kalnay et al.,
1996). Gershunov et al. (2017) validated the SIO-R1-AR catalog by comparing it against the Special
Sensor Microwave Imager-based AR catalog recorded by Neiman et al. (2008) and observed a favorable
comparison between these two data sets.

Given the substantial modulation of precipitation amounts by ocean-atmosphere climate variability, we
explore how the contributions of ARs to precipitation across BCSAK differ during alternating Pacific
Decadal Oscillation (PDO) and El Nifio-Southern Oscillation (ENSO) phases. The PNWNAmet data set pro-
vides the precipitation during the cool phase of the PDO (1948-1976) for comparison with its warm phase
(1977-1999) (Mantua & Hare, 2002). Similarly, the multivariate ENSO index provides years with ENSO
phases (Wolter & Timlin, 2011). The Mann-Whitney-Wilcoxon test provides statistical significance of the
distribution of AR-related precipitation during different phases of ENSO (Hollander et al., 2014).

3.2. Methods

3.2.1. The Contribution of ARs to Precipitation

A calculation of the fraction of precipitation attributed to ARs determines their contribution to total annual
and seasonal precipitation for January 1979 to December 2012. Reasons for selecting this study period are to
(i) minimize the precipitation variability associated with PDO phases (see sections 4.7 and 5.2; Meehl et al.,
2009) and (ii) obtain an improved representation of the AR chronology and IVT field through the ingestion
of remote sensing data into the NCEP/NCAR reanalysis after 1979 (Kalnay et al., 1996). To calculate the
fraction of AR-related precipitation, we first derive the chronology of landfalling AR-days and the following
day in BCSAK (47.5°N to 60.0°N), called AR-days, from the SIO-R1-AR catalog. Consideration of both the
landfalling AR day and the following day addresses the 1-day uncertainty between the Coordinated
Universal Time-based AR chronology and the local time gridded precipitation data (Dettinger et al.,
2011). Next, for each grid cell, the precipitation is AR-related if the IVT is >250 kg m~! s7! for these
AR-days. Then, a division of the AR-related precipitation by total precipitation for each grid cell provides
the fraction of the contribution of ARs to the precipitation. The coefficient of variation (CV = standard
deviation (SD)/Mean) provides the interannual variability on the contribution of ARs to annual precipita-
tion across BCSAK.

We obtain annual and seasonal extreme precipitation for each grid cell across BCSAK following the block
maxima approach of the statistical method of extreme value theory (Coles, 2001; Lavers & Villarini, 2013).
This approach provides one extreme precipitation event per year for 1979-2012, creating a series of 34 events
for each grid cell across BCSAK. The block maxima, a widely used approach for extreme event analysis (e.g.,
Blanchet et al., 2009; Lavers & Villarini, 2013), minimizes serial dependence of extreme precipitation events
and covers longer temporal ranges. Next, for each year, we cross-reference the annual extreme day with the
AR-days series and if there is a match, it is considered an AR-influenced extreme occurrence. Thereafter, a
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division of the number of AR-influenced extreme occurrences by the number of total extreme events pro-
vides the fraction of the AR-related extreme precipitation in each grid cell across BCSAK. The same
approach provides the fractional contribution of ARs to seasonal extreme precipitation occurrences using
results for autumn: September-November, winter: December-February, spring: March-May, and summer:
June-August, in place of the annual values.

3.2.2. Zero-Inflated Beta Regression and Logistic Regression Models

An implementation of the zero-inflated beta regression model gives the temporal change on the contribution
of ARs to total precipitation over 1979-2012 across BCSAK. Beta regression models, an extension of general-
ized linear models, describe rates and proportions in situations where the response is constrained to the open
interval (0,1) (Ferrari & Cribari-Neto, 2004; Ospina & Ferrari, 2010). In AR contribution time series, how-
ever, the response results may contain zeros; therefore, we implement the zero-inflated beta distribution that
allows zero and the fractional values, that is, an interval of [0,1) (Ospina & Ferrari, 2010). For a random vari-
able y; (AR fraction in ith year) the zero-inflated beta distribution is given as (Lavers & Villarini, 2015;
Ospina & Ferrari, 2010):

f(Yi) =, ify, =0,
filmo) = (1 —v)— )

N bV AN < TRV (S DL ST 5
[(uo)T((1 - M)G)ylﬂ 1=y ify, € (0, 1) )

where I'(.) is the gamma function, the parameters u, o, and v represent the mean, variance, and the probabil-
ity of a zero observation, respectively, and satisfy 0 < 4 < 1,0 > 0, and 0 < v < 1. Equations (3) and (4) provide
the expected value and variance, respectively:

E(y) = 1=y, 3)
Var(y;) = (1-v) (l%) + (1 —v)ul. )

The generalized additive models for location, scale, and shape (gamlss) package in R provides tools to imple-
ment the highly flexible zero-inflated beta regression model in location, scale, and shape (Stasinopoulos &
Rigby, 2007). The model reveals changes over time in the contribution of ARs to precipitation for each grid
cell for the parameters u, o, and v (Lavers & Villarini, 2015; Ospina & Ferrari, 2012). We consider all possible
model combinations so that each parameter can be a linear function of time and select the model with the
lowest Akaike Information Criterion (Akaike, 1974). The Akaike Information Criterion provides a compro-
mise between the goodness-of-fit and complexity of the models.

An implementation of the logistic regression model yields the temporal change of the contribution of ARs
to extreme precipitation. Let x; be the covariate (presence or absence of an AR during an extreme precipita-
tion day) for ith year, then the probability P of a binary response variable (y) to be 1 is given as (Fahrmeir
et al., 2013):

e(ﬁo‘*’ﬁﬁi)
 fory; € (0, 1), (5)

P(yl = 1) - 1+ e(BotByxi

where the logistic model coefficients 5, and 5; represent the intercept and rate of change in log-odd, respec-
tively. These coefficients are estimated through the maximum likelihood method (Fahrmeir et al., 2013).

The change in contribution over time is significant at each grid cell if the probability value (p value) <0.05 for
both the zero-inflated beta regression and logistic regression models.

To further evaluate the global significance of the individual grid-scale significant changes, we perform a field
significance test following Wilks (2011, 2016) that minimizes the false discovery rate (FDR). If p; withi=1, 2,
..., N denotes grid-scale p values for N hypothesis tests sorted in ascending order so that p;;y < p2) < ... < pv)
with p; being most significant and py least significant, then the results of individual tests are considered
globally significant if their respective p values are no greater than a threshold level pgpr that depends on
the distribution of sorted p values as (Wilks, 2011, 2016):
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where agjopal is the chosen control level for the FDR, that is, 0.05 in this study.

4. Results
4.1. Precipitation Climatology

The average annual and monthly precipitation amounts across BCSAK reveal the distinct influence of
mountains and proximity to the coast (Figures Sla and S2 in the supporting information). Average total
annual precipitation maps show higher amounts (>10,000 mm year™") along the western slopes of the
Coast Mountains of BCSAK relative to their eastern counterparts (Figure Sla). This precipitation total
approaches the value recorded in perhaps the world's wettest location, Cherrapunjee, northeastern India,
which averages 11,987 + 3324 mm of rainfall annually (Jain et al., 2013; Murata et al., 2007). This suggests
that parts of coastal BCSAK lie amongst the wettest regions on the planet. Mountainous regions (e.g., the
Columbia and Rocky Mountains, Figure 1a) of BCSAK receive moderate amounts (~1,500 mm year‘l) of
annual precipitation. Moreover, there are drier regions with precipitation <500 mm year™* in northeastern
BC and parts of the central Interior Plateau owing to the rain-shadow effect on moisture-laden westerly
flows (Figure Sla). The variability of total annual precipitation is lower along the coastal and mountainous
regions of BCSAK; the average variation in precipitation is highest during August, February, and September
and lowest during October, June, and May (Figures S1b and S3).

4.2. The Contribution of ARs to Total Precipitation

The contribution of ARs to total annual precipitation shows high spatial variability with contributions ran-
ging from <5% to >33% (spatial average = 13%) across BCSAK during 1979-2012 (Figure 2a and Table 1).
The highest contribution occurs in the low-lying coastal regions (~33%) followed by the mountainous terrain
of BCSAK (Figure 2a). The contribution of ARs averages 20%, 11%, and 6% of total annual precipitation along
the ranges of the Coast, Columbia, and Rocky Mountains, respectively (Table 2). These indicate average con-
tributions over 34 years but exclude year-to-year variability. For example, the spatially averaged highest con-
tribution occurs in 2005 (27%) (spatial range: 2%-45%) and the lowest occurs in 1982 (10%) (spatial range:
0%-26%). Furthermore, ARs contribute one third of the average ~10,000 mm year ' precipitation in coastal
regions whereas in northeastern BC the contribution is minimal because, on average, they contribute only a
small fraction (~4% of the 600 mm year™ total precipitation). The coefficient of variation of the percentage of
the contribution of ARs to total annual precipitation reveals lower variability along the coastal regions of
BCSAK (<0.2) that increases with inland distance from the coast to reach >1.0 along northeastern
BC (Figure 2b).

The BCSAK region receives higher precipitation during autumn and winter months (up to 2,200 mm in a
single month along the coastal region) and lower amounts during late spring and early summer months with
some areas receiving no precipitation at all (Figure S2). Average total monthly precipitation associated with
ARs ranges from no precipitation to >50% depending on the month and location within the region
(Figure 3). The highest and most widespread contribution occurs during late summer and autumn
(August: 3%-37%, September: 6%-57%, October: 2%-49%, and November: 0%-37%), whereas the lowest con-
tribution occurs during spring months (Figure 3 and Table 1).

4.3. The Contribution of ARs to Extreme Precipitation

ARs contribute up to 97% of annual extreme precipitation in parts of BCSAK during 1979-2012 (Figure 4).
The highest contribution of ARs to extreme precipitation lies along southeastern AK (up to 97%), Haida
Gwaii (94%), Vancouver Island (~90%), coastal regions of central BC (up to ~90%), and the Columbia and
Rocky Mountains (up to ~60%) (Figure 4). A seasonal analysis shows the highest contribution occurs during
autumn (up to 82% in southeastern AK, ~75% in the Coast Mountains and the western arc from the Coast
Mountains, and 50%-60% in the Columbia and Rocky Mountains), followed by winter (Figure S4). Similar
to total annual and monthly precipitation, the influences of orography and proximity to the coast are visible
in the AR-related extreme annual and seasonal precipitation. For example, the contribution of ARs to
annual extreme precipitation diminishes to <10% toward northeastern BC likely because this region lies
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Figure 2. The (a) average of, and (b) coefficient of variation in, the contribution of ARs to total annual precipitation
across BCSAK, 1979-2012.

in the lee of several prominent north-south mountain ranges and farther inland from the Pacific
Ocean (Figure 4).

4.4. The Influence of ARs on Snowfall and Rainfall

A monthly and seasonal decomposition of the contribution of ARs to snowfall and rainfall indicates a higher
AR association with liquid rather than solid precipitation across BCSAK during 1979-2012 (Table 1 and
Figures 5-7). On average, ARs contribute 5 + 4% (spatial range 0%-29%) of total snowfall during autumn
and 6 + 5% (spatial range 0%-22%) in winter; they contribute 48 + 20% (spatial range 0%-100%) and
36 + 11% (spatial range 5%-84%) of total rainfall during autumn and winter, respectively. A distinct variation
occurs in the spatial distribution of the contribution of ARs to snowfall, and it exhibits an elevational depen-
dency across BCSAK (Figures 6 and 7). The contribution of ARs to rainfall exceeds that for snowfall along
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Table 1
Contribution of ARs to Total Annual and Monthly Precipitation (%), Snowfall
(%), and Rainfall (%) Across BCSAK, 1979-2012

the ranges of the Coast, Columbia, and Rocky Mountains of BCSAK
(Table 2). Moreover, the higher percentage of AR-related rainfall is
skewed toward the lower elevation ranges of BCSAK whereas that

Avergig)e oo Avere}ﬁe i Avera}tg)e i of snowfall is skewed toward mid-to-high elevation ranges
contribution o contribution contribution . . . .
P O ARS {0 AT (Figures 7 ar.ld S5). During autumn, the c.:ontrlbutlon. of ARs to
precipitation snowfall (% of rainfall (% of snowfall attains up to 29% but only at higher elevations of the
(%) (spatial total snowfall) total rainfall) Coast, Columbia, and Rocky Mountains, and remains <5% for most
Period range [%]) (spatial range [%]) (spatial range [%]) of BCSAK, especially at lower elevations (Figure 5a). However, the
January 10 (0-24) 7 (0-26) 56 (0-100) spatial extent of the contribution of ARs to snowfall increases in
February 7 (0-24) 5 (0-19) 36 (0-100) winter, influencing most of BCSAK except lower elevation, coastal
March 4 (0-18) 2 (0-13) 13 (0-100) regions, and parts of northeastern BC. In contrast, the average
April 5(0-18) 2(0-11) 8 (0-39) contribution of ARs to rainfall reaches up to 100%, especially in
May > (0-18) 1(0-13) 6(0-31) int ting that AR titute the onl tic-scall
i 5(0-23) 1(0-14) 5 (0-23) winter, suggesting tha s constitute the only synoptic-scale
July 9 (1-26) 1(0-14) 9 (0-26) mechanism inducing rainfall in the Coast and Rocky Mountains
August 15 (3-37) 1(0-24) 15 (3-37) and northwestern BC during this season (Figure 5a). This may lead
September 24 (6-57) 1(0-34) 26 (6-75) to rain-on-snow events especially in winter and early spring
October 23 (2-49) 6 (0-36) 35 (5-95) because ARs bring much warmer, moist air than seasonal averages.
November 14 (0-37) 8 (0-29) 47 (0-100)
December 10 (0-27) 7 (0-23) 53 (0-100) A breakdown of the contribution of ARs to extreme precipitation into
Annual 13 (0-33) 7 (0-23) 18 (3-44) rainfall and snowfall also exhibits an elevational and seasonal depen-

dency across BCSAK. During autumn, the contribution to extreme

rainfall is greater than snowfall for most of BCSAK except at high ele-
vations (Figures 5b and 6b). However, in winter the pattern changes with only coastal regions of BCSAK
receiving extreme rainfall from ARs. For example, during autumn, ARs contribute on average 25% as
extreme rainfall (up to 97% in southeastern AK and northern coastal BC, up to 70% in Vancouver Island
and the Coast Mountains, ~65% along the Columbia and Rocky Mountains, ~50% along the coastal areas,
and < 5% in northeastern BC) but only 6% as extreme snowfall especially along the higher elevation grid cells
(~55% above 2,000 m in the Coast Mountains and ~60% above 1,500 m in the Columbia and
Rocky Mountains).

4.5. The Inland Influence of ARs on Precipitation

The contribution of ARs to annual and monthly precipitation decreases gradually moving inland in BCSAK,
but with variations across seasons and elevations (Figure 8). Longitudinal profiles of the contribution of ARs
to precipitation near the 50°N, 54°N, and 58°N parallels from the Pacific coast up to the BC/Alberta border
(Figure 1a) reveal on average a ~20%—-30% contribution to total annual precipitation for up to ~300 km inland
from the coast along all three transects (Figure 8). However, the contribution decreases gradually to <20%
near the 50°N and 54°N parallels and <10% near the 58°N parallel within a distance of ~500 km inland from
the coast.

ARs influence ~50-75% of extreme annual precipitation within the first 300 km inland from the coast at all
three transects with an abrupt decrease to <30% in the Interior Plateau. At lower latitudes (e.g., the 50°N
transect), the contribution of ARs to extreme annual precipitation exceeds 70% along the South Coast fol-
lowed by ~45% across the Columbia and Rocky Mountains (Figure 8). Unlike the lower latitudinal transects,
the contribution to extreme precipitation along the 58°N transect decreases and remains ~10% once reaching
the northern Rocky Mountains. The eastward shift in the maxima of extreme precipitation as one proceeds
southward from the 58°N parallel is due to the geography of the Coast Mountains that acts as a barrier to

Table 2
Average Contribution of ARs (%) to Annual Precipitation, Rainfall, and Snowfall Across the Coast, Columbia, and Rocky
Mountains of BCSAK, 1979-2012

Phase of precipitation Coast Mountains Columbia Mountains Rocky Mountains

Precipitation (%) (spatial range [%]) 20 (9-28) 11 (8-14) 6 (3-14)
Rainfall (%) (spatial range [%]) 32 (17-42) 13 (11-18) 9 (4-17)
Snowfall (%) (spatial range [%]) 14 (3-23) 10 (3-13) 4 (0-11)
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Figure 3. The BCSAK 1979-2012 average AR contribution to monthly precipitation (%).

further inland penetration of moisture carried by the ARs. Breaks in the Coast Mountains, presumably,
cause a reduced magnitude of these gradients at 54°N. Moreover, an increase in AR-related precipitation
maxima near the 50°N transect in the Interior Mountains is due to the orographic barriers that enhance
the uplift of moisture-laden ARs resulting in greater precipitation totals, mostly on the windward side.

4.6. Temporal Change in the Contribution of ARs to Precipitation

With a 13% (spatial range <5-33%) spatially averaged contribution to total annual precipitation (>90% to
extreme precipitation) across BCSAK (Table 1), ARs play a key role in replenishing freshwater resources
of this region. As a result, it is important to investigate the temporal change in the contribution of ARs to
precipitation and its extremes over time. Moreover, the patterns in the historical change signal how the con-
tribution of ARs to precipitation may evolve in a future, warmer climate anticipated in this region.
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Figure 4. The BCSAK 1979-2012 average contribution of ARs to annual extreme precipitation (%).

The zero-inflated beta regression model coefficients, especially the parameters u (the mean contribution)
and v (probability of observing zero AR contribution), provide change on AR contributions to precipitation
over time. The u parameter shows no change for most of BCSAK during 1979-2012, except for a small sec-
tion of north-central BC where the contribution of ARs to precipitation is increasing annually, during
autumn and summer (Figures 9 and S6). The parameter o (variance) indicates decreasing variability in
the contribution of ARs to total annual precipitation, especially along the lower latitude regions of
BCSAK. The widespread decrease in the v parameter translates to an increase in the nonzero fractional con-
tribution of ARs to annual and seasonal total (especially autumn and winter) precipitation across most of
BCSAK during 1979-2012 (Figures 9 and S6).

The contribution of ARs to extreme precipitation does not show widespread changes across BCSAK during
1979-2012 (Figures S7a and S8). Patches of significant decreases (p value <0.05) occur along Haida Gwaii,
northwestern BC, and parts of southeastern BC; few grid points in the Central Interior show a significant
increase. However, further evaluation on the field significance of the trend results across BCSAK shows
no change over time in both the annual and seasonal contribution of ARs to extreme precipitation.

The temporal dependence of the contribution of ARs to snowfall shows a decreasing pattern along the
coastal mountainous region of BCSAK; however, the rate of decrease is not significant (p value >0.05) for
most of these grid cells (Figure S7b). Although no significant changes in the contribution of ARs to extreme
snowfall occurs for most of BCSAK, some higher elevation grid cells along the Coast Mountains show a sig-
nificant decrease over 1979-2012 (Figure S9).

4.7. Role of PDO and ENSO on the Contribution of ARs to Precipitation

Most of BCSAK, especially the coastal region, experiences a higher percentage of AR-related winter precipi-
tation during the warm phase of the PDO than the cool phase with a difference of up to 8% (spatial range:
—4% to +8%) (Figure 10). The difference is relatively low (spatial range: —3% to +3%) for annual contribu-
tions with a slight increase during the warm phase of the PDO than the cool phase, primarily along coastal
BCSAK (Figure 10). Moreover, a northward shift in the contribution of ARs to winter precipitation emerges,
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Figure 5. Seasonal (autumn and winter) contribution of ARs to (a) rainfall (percent of total rainfall) and (b) extreme rainfall (percent of total extreme rainfall).

with north-central BC experiencing greater contributions during the positive PDO phase while in southern
BC larger amounts occur during the negative PDO phase.

The distribution of the annual and winter season contribution of ARs to the precipitation shows a higher
percentage of influence during the neutral phase of ENSO followed by El Nifio and La Nifia phases, respec-
tively (Figure 11); however, this distribution is not statistically significant (p value >0.05).

5. Discussion
5.1. Comparison With Other Studies

To our knowledge, this study represents the first attempt to quantify AR impacts on precipitation amounts
across BCSAK; therefore, results herein are compared with the bordering regions of the Pacific Northwest in
the United States. Unlike the western United States and Europe where the contribution of ARs to precipita-
tion attains a maximum (minimum) in winter (summer) (Lavers & Villarini, 2015), BCSAK experiences the
highest (lowest) contribution during autumn (spring).

Utilizing gridded precipitation data for 1979-2012, Lavers and Villarini (2015) define AR-related precipita-
tion in each grid cell if its precipitation lies within a 1.5° Euclidian distance from an AR axis and report
~30% contribution of ARs to the average monthly precipitation along the coast of Washington and Oregon
(WAOR). Results herein observed on the western arc of the Coast Mountains of BCSAK including
Vancouver Island, Haida Gwaii, and southeastern AK (Figure 2a) are generally consistent with Lavers
and Villarini (2015). Discrepancies arise however in seasonal values; for example, ARs provide higher
monthly contributions in coastal BCSAK (up to ~55% in September/October) compared to the coastal region
of WAOR (up to ~40% in October/November). These variations arise likely due to the higher frequency of
landfalling ARs in BCSAK compared to WAOR, especially during early autumn (Gershunov et al., 2017;

SHARMA AND DERY

11 of 21



Ay

NI Journal of Geophysical Research: Atmospheres 10.1029/2019JD031823
Autumn Winter
% -
8 e
@
i :
=
o | g
8 e
z
o 3T R
S S § 60
= S R 50
s | ;g: 30 y
- kU 3
)
gl 5:': 10 3
3
~ L )
’ 5
| g
(b)
@ L

1
137

L [ L 1 L L L L [ L [ L L L
131 128 1256 122 119 116 137 134 131 128 125 122 119 116
Longitude (°W)

Figure 6. Seasonal (autumn and winter) contribution of ARs to (a) snowfall (percent of total snowfall) and (b) extreme snowfall (percent of total extreme

snowfall).

Sharma & Déry, 2020) and/or the difference in the definition of AR-related precipitation. Findings from this
research are consistent with many recent studies that have analyzed the contribution of ARs to the total and
extreme precipitation along coastal areas exposed to westerly maritime flows where the impacts of ARs are
known to be substantial (Dettinger et al., 2011; Guan et al., 2010; Lavers & Villarini, 2013, 2015; Rutz &
Steenburgh, 2012; Viale et al., 2018). A comparison of the contribution of ARs to monthly precipitation
shows that coastal regions of BCSAK experience higher AR contributions in a single month (up to 57% in
September) compared to the West Coast of the United States (up to 40% in November) (Lavers & Villarini,
2015). However, BCSAK receives less AR-related total annual precipitation than the amount observed in
lower latitudinal regions of western North America (e.g., California; Gershunov et al., 2017), southern
South America (Viale et al., 2018), and the Iberian Peninsula (Lavers & Villarini, 2015).

ARs act as a key, and in some cases, the only meteorological factor responsible for extreme precipitation
in BCSAK with an annual contribution up to 97% (100% during autumn) in some coastal areas (Figure 4).
Findings here generally agree with previous studies that report a substantial contribution of ARs to
extreme precipitation along coastal basins globally. For example, Lamjiri et al. (2017) report 60%-100%
of the 1948-2002 extreme events, defined as storms with precipitation total return intervals >2 years over
the West Coast of the United States, arise from ARs. In Western Europe, Lavers and Villarini (2013),
using annual maxima daily precipitation (similar to the approach used in this study) over 1979-2011, find
up to 80% of the 10 largest daily rainfall events are associated with ARs. Azad and Sorteberg (2017) report
94% linkages between ARs and extreme daily precipitation events defined as precipitation >99.5% percen-
tile in coastal Norway, and Viale et al. (2018) show 50-70% of the most intense rainy days are linked to
ARs in southwestern South America. Results in this paper compare favorably to the aforementioned stu-
dies and confirm ARs act as key causative factor for extreme precipitation along coastal basins globally
including BCSAK.
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Figure 7. Elevational distribution of the percentage of AR-related annual precipitation, rainfall, and snowfall at different elevation ranges (bin sizes of 100 m) of
BCSAK during 1979-2012. The color gradient represents the percentage of AR contribution on each grid cell across BCSAK.

5.2. AR-Related Precipitation During the PDO and ENSO

Previous studies report higher amounts of precipitation across BCSAK during the cool (negative) phase of
the PDO and the La Nifia phase of the ENSO (Fleming & Whitfield, 2010; Shabbar et al., 1997). Higher
AR-related precipitation is observed in BCSAK during the same phases of the PDO and ENSO when more
ARs make landfall (Sharma & Déry, 2020). Dettinger (2004) and Spry et al. (2014) report similar findings
as that of this study when they evaluated the amount of precipitation associated with Pineapple Expresses
during the phases of the PDO and ENSO for the western United States and the lower mainland of BC, respec-
tively. Moreover, Dettinger et al. (2011) observed >50% positive correlation between AR-related precipita-
tion and the positive phase of the PDO along western Washington; the correlation was positive but
weaker with the Nino3.4 index in the same region. The southward displacement of the climatological
Aleutian Low pressure pattern during the neutral phase of ENSO and positive phase of the PDO provides
the westerlies greater access to warm tropical moisture (Dettinger et al., 2011; Mantua et al., 1997; Spry
et al., 2014) and thus leading to greater amounts of precipitation. Precipitation amounts during AR-days
are greater relative to other (non-AR) precipitation days (Dettinger, 2004; Guan et al., 2010), leading to sub-
stantially higher precipitation even with a small increase in AR frequency. Of note, ocean-atmosphere varia-
bility such as the PDO and ENSO influences the seasonal precipitation anomalies following some lag and
may not directly influence extreme precipitation events of shorter duration associated with ARs (Fleming
& Whitfield, 2010; Spry et al., 2014).

SHARMA AND DERY

13 of 21



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2019JD031823

AR contribution (%)
0 10 20 30 40 50 60 70 80

—= Annual extreme Prcp. —. Annual Prcp. . Elevation (m) —. Autumn extreme Prcp. ... Winter extreme Prcp.

58°N

1000 1500 2000 2500

0 1020 30 40 50 60 70 80
500

0

1500 2000

1000
(w) uonens|g

500

0

50°N

L
1500 2000 2500

L
1000

L
500

0 10 20 30 40 50 60 70 80

1
0

0 100 200 300 400 500 600 700 800 900
Distance from coast to inland (km)

Figure 8. Profiles of the elevational dependence and the contribution of ARs to precipitation and its extremes inland along the transects near the 50°N, 54°N, and
58°N parallels across BCSAK during 1979-2012. Curves denote three-point running averages of a given quantity, while breaks along the transects show the

transition from islands to

the mainland (see Figure 1a).

5.3. Changes in AR Contribution Over Time and Future Projections

The decrease in the parameter v (nonzero probability of the contribution of ARs to precipitation) arises
likely due to an increase in the frequency of landfalling ARs along coastal BCSAK during 1979-2016
(Sharma & Déry, 2020) and is linked to AR variations caused by the northward shift of Pacific storm
tracks (Chang & Yau, 2016; Salathé, 2006), and/or changes in atmospheric moisture content (Santer et al.,
2007; Sharma & Déry, 2020; Wentz et al., 2007). Although a significant decrease occurs in parameter v
(probability of observing zero contribution of ARs to precipitation), parameter 4 (mean AR contribution
to precipitation) does not exhibit such an increase for most of BCSAK perhaps due to an overall increase
in the total precipitation, including the precipitation associated with convective activity in response to an
increase in surface air temperatures (Berg et al., 2013; Vincent et al., 2015; Wentz et al., 2007; Zhang
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Figure 9. Maps of BCSAK showing temporal changes (directional) in the average annual contribution of ARs to precipitation given by the change on the
parameters x4 (mean AR contribution to precipitation), o (variance in the contribution of ARs to precipitation), and v (probability of observing zero
contribution of ARs to precipitation) of the zero-inflated beta regression, 1979-2012.

et al., 2000). Moreover, rises in the surface air temperature, especially in recent decades, lead to increases in
atmospheric water vapor content in-line with the Clausius-Clapeyron equation (Dessler et al., 2008; Tsonis,
2013). This causes the IVT to be higher, inducing more frequent exceedances of its threshold of
250 kg m™" s7! to define the AR-related precipitation. In turn, this leads to increases in the nonzero
probability of the contribution of ARs to precipitation. The patterns observed in the changes on the
historical contribution of ARs to precipitation align with model-based future projections. For example,
Warner et al. (2015) and Radic¢ et al. (2015) project increased frequency of ARs along the North American
West Coast and BCSAK by 2100 and 2070-2100, respectively. This will lead to an increase in the number
of days with AR-related precipitation; a pattern also observed in the historical contribution as shown by
changes in parameter v (nonzero probability of the contribution of ARs to precipitation).

The decrease in the contribution of ARs to snowfall and its extremes observed in some of the higher
elevation grid cells along the coastal mountainous region of BCSAK is likely associated with warming
trends of landfalling ARs in recent decades. Gonzales et al. (2019) find that the cold season ARs
landfalling along the West Coast of the United States have warmed (range of warming 0.69 to
1.65 °C) during 1980-2016 owing to the combined influence of regional and oceanic warming. Similar
signals of warmer ARs occurring in northern latitudes are likely resulting in a decrease in the
contribution of ARs to snowfall along the mountainous regions of BCSAK (Sharma & Déry, 2020).
The decreasing pattern of the contribution of ARs to snowfall has important consequences on water
storage and river runoff of BCSAK.
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Figure 10. The difference in the percentage of the contribution of ARs to precipitation between the warm (1977-1999) and cool (1948-1976) phases of the PDO for

annual and winter.

5.4. Study Limitations and Uncertainties

Results on the AR contribution to precipitation and its extremes are susceptible to four primary sources of
uncertainty, as follows: (i) the biases of PNWNAmet gridded precipitation data as discussed in sub
section 3.1.1, (ii) the AR-detection algorithm and resolution of the reanalysis data, (iii) the IVT threshold
(=250 kg m™"' s71) that characterizes ARs, and (iv) the methodological limitation associated with the block
maxima approach, which is restricted by the relatively short period of study.

Differences in AR-detection algorithms, reanalysis data assimilation, and their resolution create disparate
AR chronologies and IVT fields (Rutz et al., 2019). Therefore, we perform a sensitivity analysis to explore
differences in AR-related precipitation between the relatively coarse resolution (2.5° X 2.5°)
NCEP/NCAR-based IVT fields used in this study and the relatively high resolution (0.625° longitude x 0.5°
latitude) IVT fields calculated using specific humidity and wind fields from Modern-Era Retrospective
Analysis for Research and Applications (MERRAZ2; Gelaro et al., 2017) data. The spatially averaged annual
AR contribution to precipitation is nearly identical between MERRA2 (12.1 + 10%) and NCEP/NCAR
(12.7 + 8%); however, the contribution of ARs to extreme precipitation is slightly higher in the
NCEP/NCAR (35 + 26%) than the MERRA2 (32 + 28%) across BCSAK, 1982-2012. The slightly higher spa-
tially averaged mean from NCEP/NCAR compared to MERRA2 is perhaps due to the topographic complex-
ities in BCSAK. The percentage of AR contribution from low-resolution NCEP/NCAR data is smoother
across larger areas of BCSAK than MERRAZ2, a feature that is also illustrated by a wider range of contribution
percentage from MERRA2 (0%-40%) than NCEP/NCAR (1%-32%) (Figure S10). Furthermore, the spatial
distribution of average contribution of ARs to precipitation based on MERRA2 IVT exceeds that of
NCEP/NCAR along the coastal regions of BCSAK. However, the MERRA2 results show lower AR contribu-
tions in the interior mountainous regions (e.g., along the Rocky and Columbia Mountains) (Figure S11).
Apart from NCEP/NCAR and MERRA2 comparisons, an expansion of our analyses with multiple reanalyses
and climate model simulations would improve the robustness of the results.

The use of a fixed higher (lower) IVT threshold may decrease (increase) the AR contribution percentage to
precipitation. For example, the average AR contribution to precipitation across BCSAK is 11 + 8% when con-
sidering an IVT threshold of >350 kg m ™" s ™! whereas that with IVT threshold of >250 kgm ™' s ™" is 13 + 7%
indicating a relatively minor difference in the AR contribution with the change in IVT of 100 kg m™" s™".

Moreover, grid cell precipitation matching the IVT threshold was considered as AR related; however,
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Figure 11. Box and whiskers plots showing the distribution of the contribution of ARs to precipitation during different
phases of ENSO (EI Nifio 10 years, La Nifia 6 years, and neutral 18 years), 1979-2012 across BCSAK. The black
horizontal lines indicate the median, the white dots show the mean, and the vertical black lines indicate the range of
percentage of contribution within 1.5 the interquartile range.

precipitation (if any) in adjacent grid cells that does not satisfy the IVT threshold was not considered as AR
related. Besides, the generalization of this study's results on the contribution of ARs to extreme precipitation
represents only a subset of these events (34 annual and 4 X 34 seasonal; obtained through an implementation
of the block maxima approach [see section 3.2.1]) and does not include linkages between all extreme
precipitation events and ARs across BCSAK. Despite these limitations and uncertainties, this effort
provides much needed quantitative results on the contribution of ARs to rainfall, snowfall, and their
extremes over an area that is otherwise poorly studied while providing direction for future work.

6. Conclusions

The objective of this study was to quantify the contribution of ARs to precipitation (including its partitioning
into rainfall and snowfall) and its extremes across BCSAK during 1979-2012. Using a newly developed,
high-resolution gridded precipitation data set, and the NCEP/NCAR reanalysis-based AR catalog and IVT,
we assessed the percentage of annual, seasonal, and extreme precipitation associated with ARs in BCSAK,
parts of which are some of the wettest locations on Earth. Results suggest that ARs play a key role in trans-
porting the (sub)tropical moisture from the Pacific Ocean to BCSAK and often acting as a causative factor for
extreme precipitation events, particularly along coastal and mountainous regions.

The contribution of ARs to average total annual precipitation ranges from >33% along the coastal region of
BCSAK to <5% in northeastern BC. Strong seasonality exists in the average AR contribution to precipitation
with the highest amount during autumn (~21%), and the lowest in spring (~3%). The contribution of ARs to
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precipitation decreases rapidly from the coastal region of BCSAK to the lee of the Coast Mountains and then
more gradually across the Interior Plateau. ARs act as the main synoptic-scale mechanism that leads to rain-
fall in the Columbia and Rocky Mountains in winter, perhaps leading to rain-on-snow events in winter and
early spring. An examination of the temporal change of AR contribution to precipitation using a
zero-inflated beta regression model reveals an increase in the nonzero contribution but no change on the
average contribution for most of BCSAK during 1979-2012. In BCSAK, ARs act as a substantial causative
factor for extreme precipitation, with >90% contribution, especially across mountainous regions likely due
to orographically enhanced precipitation. The contribution of ARs to precipitation depends on the frequency
of landfalling ARs and orographic characteristics; therefore, factors that impact landfalling AR frequency
also affect the contribution of ARs to precipitation in BCSAK.

Results herein reinforce the key role ARs play in transporting water vapor to northern midlatitude regions of
western North America from the (sub)tropical basins of the Pacific Ocean. In addition, it augments knowl-
edge on AR-associated precipitation that influences rainfall, snowfall, and hence snowpack and glacier pro-
cesses, which largely govern the hydroclimatology of this region. Future work will focus on investigations of
river discharge and the hydrological response to ARs across BCSAK, and an examination of how ARs mod-
ulate mountain snowpacks in this region. This work improves the quantitative understanding that ARs con-
stitute a critical role in the precipitation of BCSAK. An improved understanding of quantitative precipitation
in BCSAK has broader implications on community water supply and management, hydropower operations,
flood mitigation, and ecological and recreational water values.
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