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Atmospheric Rivers in Southeast Alaska: Meteorological
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Abstract Extreme precipitation events associated with atmospheric rivers (ARs) trigger floods, landslides,
and avalanches that threaten lives and livelihoods in Southeast Alaska. Six rural and indigenous communities
(Hoonah, Klukwan, Skagway, Yakutat, Craig, and Kasaan) identified specific needs regarding these hazards
and joined the Southeast Alaska Coastlines and People (CoPe) Kuti Hub to address the shared challenge of
understanding and predicting these events. This study presents a climatology (1980-2019) of synoptic,
mesoscale, and local meteorological characteristics of ARs and heavy precipitation across this region. High-
amplitude upper-level patterns across the northeastern Pacific Ocean favor ARs reaching Southeast Alaska,
where moisture is orographically lifted, resulting in heavy precipitation. In the six communities, ARs occur 8—
15 days per month, yet only 6 AR days per year account for up to 68%-91% of precipitation extremes.
Furthermore, 80%—96% of days with extreme precipitation have >75th percentile integrated water vapor
transport (IVT), demonstrating the strong relationship between IVT and extreme precipitation. This study also
highlights the relationship between IVT direction and complex coastal topography in determining precipitation
extremes. For example, in Klukwan and Skagway, 80%—90% of extreme AR days have south-southwesterly or
south-southeasterly IVT. Coastal communities like Yakutat experience higher IVT and precipitation overall,
and although southeasterly IVT is more common, extreme precipitation events are most common with
southwesterly IVT. Collaboration with the National Weather Service in Juneau, Alaska will lead to improved
situational awareness, forecasts, and Impact Decision Support Services to communities, saving lives and
property in a region vulnerable to the impacts of climate change.

Plain Language Summary Extreme precipitation events associated with atmospheric rivers (ARs)
trigger floods, landslides, and avalanches that threaten lives and livelihoods in Southeast Alaska. ARs, long and
narrow regions of intense water vapor transport, reach Southeast Alaska 8—15 days per month, yet only six ARs
per year account for up to 91% of precipitation extremes. This study shows that ARs that result in extreme
precipitation in six rural and indigenous communities (Hoonah, Klukwan, Skagway, Yakutat, Craig, and
Kasaan) are more likely to have stronger moisture transport, and that the direction of the moisture transport
plays a role in precipitation outcomes in each community. Coastal communities like Yakutat experience higher
moisture transport and precipitation overall, and although moisture transport from the southeast is more
common, extreme precipitation events are more common when moisture transport comes from the southwest.
Communities located further inland, such as Klukwan and Skagway, have lower moisture transport, but similar
precipitation outcomes, and 80%—90% of extreme AR days have south-southwesterly or south-southeasterly
moisture transport. The results illustrate the opportunity to incorporate additional characteristics of Southeast
Alaskan ARs to improve situational awareness, forecasts, and messaging from the National Weather Service
Office in Juneau, Alaska for the vulnerable communities that they serve.

1. Introduction

Heavy precipitation events associated with atmospheric rivers (ARs), often result in hazards such as floods,
landslides, and avalanches, disproportionately impacting rural and indigenous communities in Southeast Alaska.
Recognizing the increased vulnerability of coastline communities to hazards related to climate change, the
Coastlines and People (CoPe) initiative aims to advance understanding of environmental hazards in a way that
engages with these communities and develops actionable science for environmental policy and management
(Teutonico et al., 2020). Kuti, the Tlingit (indigenous peoples of Southeast Alaska) word for weather and the
name of the Southeast Alaska CoPe Hub, aims to develop a regional system for Southeast Alaska that warns of
extreme weather events that might lead to flooding, landslides, and avalanches. Hoonah, Klukwan, Skagway,
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Figure 1. Elevation (shaded, m) of Southeast Alaska using USGS 7.5 arc-second Global multi-resolution terrain elevation
data 2010 (GMTED2010). Glaciers based on the Randolph Glacier Index v6.0 are indicated by the transparent white shading.
The six communities and other notable geographic locations highlighted in this study are labeled. The inset map in the bottom
left shows a detailed map of the area near Klukwan and Skagway (extent indicated by the red box).

Yakutat, Craig, and Kasaan (communities in Southeast Alaska) identified needs specific to their community
regarding hazards triggered by extreme precipitation and have joined the Kuti Hub to address the shared challenge
of understanding and predicting these events and increasing situational awareness to mitigate their impacts. The
six communities featured in this study are climatically and/or topographically unique (Figure 1) and have varying
concerns regarding precipitation-related flood, landslide, and avalanche risk impacting their surrounding area,
described below.

1.1. Floods

Flooding due to voluminous rainfall, and snow and glacier melt are common in communities across Southeast
Alaska, but is more likely to impact communities located in valleys of various watersheds, such as Klukwan and
Skagway. For example, in Klukwan, houses and critical infrastructure sit in a valley at the nexus of two glacier-
fed and braided river channels—the Chilkat and Tsirku. During extreme precipitation events, placement of homes
along the river increases vulnerability to floods, while the sharp southeast facing slopes opposite the river in-
creases risk of landslides and avalanches (Dawson, 2022).

1.2. Landslides

Landslides are prevalent across Southeast Alaska and have been growing more frequent in recent decades due to
the observed increases in temperature and extreme precipitation (Gariano & Guzzetti, 2016). Rapid observed and
future changes to the climate threaten not only infrastructure and lives within Southeast Alaska, but also local
ecosystems and food security (Berman & Schmidt, 2019; UAF & USACE, 2019). In communities that primarily
rely on subsistence methods for food (e.g., hunting, gathering, and fishing), such as Hoonah, Craig, or Kasaan, a
landslide blocking a road on the already limited road network can increase food insecurity. For example, the
Hippoback Slide, one of the many landslides initiated during the 1-3 December 2020 AR, prevented Hoonah
residents from accessing hunting locations for an extended period (HIA, 2022).
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1.3. Avalanches

Avalanches are more likely to impact communities that are located closer to glaciers or steep terrain, such as
Skagway and Klukwan (Hackett & Santeford, 1980). In Skagway, two significant avalanche events associated
with ARs blocked the Klondike Highway (December 2009 and January 2010) (AECOM, 2019). Even in a
community as well-connected via roads as Skagway, shutdown of critical facilities along transportation routes
due to these avalanches caused extreme financial hardship (AECOM, 2019).

These varied hazards share a common denominator: atmospheric rivers (ARs), which are narrow bands of
intense water vapor transport that produce beneficial water resources and hazardous weather conditions
globally, particularly in mid-to-high latitudes (Guan & Waliser, 2015; Newell et al., 1992; Newell &
Zhu, 1994; Zhu & Newell, 1994, 1998). When the moisture within ARs is lifted through orographic or dynamic
mechanisms, extreme precipitation and related hazards such as flooding, landslides and avalanches may occur
(Cannon et al., 2018; Cordeira et al., 2019; Hatchett et al., 2017; Oakley et al., 2018, among others). ARs are
common in Southeast Alaska, a climatically temperate rainforest atop a fjord landscape of complex postglacial
terrain (Patton et al., 2022; Wendler et al., 2016). ARs reaching Southeast Alaska typically form along and
ahead of the cold fronts associated with extratropical cyclones, or low-pressure systems, in the northeastern
Pacific Ocean. When ARs make landfall, the steep topography enhances orographic precipitation and high-
intensity winds, increasing the likelihood of hazards such as floods, landslides, and avalanches (Buma &
Johnson, 2015; Patton et al., 2022; Swanston & Marion, 1991). Sharma and Déry (2020a, 2020b) found that
ARs contribute only 10%-30% of annual precipitation across this region, but account for a majority (60%—98%)
of precipitation extremes. Furthermore, studies show projected climate change is expected to increase in the
risk of flooding and extreme precipitation during ARs that reach the west coast of North America (Espinoza
et al., 2018; Ma et al., 2020; Payne et al., 2020).

While past studies provide a general understanding of the frequency of AR events in Southeast Alaska and their
contribution to total annual and extreme precipitation, there is a lack of understanding regarding the specific
characteristics of ARs that lead to extreme precipitation. This study presents a climatology (1980-2019) of ARs
and heavy precipitation, as well as other relevant synoptic, mesoscale, and local meteorological characteristics for
the six rural and indigenous communities described across this region. The results will improve the situational
awareness of forecasters at the National Weather Service (NWS) office in Juneau, AK, which serves these
communities with a mission to provide forecast and warnings that protect life and property. Focusing on each
community individually will aid forecasters in providing more meaningful and contextualized Impact Decision
Support Service (IDSS) messaging when an extreme AR event occurs. Sections 2 and 3 describe the data and
method for this analysis. Section 4.1 describes the annual climatology of ARs, precipitation, and integrated water
vapor transport (IVT) in Southeast Alaska. Section 4.2 describes the synoptic characteristics during landfalling
ARs associated with extreme precipitation in the six communities. Section 4.3 summarizes the distribution of
precipitation and IVT, IVT direction, and precipitation patterns during extreme precipitation AR events.

2. Data
2.1. Gridded Precipitation Data

Rain gauges in Southeast Alaska are sparsely and unevenly distributed, located mostly in low elevation, more
densely populated locations. Few of the gauges are heated, which decreases the availability of data during colder
months, when frozen precipitation is more likely (Behrangi, Christensen, et al., 2016; Bieniek et al., 2016;
Swenson, 2010). Using the Global Historical Climatology Network daily (GHCNd), Lader et al. (2020) identified
only four stations in Southeast Alaska that have at least 95% data coverage between 1981 and 2010. Satellite-
based precipitation estimates that rely on passive microwave and/or infrared sensing have been shown to have
relatively low sampling rates, as well as difficulty estimating orographic and frozen precipitation over higher
elevation regions (Behrangi, Guan, et al., 2016; Pradhan et al., 2022). National Oceanic and Atmospheric Ad-
ministration's Next Generation Radar Level 3 (NOAA's NEXRAD L3) data from Biorka Island covers most of
Southeast Alaska, but estimates are limited up to an 80 km radius, as inland locations are blocked by mountainous
terrain (Nelson et al., 2021).

This study overcomes these limitations by using 38 years of Climate Forecast System Reanalysis (CFSR) and
version 2 (CFSv2) data (Saha et al., 2010, 2014) dynamically downscaled over Southeast Alaska to 4-km spatial
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resolution and 1-hr temporal resolution using the Advanced Weather Research and Forecasting (ARW-WRF;
hereafter WRF) model version 4 (Skamarock et al., 2019) as described in Lader et al. (2020). Multiple studies
have shown that dynamically downscaling reanalysis using a regional model improved the spatial representation
of precipitation over Southeast Alaska's complex terrain, and simulations completed by Lader et al. (2020) are the
most recent and high-resolution precipitation data available (Bieniek et al., 2016; Monaghan et al., 2018). The
simulations extend from January 1980 to December 2019, but were initialized in August 1979 to allow for model
spin-up and the ice fields to reach their appropriate spatial distribution (Lader et al., 2020). The lateral boundary
conditions for the 4-km domain were updated every 6-hr using CFSR (1980-2010) and CFSv2 (2011-2019), and
mapped with a Lambert Conformal projection from 130°W to 148°W and 54°N to 61°N. The physics options for
the WRF simulations included the Thompson microphysics scheme (Thompson et al., 2008), fifth-generation
Pennsylvania State University—National Center for Atmospheric Research Mesoscale Model (MMS5) surface
layer scheme (Monin & Obukhov, 1954), the Noah-MP (multi-physics) land surface model (Niu et al., 2011), the
Rapid Radiative Transfer Model for GCMs (RRTMG) scheme for long-wave and short-wave radiation (Iacono
et al., 2008), and the Yonsei University boundary layer turbulence transfer scheme (Hong et al., 2006). There was
no need to parameterize cumulus convection because 4-km spatial resolution was sufficient to resolve convective
processes. For more information on the WRF model configuration for the WRF simulations, please see Lader
et al. (2020).

2.2. Other Data

To detect ARs, the Tracking Atmospheric Rivers Globally as Elongated Targets (tARget) algorithm version 3 was
applied to global, 6-hr, 1.5° horizontal resolution ERA-Interim data from 1979 to 2019 (Guan & Waliser, 2019).
The tARget v3 uses a combination of geometry (e.g., length, width), IVT intensity thresholds (e.g., above 85th
percentile), and directional components (e.g., must be poleward) to detect AR objects. Many studies have used
this algorithm to detect ARs, and it is well suited to Southeast Alaska, being both global in coverage and based on
a relative threshold method (>85th percentile IVT) that does not suffer at high latitudes (Lora et al., 2020; Rutz
et al., 2019; Shields et al., 2018). The European Centre for Medium-Range Weather Forecasts (ECMWF) at-
mospheric reanalysis of the global climate (ERAS) at 1-hr and 0.25° resolutions were used to examine geo-
potential height, winds, temperature at multiple pressure levels, as well as mean sea level pressure and IVT
(Hersbach et al., 2020). Zonal and meridional IVT were based on ERAS vertical integral of eastward and
northward water vapor flux, for a column of air extending from the surface of the Earth to the top of the at-
mosphere. Elevation of Southeast Alaska was determined using 7.5 arc-second resolution (about 225 m) terrain
elevation data provided by U.S. Geological Survey's (USGS) Global multi-resolution terrain elevation data 2010
(GMTED2010) (see Figure 1) (Danielson & Gesch, 2011).

3. Methods

Records of the timing and locations of hazards such as floods, landslides, and avalanches are limited. For
example, there is a decades-long landslide inventory acquired by the US Forest Service for the Tongass National
Forest (which covers over 80% of Southeast Alaska) that has the locations of landslides and extends back to the
1940s (USFS, 2017). However, the timing of landslide occurrence is, at best, known only yearly, since they relied
on aerial imagery to identify landslides. Therefore, to increase our understanding of the meteorological char-
acteristics associated with precipitation-triggered hazards, we rely on data that indicates ARs are the main drivers
of these events: the few landslides of which the timing is certain (down to a day, via news articles or the National
Weather Service) are known to be associated with AR-related extreme precipitation. For example, on 18 August
2015, there were several landslides across Southeast Alaska, one of which was the South Kramer shallow
landslide in Sitka, Alaska which resulted in three deaths and destroyed infrastructure (Busch et al., 2016; Patton
etal., 2022). An AR formed in the Northern Pacific on 14 August 2015, reached Southeast Alaska on 17 August,
and was present until 19 August, containing IVT in excess of 1000 kgm™"' s~ at its peak (Guan & Waliser, 2019).
The widespread landslides that occurred across Southeast Alaska during that storm resulted from saturated soil
conditions caused by long-duration moderate-intensity rainfall, which in many locations was punctuated with
short-duration, high-intensity rainfall (Busch et al., 2016). Therefore, for this analysis, we focus on understanding
the relationship between ARs and extreme precipitation in each of the six Alaskan communities.

For WREF precipitation and ERAS5 IVT, we generated hourly and daily time series for each community based on
the value in the grid cell closest to each community (the area of each grid cell is 16 km?). In addition, the analysis
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was repeated using precipitation in the grid cells adjacent to the community and extremely similar results were
found (not shown), indicating the robustness of the results and conclusions. We then used the distribution of
precipitation and IVT values for each community to determine the percentile thresholds. For precipitation
percentile thresholds, we only consider days when precipitation is greater than 2.5 mm (0.1 inch).

Next, we determined whether an AR was present in Southeast Alaska on both hourly and daily timescales. For all
locations, we considered an AR to be present at each time step if an AR was identified in the tARget v3 data on
land anywhere within Southeast Alaska (141.5°W to 130.0°W and 54°N to 61.5°N). This is based on the notion
that in most cases, if AR-related precipitation is falling somewhere over this area, it is unlikely that precipitation
over other nearby areas is completely distinct from the AR and associated processes. However, we realize there
may be exceptions, such as convective post-frontal precipitation. Due to the coarseness of tARget v3 (1.5°) and
the complex coastal geography of Southeast Alaska, six additional grid points were added to the land mask
(139.5°W, 58.5°N, 138°W, 58.5°N, 136.5°W, 57°N, 135°W, 57°N, 135°W, 55.5°N, and 133.5°W, 55.5°N) to
ensure that landfalling ARs are considered, even if they don't extend inland. For the hourly time series, if an AR
was identified at any of the land grid points, at the 00, 06, 12, or 18 UTC time steps, then the following 6 hr were
considered to have an AR. For the daily time series, a day was defined as AR related if an AR was identified at any
of the land grid points at any of the four 6-hr analysis times during the 24-hr period (00-23 UTC). According to
tARget v3, 72% of ARs that reach Southeast Alaska last longer than 6 hr, therefore, it is unlikely that non-AR
related precipitation was considered AR related precipitation, despite the flexible timing requirements. To
assess the synoptic and mesoscale characteristics during ARs that resulted in extreme precipitation, we computed
composites or averages of different variables for each community on days when both an AR was present and
precipitation in the grid cell closest to each community exceeded the 95th percentile threshold for that community
(hereafter extreme AR days).

4. Results
4.1. Climatology of ARs in Southeast Alaska

As described in the introduction, ARs play a fundamental role in the climate and weather-related impacts of
Southeast Alaska. Figure 2a illustrates the annual climatology of ARs, IVT and precipitation averaged for the
six communities in Southeast Alaska. ARs occur between 8 and 15 days per month, with the highest frequency
and intensity from August to October and a secondary peak from December to January. This is consistent with
the climatological frequency of ARs shown by Gershunov et al. (2017), where AR activity peaks in the Gulf of
Alaska and British Columbia in the late summer-fall, and in the winter migrates to the contiguous U.S. West
Coast. IVT intensity is closely correlated to AR frequency throughout the year, but precipitation lags these
variables during the warmer months from May through October. Storm systems are typically weaker this time
of year, and a warmer atmosphere typically holds more moisture before reaching saturation, together likely
explaining the decrease in precipitation during the warmer months (Newman et al., 2012). Of course, excep-
tions exist, such as the 2015 AR referenced in Section 3. ARs contribute 56%—72% of annual precipitation in
the six communities (Figure 2b)—these fractions are greatest for Yakutat; perhaps the more coastal location is
beneficial in IVT associated with ARs reaching the community. The contributions of extreme AR days to
precipitation are remarkably disproportionate to their frequency: although they occur on ~0.1-1 day per month,
on average, they account for 14%-19% of annual precipitation. On an annual basis, of the ~120 days with
precipitation exceeding 2.5 mm day ™", just 6 AR days account for 68%-91% of extreme precipitation in the six
communities (Figure 2c). This is broadly consistent with the findings of Sharma and Déry (2020a) and Ara-
bzadeh et al. (2020).

Clearly, IVT magnitude plays a key role in determining AR-related extreme precipitation over Southeast Alaska.
To highlight this role, the fraction of events that fall within each precipitation and IVT percentile bin, for each
community, is shown via 2-day histogram heatmaps in Figure 3. For Hoonah (Figure 3a), the darkest colors in the
upper right corners of the heatmap demonstrate that 47% of days with extreme precipitation had >95th percentile
IVT, and 90% of days with extreme precipitation had >75th percentile IVT. The bar chart along the upper x-axis
shows that 87% of extreme precipitation days are also AR days, while the bar chart along the right y-axis shows
that 94% of extreme IVT days are also AR days. Results are similar for the five other communities: 80%—-96% of
days with extreme precipitation had >75th percentile IVT in the six communities, and 76%-91% of extreme
precipitation days are also AR days. This is consistent with observations about ARs that make landfall on the west
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Figure 2. (a) Average monthly frequency (bars, days month™}) of non-extreme AR (blue), extreme AR (aqua), extreme non-
AR (navy) and non-extreme non-AR (beige) days averaged over the six communities in Southeast Alaska between January
1980 and December 2019. The extent of the y-axis is limited to allow for a better comparison of the number of extreme AR
days to the number of extreme non-AR days. The number at the top of each bar is the number of non-extreme, non-AR days.
Average monthly total precipitation (yellow line, mm month™") and IVT (gray line, kg m™" s™") for all six communities. The
shaded region shows the spread within the communities. (b) The percent of annual precipitation contribution from non-
extreme AR (blue), extreme AR (aqua), extreme non-AR (navy) and non-extreme non-AR (beige) days for each of the six
communities. (c) The percent of annual extreme precipitation contribution from non-extreme AR (blue) and extreme AR
(aqua) days for each of the six communities. The gray line indicates the average percent of annual extreme precipitation
contribution from the top six extreme AR days for each of the six communities.
coast of the contiguous U.S. - where a higher IVT magnitude and longer AR duration is typically associated with
heavy precipitation events that can result in floods and landslides (Oakley et al., 2017; Ralph et al., 2019; Rutz
et al., 2014).
4.2. Extreme Precipitation Synoptic Characteristics
Synoptic conditions associated with extreme AR days in the six communities in Southeast Alaska are charac-
terized by comparing the climatological IVT, 250 hPa geopotential heights and mean sea level pressure (MSLP)
for all days (Figure 4a) to composites for all extreme AR days in the six communities (Figure 4c). The Aleutian
Low, a semi-permanent low-pressure system located near the Aleutian Islands (~170°W and 55°N) during boreal
winter, acts to guide the upper-level jet and resultant storm track toward the North American West Coast, and its
location strongly influences Alaskan weather (Figure 4a) (Rodionov et al., 2007). Figure 4c, the average con-
ditions during all extreme AR days in the six communities, shows that the upper-level trough is amplified, and the
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Figure 3. (a) Daily WREF precipitation distribution (x-axis), grouped by ERAS IVT distribution (y-axis), between 1980 and 2019 in the grid cell nearest Hoonah, Alaska.
Each cell indicates the percent of all days that fall within a given precipitation percentile bin that also fall within the coinciding IVT percentile bin. For example, the
value in the upper right corner indicates that 41% of days in Hoonah that resulted in >95th percentile precipitation also had >95th percentile IVT. The bar charts show
the fraction of AR days that fall within the precipitation (top) and IVT (right) percentile bins. For example, if there are 100 days with precipitation >95th percentile, and
95 of those days are also ARs, the bar in the upper right would be 95% (b)—(f) Same as (a) but for (b) Skagway, (c) Klukwan, (d) Yakutat, (¢) Craig and (f) Kasaan.

stronger Aleutian Low (~150°W and 60°N) is located east of the upper-level trough axis. Southwesterly IVT
between 250 and 300 kg m™"' s~ is directed poleward in the area ahead and along the cold front, encouraging AR
landfall in Southeast Alaska. Additionally, enhanced ridging near the contiguous U.S. West Coast further en-
courages the stronger and further northeast plume. Overall, these results are in good agreement with those of Nash
et al. (2018), who identified two preferred pathways of ARs into latitudes poleward of 50°N, one of which is the
Pacific AR-IVT Pathway, which transports over 90% of meridional IVT directly into Southeast Alaska.

Figures 4b and 4d highlight differences in >95th percentile IVT composites between events with <fifth percentile
precipitation (i.e., low; precs), and events with >95th percentile precipitation (i.e., precys). During precs events,
the Aleutian Low is located further west compared to all extreme AR days, and although IVT magnitude is higher
(up to 400 kg m™' s7'), the placement of the low encourages AR landfall northwest of Southeast Alaska
(Figure 4b). The further northwest placement of the upper-level jet, low-pressure center, and subsequent IVT
results in Southeast Alaska being on the southern and anticyclonic side of the anomalous IVT plume, which is less
favorable for heavy precipitation. In these cases, heavy precipitation is more likely along the southern coast of
Alaska, rather than Southeast Alaska.

During precys events, the Aleutian Low is stronger and displaced eastward, similar to all extreme AR days
(Figure 4c), but enhanced ridging near the contiguous U.S. West Coast is slightly stronger and further northwest,
increasing the geopotential height gradient and subsequently the IVT magnitude within the composite AR
(Figure 4d). This is consistent with previous studies that describe the importance of ridging along the West Coast
in determining how far northward ARs tend to make landfall (Gibson et al., 2020; Neiman et al., 2008; Rutz
et al., 2014).
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Figure 4. (a) Average daily composites of ERAS5 IVT (shaded and vectors, kg m~' s™'), 250 hPa geopotential height (gray
contours, dam), and MSLP (black contours, hPa) for all days between 1980 and 2019. (b) Same as (a), but for all AR days in
the six communities that are >95th percentile IVT and <fifth percentile precipitation (n = 49). (c) Same as (a) but for all AR
days in the six communities that are >95th percentile precipitation (n = 911). (d) Same as (a) but for all AR days in the six
communities that are >95th percentile for both IVT and precipitation (n = 456). (e¢) Composite differences of ERAS IVT
(shaded and vectors, kg m™" s™') and 250 hPa geopotential height (contours, dam) for Hoonah during extreme atmospheric
river days and the average for all communities during extreme AR days (e.g., Community AR IVT - Average AR IVT). The
red dot indicates the location of Hoonah. IVT vectors are only plotted where IVT and 250 hPa geopotential height values are
statistically significant at the 95% confidence interval (f)—(j) Same as (e) but for (f) Skagway, (g) Klukwan, (h) Yakutat,
(i) Craig and (j) Kasaan.

The synoptic conditions most favorable for extreme precipitation in each community are unique, and so
Figures 4e—4j present the difference in mean IVT and 250 hPa geopotential heights during extreme AR days
specific to that community relative to the mean of all extreme AR days (Figure 4c). For example, Figure 4e is the
difference in IVT and 250 hPa geopotential heights during extreme AR days specific to Hoonah minus the mean
for all six communities (Figure 4c). The significance of these differences was evaluated using the z-score at the
95% confidence interval (see Appendix Appendix A for equations). This demonstrates that during extreme AR
days specific to Hoonah, IVT is likely to be about 30 kg m~" s~" higher and slightly northwestward of its mean
location. For Yakutat, the spatial pattern of the IVT differences is similar to that of Hoonah, but much more

L7l above

dramatic, showing that extreme AR days in Yakutat are likely to see an AR with IVT about 90 kg m
the mean and significantly northwest.
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Three other patterns emerge across the remaining communities, highlighting that subtle shifts in AR placement,
direction, and magnitude increase the likelihood of extreme precipitation in different communities across
Southeast Alaska. Skagway and Klukwan, although geographically close together, have differing IVT patterns,
likely due to the topography between them as well as their location relative to the Lynn Canal (e.g., Skagway is
located northeast of the Lynn Canal via the Chilkoot and Taiya Inlets while Klukwan is located northwest of the
Lynn Canal via the Chilkat Inlet) (see Figure 1 for locations). For example, Skagway is likely to see higher
precipitation when IVT is more poleward and anticyclonic, so that the moisture can funnel directly up the
Chilkoot Inlet to Skagway. On the other hand, Klukwan is likely to see extreme precipitation when IVT is forced
to flow cyclonically and south-to-southeasterly due to the deepening of the upper-level trough over the Gulf of
Alaska by 12 dekameters (Figure 4f). Similar to Skagway, this allows the IVT to be directly funneled toward
Klukwan, except IVT is southeasterly up the Chilkat Inlet.

The last pattern identified by Figure 4 is during ARs that result in higher precipitation on Prince of Wales Island,
where Craig and Kasaan are located. IVT is more equatorward and cyclonic, although it is stronger (70—
80 kg m™' s™! above the mean) during extreme AR days for Kasaan. Additionally, more southerly IVT likely
increases precipitation for Kasaan as the moisture is funneled in directly via the Dixon Entrance. Since Craig is
located closer to the west coast of Prince of Wales Island, westerly and southwesterly IVT likely increase pre-
cipitation as there is not much terrain for the moisture to cross.

4.3. Extreme Precipitation Mesoscale Characteristics

Moisture flux during extreme AR days occurs predominantly from the southwest, but there are some finer-scale
details important to understanding extreme precipitation in the six communities across Southeast Alaska.
Figure 5a presents the distribution of IVT during ARs at the grid cell closest to each community and shows that
the average IVT during AR events is 328-347 kg m™"' s™! at Craig and Kasaan, 243-268 kg m™" s™! at Hoonah
and Yakutat, and 159-164 kg m~' s™' at Klukwan and Skagway (note that the sample size of AR days for each
community ranges from 4,610 to 4,691). IVT >95th percentile during AR events follows a similar pattern: 630—
1217 kg m™" s~" at Craig and Kasaan, 518-1029 kg m™~"' s™" at Hoonah and Yakutat, and 345-687 kg m~' s~ at
Klukwan and Skagway. This pattern in IVT magnitudes during AR events can be largely understood as a function
of upstream topographic barriers and latitude. As ARs encounter the complex topography of the Southeast Alaska
barrier islands, IVT progressively decreases due to orographic precipitation and flow deflection (Rutz
etal., 2015). Hence, communities immediately along the westernmost coasts, such as Craig and Y akutat, typically
see higher IVT than further inland communities, such as Klukwan and Skagway. Furthermore, mid- and high-
latitude IVT generally decreases from the equator to pole and especially so across this region (Zhu & New-
ell, 1998) so that lower-latitude communities, such as Craig and Kasaan, typically see higher IVT than higher-
latitude communities, such as Yakutat, despite less than a 5° latitude difference (note that Hoonah, previously
unmentioned, falls in the middle of both characterizations). These differences arising from location relative to
coast, topography, and latitude are important, because they highlight the advantages of relative percentile-based
thresholds for identifying ARs and related impacts in such regions compared to absolute thresholds (e.g., IVT
>250 kg m™' s7").

IVT within ARs reaching the six communities comes from west-southwesterly to southeasterly directions, with
some communities showing a preference for a single IVT direction over others (Figures Sb—5g). Additionally, the
likelihood of extreme precipitation varies meaningfully as a function of IVT direction for some communities. In
Skagway and Klukwan, 28%-35% of AR events have south-southwesterly IVT. Roughly 4% of ARs are extreme
AR days, of which, 80%-90% have south-southwesterly or south-southeasterly IVT (Figures 5c and 5d). In
Hoonah, Craig, and Kasaan, 56%-61% of ARs have southwest, south-southwest, or south-southeast IVT,
although there are slightly more extreme AR days with south-southwesterly IVT (2%-3%, Figures 5b—5f and 5g).
Notably, for Craig and Kasaan, there is a small fraction of northwesterly extreme IVT events, but 82%-86% of
these feature no precipitation, which is not surprising given such an anticyclonic flow (Figures 5f and 5g). In
Yakutat, even though 23% of ARs have southeasterly IVT, and only 13% have southwesterly IVT, there are more
extreme AR days from the southwest than the southeast (Figure Se).

Yakutat's predominantly southeasterly IVT is likely due to the barrier jet forcing moisture poleward along the
coastline (Winstead et al., 2006). Interaction of ARs and their associated extratropical cyclones with the steeply
rising coastal terrain (Figure 1) and cold inland temperatures produces strong coastal pressure gradients along
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Figure 5. (a) Distribution of daily maximum ERA5 IVT (kg m™"' s™") for all AR days between 1 January 1980 and 31
December 2019 when precipitation was >2.5 mm day ™ for each community (note that the sample size of AR days for each
community ranges from 4,610 to 4,691). The box extends from lower to upper quartiles of the data, with a black solid line at
the median and a black dotted line at the mean. The whiskers show the range of the data from the fifth percentile to the 95th
percentile. (b) Topographical map of Hoonah using USGS GMT elevation data (shaded, m) where higher elevations are
darker shades. Wind rose diagrams for IVT direction from ERAS data for all days when an AR was present in Southeast
Alaska is overlaid, centered on the grid cell nearest Hoonah. The total length of each bar indicates the frequency (%) of events
with IVT in that particular direction. The length of colored areas within the bar indicates the frequency (%) of events with
precipitation <2.5 mm day ™" (yellow), <95th percentile precipitation (blue), and >95th percentile precipitation (aqua) that
also occurred in that direction (c)—(h) Same as (b) but for (c) Skagway, (d) Klukwan, (e) Yakutat, (f) Craig and (g) Kasaan.

Southeast Alaska's coastline (Overland & Bond, 1993). As the stably stratified air within the AR is dynamically
forced southwesterly toward the coastal terrain of Southeast Alaska, terrain blocking can occur (Bell &
Bosart, 1988; Chen & Smith, 1987; Overland, 1984). The air is then forced in an along-barrier direction
(southeasterly) as it accelerates ageostrophically. These pressure gradients are strong enough to create south-
easterly winds with hurricane force speeds, especially along the coastline from Glacier Bay National Park and
Preserve to Yakutat.

There are a few nuances when considering IVT direction and its relationship to extreme precipitation. First, [IVT
direction can vary throughout the duration of an AR. This analysis uses IVT direction at the time of maximum
IVT during the 24 hr of each day, but this doesn't account for the nuance of multiple directions during a storm.
Second, IVT is vertically integrated from the surface to the top of the atmosphere, which does not account for
varied wind direction throughout the column. This is likely why IVT direction during ARs for most of the
communities is predominately southwest, despite blocking topography near the surface. Upcoming discussion
includes distinction between the direction of layer-mean IVT and that of 1000 hPa wind for finer understanding of
low-level processes related to extreme precipitation.
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Figure 6. (a) Distribution of daily WRF precipitation for all AR days between 1 January 1980 and 31 December 2019 when
precipitation was >2.5 mm day ™' for each community (note that the sample size of AR days for each community ranges from
3,155 to 3,618). The box extends from lower to upper quartiles of the data, with a black solid line at the median and a black
dotted line at the mean. The whiskers show the range of the data from the fifth percentile to the 95th percentile. (b) Average
daily composites of WRF precipitation (shaded, mm day™"), ERAS5 IVT (gray vectors, kg m~' s™'), and WRF 1000 hPa
winds (pink vectors, m s~') for Hoonah during extreme AR days. The location of Hoonah is shown by the black point. USGS
GMT elevation data (gray shaded, m) is shown where higher elevations are darker shades (c)—(h) Same as (b) but for

(c) Skagway, (d) Klukwan, (e) Yakutat, (f) Craig and (g) Kasaan.

The average precipitation during AR events is 12-14 mm day~' at Hoonah, Skagway, Klukwan, Craig and

Kasaan, and 21 mm day ™' at Yakutat, as shown by Figure 6a, which presents the distribution of precipitation
during ARs at the grid cell closest to each community. Precipitation >95th percentile during AR events follows a
similar pattern: 32-103 mm day_1 at Hoonah, Skagway, Klukwan, Craig, Kasaan, and Klukwan, and 60—
179 mm day ™~ at Yakutat. Southwesterly IVT encourages higher orographically forced precipitation to occur on
south- and south-west facing slopes. Figures 6b—6g show average daily precipitation during all extreme AR days
for each community. As moisture within the southerly or southwesterly AR is orographically forced, rainfall is
enhanced on the windward slopes, particularly when an AR is present due to the increased moisture content.
During extreme AR days in Hoonah (Figure 6b), precipitation up to 60 mm day ™" occurs along the coastal slopes
upstream, while Hoonah, downwind of the moisture flux, receives up to 45 mm day ™" of precipitation. Skagway
and Klukwan exhibit similar precipitation patterns, with the highest precipitation values exceeding 90 mm day ™"
along Glacier Bay National Park where elevations exceed 2 km (Figures 1 and 6¢c—6d). However, closer to each
community, precipitation values range from 30 to 35 mm day™". Although IVT in Klukwan and Skagway is lower
than the other communities, they feature precipitation distributions similar to those of communities with higher
IVT, like Craig. This is likely due, in at least part, to moisture being lifted over the high topography just
downstream of these communities. Yakutat has the highest precipitation magnitude (>60 mm day ™), likely due

NASH ET AL.

11 of 16

85US0 17 SUOLULUOD BAIER.D edtdde au3 A pauienob afe soILe YO (38N JO S9INI 04 Afeid 1 3UIUO A3]1M UO (SUOIPUOD-PUB-SWLBIW0 A3 | 1M ALe1q 1B UO//:SUNY) SUORIPUOD PUe SLWLB L 8L} 835 *[G202/20/ET] U0 ArIqiTauliuo A|IM ‘¥626£0ArE202/620T 0T/I0p/Lod A3 1M Aleiq utuo'sgndnBe//sdny woy papeojumod ‘¥ ‘¥202 ‘96686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20231D039294

to its coastal location and moisture within the AR lifting over the coastal barrier jet before rising due to
topography (Figure 6e). Other studies have shown that when ARs intersect a west coast mountain range with a
barrier jet, precipitation is enhanced in the region immediately upstream of the mountains (Doyle, 1997; Neiman
et al., 2008; Viale et al., 2013). Craig and Kasaan exhibit similar precipitation patterns, reaching 30-35 mm day ™",
precipitation peaking (60 mm day™') in the higher elevation regions in lower half of Prince of Wales Island
(Figures 6f and 6g). Per correspondence with NWS Juneau, the orographic precipitation enhancement in higher
elevations just east of Craig aligns with an area with frequent landslide activity.

Low-level (1000 hPa) winds are also shown on Figure 6, and the southeasterly winds along the Southeast Alaska
coast reveal the coastal barrier jet. The jet becomes more intense further north (Figure 6e) where the difference
between the troposphere-mean flow and terrain-forced surface winds is greatest. Similar to the barrier jet along
the Sierra Nevada Mountains and California ARs, it's likely that barrier jet-induced lifting is playing a role in
precipitation upstream of the terrain (Doyle, 1997; Neiman et al., 2002, 2008; Ralph et al., 2005). In Klukwan and
Skagway (Figures 6¢ and 6d), it is interesting to see neutral to north-northeasterly surface winds while IVT is
south-southwesterly. Rough seas in the Taiya and Chilkoot Inlets caused by the strong northerly winds in
Skagway are incredibly common and are referenced in many Tlingit stories from the region (Thornton, 2004).
These northerly surface winds are likely gap winds—severe low-level winds due to a pressure gradient that runs
parallel to a topographic gap, in this case through White Pass (Overland & Walter, 1980). The differences be-
tween IVT and low-level winds are minimal at 850 hPa (not shown), and highest at 1000 hPa, indicating that a
large fraction of the water vapor transport occurs above the surface. The vertical structure of ARs and the height of
the peak in moisture transport has been shown to influence orographic precipitation (Nash & Carvalho, 2020;
Ralph et al., 2005). Further work is needed to understand the finer scale interactions of topography, winds, and the
vertical distribution of water vapor flux during ARs in Southeast Alaska.

5. Conclusions

This study examines the relationship between atmospheric rivers (ARs), other relevant meteorological charac-
teristics, and heavy precipitation in Southeast Alaska, with a focus on six rural and indigenous communities
(Hoonah, Klukwan, Skagway, Yakutat, Craig, and Kasaan). These communities are climatically and/or topo-
graphically unique but similarly isolated and remote; heavy precipitation-related impacts are not only the loss of
life, but also livelihood via damaged infrastructure and decreased access to already limited transportation routes,
affecting communication and food security. This study focuses on these six communities because they identified
specific needs regarding hazards triggered by extreme precipitation and joined the Southeast Alaska Coastlines
and People (CoPe) Kuti (indigenous Tlingit word for “weather”) Hub to address the shared challenge of pre-
dicting these hazards now and in the future. Although the results presented here focus on these six communities,
the same methodology could easily be reproduced for other communities in Southeast Alaska.

This study highlights the role of IVT magnitude in extreme precipitation during ARs in Southeast Alaska,
showing that 80%-96% of days with extreme precipitation had >75th percentile IVT in the six communities.
Additionally, this study emphasizes that 76%-91% of extreme precipitation days are also AR days in these six
communities (Figure 3). AR occurrence over Southeast Alaska is favored by anomalously high-amplitude upper-
level patterns and poleward moisture flux over the northeastern Pacific Ocean, which provide ideal conditions for
the organization and direction of ARs toward Southeast Alaska (Figure 4). While the forecasting of high-impact
weather events associated with ARs often focuses on troughs and low pressure, the most extreme precipitation
events over Southeast Alaska are also driven by enhanced ridging near the contiguous U.S. West Coast, which
increases the geopotential height gradient and IVT magnitude in these ARs and thus influences the resulting
orographic precipitation. Furthermore, there are important differences in the synoptic conditions favoring the
most extreme precipitation days in each of the six communities, which are detailed in this study (Figure 4). The
predominant direction of moisture flux during most ARs in the six communities is southwesterly, encouraging
more orographically forced precipitation to occur on southwest facing slopes (Figure 5). However, each com-
munity is nuanced: 80%—90% of extreme AR days in Klukwan and Skagway feature south-southwesterly or
south-southeasterly IVT, whereas a coastal barrier jet plays an important role in increasing the local precipitation
along coastal regions upstream of topography, affecting communities like Yakutat (Figures 5 and 6).

This study provides a detailed assessment of synoptic, regional, and local scale meteorological conditions
associated with ARs and heavy precipitation across Southeast Alaska with a particular focus on the six Native
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Alaskan communities described above. These results are being broadly shared with these communities and with
the National Weather Service (NWS) office in Juneau, Alaska, and future work plans to incorporate general
information on potential socio-economic impacts into the warning process to improve their effectiveness. One
emerging topic in recent years has been the development of the AR Scale, which assigns a point-based value of 1—
5 to an AR event based on the maximum IVT magnitude and the duration of IVT >250 kg m™"' s™" at that point
(Ralph et al., 2019). This useful paradigm for situational awareness often distinguishes between primarily
beneficial and primarily hazardous storms before they occur. However, in Southeast Alaska, NWS Juneau has
found that while the AR Scale communicates the likelihood of a hazardous event, it does not sufficiently explain
impacts. This is partly because many other factors play a role in determining impacts, and partly because the scale
was developed based on climatologically higher IVT values affecting the contiguous U.S. West Coast. Therefore,
ongoing collaborative efforts with NWS Juneau will pursue the development of AR/IVT-based forecasting tools
that leverage the strong relationship between ARs and extreme precipitation, but also consider other important
factors such as antecedent soil/river conditions, freezing level, and the occurrence of multiple ARs within a short
period of time. One desired outcome is an “AR Impacts Scale” which will build upon the AR Scale by improving
NWS Juneau forecasters' situational awareness and Impact Decision Support Services (IDSS) messaging before
and during high impact weather events. Future research will aim to better differentiate between impactful and
non-impactful ARs with otherwise similar characteristics, so that the tools described above can be further refined.
This will allow NWS Juneau to communicate impact information caused by ARs to deep core partners (e.g.,
emergency managers, fire and/or police chief, village police safety officers, etc.) and the public, so they can take
appropriate actions to prepare their community for impactful weather events.

Appendix A: Z-Score Tests

To test the difference of the means of the circulation and moisture variables, we used the z-score to test the null
hypothesis that the sample means of sample 1 and sample 2 are equal (Spiegel & Stephens, 2008; Wilks, 2019).
For example, sample 1 are the days in which precipitation exceeds the 95th percentile for all six communities, and
sample 2 are the days in which precipitation exceeds the 95th percentile for the individual community. We used
the z-score given by the following equations to test the null hypothesis at 95% significance level:

X, - X
r=L 2 (A1)
OX1-X2
and
0'2 62
Y (A2)

where X, and X, are the sample means, o, and o, are the sample standard deviations, and 7, and n, are the total
number of observations in each sample.

Data Availability Statement

The AR data were provided by Bin Guan and development of the AR detection algorithm and databases was
supported by NASA (Guan, 2022). ERAS data on single levels (Hersbach et al., 2018b) and pressure levels
(Hersbach et al., 2018a) were downloaded from the Copernicus Climate Change Service (C3S) Climate Data
Store. The results contain modified Copernicus Climate Change Service information. Neither the European
Commission nor ECMWEF is responsible for any use that may be made of the Copernicus information or data it
contains. USGS Global multi-resolution terrain elevation data 2010 (GMTED2010) entity ID (NSOW150) is
freely available online and downloaded from EarthExplorer (Danielson & Gesch, 2011). The High Resolution
Downscaled Climate Data for Southeast Alaska is freely available online (Lader, 2020; Lader et al., 2020). The
Anadromous Waters Catalog for Southeast Alaska (Rivers and Streams) is freely available from the Alaska
Department of Fish and Game (ADF & G, 2023). The Alaska Randolph Glacier Index v6.0 was accessed on 18
April 2023 from the State of Alaska Geoportal (Homan, 2020; RGI Consortium, 2017). The code to execute the
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analysis is publicly available online (Nash, 2023). Python 3, xarray, metpy, pandas, and matplotlib were used for
the analysis and development of the figures (Caswell et al., 2022; Hoyer et al., 2016; Hoyer & Hamman, 2017;
Hunter, 2007; May et al., 2017, 2022, 2023; Pandas Development Team, 2022; Van Rossum & Drake, 2009).
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Erratum
The originally published version of this article contained a typographical error in Figure 4. The figure did not align
with the information provided in the text and caption. The figure has been corrected, and this may be considered
the authoritative version of record.
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