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ABSTRACT 

A CLIMATOLOGICAL STUDY OF NATIONAL WEATHER SERVICE  

WATCHES, WARNINGS AND ADVISORIES IN ASSOCIATION WITH  

ATMOSPHERIC RIVERS IN THE WESTERN U.S. 2006–2018 

By 

Samuel M. Bartlett 

Plymouth State University, August 2020 

 

A recently published scale to characterize the intensity and duration of 

atmospheric rivers (AR) by Ralph et al. (2019) summarizes a range of typical impacts 

associated with these storms from weak and beneficial to strong and hazardous. This 

study investigates the spatial and temporal relationship between landfalling ARs along 

the U.S. West Coast and potentially hazardous weather as identified by National Weather 

Service watches, warnings, and advisories (WWAs) during 2006–2018. The results of 

this study re-affirm that landfalling ARs occur in association with various types of high-

impact weather including high wind, hydrologic extremes (e.g., heavy rainfall and 

flooding), and cold precipitation (e.g., snow) by presenting qualitative relationships 

between NWS products and ARs.  

Across the western U.S., 30–70% of days with any type of WWA were associated 

with landfalling ARs of any intensity. In the northern (Pacific Northwest) and central 

(Northern California and Great Basin) regions hydrologic-related and wind-related 

WWAs were more frequently (40–80%) associated with more intense and longer duration 

ARs classified as AR3, AR4, or AR5 events according to the Ralph et al. (2019) scale as 
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compared to less intense and shorter duration AR1 or AR2 events. This relationship 

decreases for cold precipitation-related WWAs, where stronger ARs were more likely to 

result in rain than snow. While an approximate majority of days with WWAs occurred in 

association with landfalling ARs, not all landfalling ARs are associated with high-impact 

weather. For example, days with landfalling ARs occurred in association with WWA 

days of any type on 20–50% of cool-season days across high-elevation regions of the 

northern Cascades, Sierra Nevada, and southern California coastal ranges. This 

association increased to 40–60% for more intense and longer duration AR3, AR4, and 

AR5 events, especially for landfalling ARs in southern California and hydrologic-related 

WWAs over the southwest U.S. These results are summarized by an investigation of the 

WWA hazard footprint association with landfalling ARs that illustrates a quasi-

exponential increase in the average cumulative area headlined by WWAs across the 

Western Region as the intensity and duration of a landfalling AR increases from an AR1 

to an AR5 event, particularly for landfalling ARs in California and for hydrologic- and 

wind-related WWAs. 
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CHAPTER 1 

1. Introduction 

 Atmospheric rivers (ARs) are synoptic-scale systems which are associated with 

long, narrow corridors of enhanced low-level water vapor transport (American 

Meteorological Society 2018). The landfall of ARs often occur in association with a wide 

variety of coastal impacts worldwide, that may range from providing beneficial 

precipitation for drought amelioration (Dettinger 2013) to hazardous precipitation leading 

to landslides (Cordeira et al. 2019). These beneficial precipitation events associated with 

ARs may benefit the watersheds of the western U.S. by contributing to 30–50% of annual 

precipitation totals (Dettinger et al. 2011), increasing the winter snowpack in high 

elevation to later recharge watersheds in spring and summer (Neiman et al. 2008), and 

acting as “drought busters” by breaking prolonged periods of dry conditions (Dettinger 

2013). Alternatively, the hazardous precipitation events associated with ARs may lead to 

flooding along rivers in California (Ralph et al. 2006), heavy snow events in the Sierra 

Nevada (Guan et al. 2010); hazards may also include high wind events along the coast 

and inland mountain ranges (Waliser and Guan 2017). In anticipation of these hazardous 

events, the National Weather Service (NWS) weather forecast offices (WFOs) commonly 

issues watches, warnings, and advisories for their county warning areas (CWAs) and 

public forecast zones (PFZs). For example, the frequency of flood-related and winter 

weather-related WWAs on days with landfalling ARs in California was 50–70% and 60–

80%, respectively (Cordeira et al. 2018). The goal of the present study is to further 

investigate this spatial and temporal relationship between landfalling ARs and WWAs 

across the entire western U.S. for the period 2006–2018.   
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The benefit–hazard spectrum associated with ARs may be summarized using a scale 

developed to assess the intensity and duration of landfalling ARs along the U.S. West 

Coast (Ralph et al. 2019). The AR scale ranges from primarily beneficial ARs (AR1) to 

primarily hazardous (AR5) with the possibility of some storms providing impacts that 

may be both beneficial and hazardous (AR3). The AR scale uses the intensity of an AR 

identified as the maximum IVT magnitude and its duration as the number of hours with 

IVT magnitudes ≥250 kg m–1 s–1 (Fig. 1a). For example, a landfalling AR that occurred in 

association with many WWAs during 26 January–2 February 2020 across the Pacific 

Northwest was ranked as an AR3 event (Fig. 2a). The landfalling AR had a maximum 

IVT magnitude of 815 kg m–1 s–1 and a duration of IVT magnitudes ≥250 kg m–1 s–1 of 45 

h along coast of Washington in Oregon. The storm total precipitation exceeded 125 mm 

along the coast of Washington and Oregon and exceeded 250 mm in the highest elevation 

of the Olympic Peninsula and the Cascades (Fig. 2b). NWS WFOs located in the Pacific 

Northwest issued >220 WWAs for hazards related to flooding near the Olympic 

peninsula and the windward side of the Cascades, winter weather near the Cascades, and 

high winds farther inland across eastern Washington, eastern Oregon, and Idaho (Fig. 2c). 

Both the Snoqualmie and Snohomish rivers reach major flood stage near the end of the 

event and landslides were reported along a highway in Washington (Castellano et al. 

2020). The hazards associated with landfalling ARs may also be summarized, for 

example, by their financial impact and propensity to cause flood related damages. An 

analysis of landfalling ARs across the western U.S. combined with data from the 

National Flood Insurance Program demonstrates that as ARs increased in intensity and 
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duration from an AR1 to an AR5, the cost from flood damages increased exponentially 

(Corringham et al. 2019; Fig. 2b). 

This thesis seeks to investigate not only the relationship between landfalling ARs 

and WWAs across the western U.S., but to also investigate whether or not the intensity 

and duration of an AR defined by the Ralph et al. (2019) scale results in more frequent 

and widespread hazards as indicated by WWAs. This thesis hypothesizes that, in a 

manner similar to Cordeira et al. (2018) and Corringham et al. (2019), that (1) a majority 

of WWAs across the western U.S. occur in association with landfalling ARs, (2) the 

likelihood of a WWA increases as the intensity and duration of a landfalling AR 

increases, (3) a majority of beneficial ARs may not require a WWA, and (4) landfalling 

ARs of higher intensity and duration necessitate WWAs more so than those of lower 

intensity and duration. Section 2 of this study provides the data and methods, section 3 

illustrates the results of testing hypotheses (1) and (2) related to the “WWA perspective”, 

and section 4 illustrates the results of testing hypotheses (3) and (4) related to the 

landfalling “AR perspective”. Section 5 consists of a concluding discussion and offers 

concepts for future work. 
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a. Chapter figures 

 

Fig. 1. (a) The scale to categorize ARs using the intensity and duration of each event 

developed by Ralph et al. (2019). Maximum IVT (kg m–1 s–1) is shown on the y-axis 

while AR duration (hours) is shown on the x-axis. (b) The distribution of cool–season 

flood damages associated with ARs across the western U.S. from 1978–2017 for ARs of 

varying intensity according to the Ralph et al (2019) AR Scale on a logarithmic scale. 
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Fig. 2. (a) National Centers for Environmental Prediction Global Forecast System 0-h 

IVT magnitude (kg m–1 s–1; shaded according to scale) and IVT vectors plotted for 

magnitudes >250 kg m–1 s–1 according to the reference vector with SLP (hPa; contours) 

valid at 1200 UTC on  29 January 2020, (b) NWS 7-d estimated precipitation (inches; 

shaded) ending at 1200 UTC on 2 Feb 2020 adapted from the NOAA/NWS Advanced 

Hydrologic Prediction Service (Castellano et al. 2020), and (c) NWS WWAs for 

Washington, Oregon, and Idaho issued during 26 January–2 February 2020 accessed 

from the Iowa State University Iowa Environmental Mesonet archive.  
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2. Data and Methods 

 The analysis methodology focuses on two perspectives: the WWA perspective 

and the AR perspective. The WWA perspective used a catalog of WWA days (i.e., a day 

with at least one WWA of a given type in a given CWA or PFZ) to investigate how 

frequently WWA days occurred concurrently with an AR day (i.e., a day with a 

landfalling AR at the coast). Alternatively, the AR perspective used a catalog of AR days 

to investigate how frequently AR days occurred concurrently with WWA days. 

Additional details of the associated data and methods are included in this section. 

The relationship between ARs and WWAs is studied for a 13-year or 4,748-day 

period during 1 January 2006–31 December 2018 and primarily focuses on the cool-

season months of October through March, to focus on the most active portion of the 

water year for the western U.S. This study defines the Western Region of the United 

States using the state boundaries inclusive of Washington, Idaho, Oregon, California, 

Nevada, Utah, and Arizona. This region includes 22 NWS WFOs (Fig. 3a) that contain 

392 unique PFZs (Fig. 3b). In this study, the Western Region is subset into a northern, 

central, and southern region defined using CWA boundaries (Fig. 3c). This regional 

classification is primarily used to analyze locations of landfalling ARs and their impacts 

on that region. Note that the PFZs across the western U.S. often encompass unique 

orographic features and may be orthogonal to county boundaries, such as the long, 

rectangular PFZs that run parallel to mountains (Fig. 3d).  
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NWS WWAs were obtained as ESRI Shapefiles from the Iowa State University 

Iowa Environmental Mesonet online archive (Iowa State 2019). WWAs with a status 

classification of “NEW” and “UPG” are retained for analysis, subset to the western 

region, projected onto the PFZs for which they overlap if necessary (i.e., a flash flood 

warning that may be issued for a certain area that is not a PFZ), and uniquely filtered by 

day, by CWA or PFZ, and by phenomenon (i.e., hazard) type to create the WWA catalog. 

Each individual WWA type (e.g., flash flood, area flood, winter storm, high wind, etc.) is 

then grouped into a subset category (Fig. 4). WWA subset categories for hazards 

frequently associated with ARs are selected specifically for analysis. The three WWA 

subset categories in this study are wind-related (WR), hydrologic (HL), and cold-

precipitation (CP) WWAs. Note that WWAs are issued for different thresholds and 

weather criteria depending on the location which they are issued for (e.g. a winter 

weather WWA in San Diego may be issued for lower forecast snowfall than a winter 

weather WWA in the northern Sierra Nevada), and some of the WWA types included in 

this analysis are no longer in use. For this reason, the WWA catalog is a location-

dependent relative hazard catalog. This study also does not consider whether or not 

WWAs were canceled or whether or not WWAs verified, and therefore relies on the 

short-term forecast skill of forecasters who issued these WWAs for their CWAs.  
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Landfalling ARs are identified from a catalog of AR data provided by Rutz et al. 

(2014) using the NASA MERRA-2 reanalysis (Rienecker et al. 2011) and 3-h values of 

IVT magnitude at 17 locations along the U.S. West Coast (Fig. 3c). This AR catalog is 

grouped into whether or not a landfalling AR was present during any of the eight 3-h 

times on a UTC calendar day (i.e., an AR day) and grouped into the three northern 

(42ºN–48ºN), central (36ºN–41ºN), and southern (32ºN–35ºN) regions (Fig. 3c). In each 

region, the maximum IVT magnitude and duration of IVT magnitudes ≥250 kg m–1 s–1 

associated with landfalling AR events is used to calculate the AR scale following the 

methodology of Ralph et al. (2019) for each event, which is then assigned to each day of 

the landfalling AR.  
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  a. Chapter figures 

 

Fig. 3. (Figure caption on the following page) 
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Fig. 3. Map of the Western Region with (a) CWAs (thick black line) and state boundaries 

(thin gray lines), (b) CWAs (thick black lines) and PFZs (thin gray lines), (c) terrain (m; 

shaded) and state lines (black lines), and (d) PFZs (thin black lines) and state lines (thick 

blank lines) with northern (green), central (blue) and southern (orange) regions used to 

assess relationships with landfalling ARs in this study at coastal locations denoted by 

circle, triangle, and square symbols, respectively. The numbers next to the symbols in (d) 

give the latitude. Topography data in (c) provided by the NOAA National Centers for 

Environmental Information ETOPO1 Global Relief Model 

(https://www.ngdc.noaa.gov/mgg/global/). 
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Fig. 4. Total number of HL (blue), WR (green), and CP (purple) WWAs, plotted on a 

logarithmic scale for the western region between 1 January 2006–31 December 2018.   
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CHAPTER 3 

3. WWA Perspective 

 a. Frequency of cool-season WWA days with an AR in each CWA 

The frequency of an AR at the coast on days with any type of WWA was highest 

in the cool season for CWAs in the northern (40–70%; PQR) and central (30–60%; STO 

and REV) regions (Fig. 5a).  HL WWAs were most frequently associated with ARs in 

coastal CWAs in the northern (70–90%), central (60–90%), and southern (40–50%) 

regions (Fig. 5b). CP WWA days were most frequently associated with ARs (40–60%) in 

the northern and central regions in the SEW, STO, and REV CWAs (Fig. 5c.). WR 

WWAs were most frequently associated with ARs (70–90%) in the northern and central 

regions in OTX, PDT, and STO CWAs (Fig. 5d.). 

The spatial variability of the frequency of an AR at the coast on days with any 

type or a specific type of WWA in CWAs appears to relate to topography. For example, 

the highest values are >70% in CWAs that contain the high elevation regions of the 

western U.S., including the Cascades, northern Sierra Nevada, and Coastal Ranges. This 

variability is consistent with previous studies that illustrate many hazards associated with 

ARs are the result of upslope water vapor flux (e.g., Ralph et al. 2013) and strong winds 

in regions of complex terrain (e.g., Waliser and Guan 2017). Herein, we only focused on 

the relationship between cool-season WWAs and ARs for individual CWAs; however, 

subsequent analyses will illustrate the relationships for both all-season and cool-season 

WWAs and ARs for individual PFZs. 
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 b. Frequency of all-season and cool-season WWA days with an AR in each PFZ 

 The frequency of an AR at the coast on all-season days with any type of WWA 

was ~30–70% for northern PFZs near the Olympic Peninsula and Seattle Metro), ~30–

50% for central PFZs near the Sierra Nevada, and ~10–20% for most southern PFZs (Fig. 

6a). These frequency values in the cool season increased to >40–80% for PFZs in the 

northern region, 40–60% in the central region, and 20–40% in the southern region (Fig. 

6b.) Specifically, ~30–60% of all-season HL WWA days occurred in association with 

coastal ARs in the northern and central region PFZs (Fig. 7a) with cool-season maxima 

increasing to 70–100% in PFZs in the Cascades (Fig. 7b). Similarly, 30–60% of all-

season CP WWA days occurred in association with coastal ARs in the high elevation 

PFZs of the northern and central regions (Fig. 7c) with cool-season maxima increasing to 

50–60% in PFZs in the northern Sierra Nevada (Fig. 7d). A large majority of al-season 

WR WWA days occurred in association with coastal ARs in northern (70–90%) and 

central (40–70%) region PFZs with frequencies mainly <40% in southern region PFZs 

(Fig. 7e). During the cool season, the frequencies in the central region increased to 60–

80% in PFZs near the northern Great Basin (Fig. 7f). 

 

c. Frequency of cool-season WWA days with AR1–2 vs AR3–5 

 Most cool-season WWA days (70–100%) of any type in southern region PFZs 

occurred in association with an AR1 or AR2 (AR1–2) event at the coast (Fig. 8a) with 

fewer (<40%) that occurred in association with AR3, AR4, or AR5 (AR3–5) events (Fig. 

8b).  This result is illustrative of the large number of observed AR1–2 events across the 

southern region relative to the number of AR3–5 events (see next section). Alternatively, 
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the frequency of an AR at the coast with any type of cool-season WWA days increased 

from 30–50% to 50–70% for PFZs in the northern and central regions for AR1–2 versus 

AR3–5 events, respectively (Figs. 8a,b). This result suggests that WWA days are more 

likely to be associated with more intense and longer duration landfalling ARs for PFZs in 

the northern and central regions than less intense and shorter duration landfalling ARs.  

When partitioned, HL and WR WWA days in the northern and central region are also 

more likely to be associated with AR3–5 events at the coast (~60–100%) as compared to 

AR1–2 events (<40%) (Figs. 9a,b,e,f). Alternatively, CP WWA days in PFZs across all 

three regions were more or equally likely to be associated with AR1–2 events as the coast 

(~50–60%) as compared to AR3–5 events (<50%) (Figs. 9c,d). This latter result suggests 

that CP WWA days are more likely to occur in association with less intense ARs, which 

may be related to storms with lower IWV, cooler temperatures, and lower freezing levels 

(i.e., more intense ARs are too warm). 
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 d. Chapter figures 

 

Fig. 5. Frequency of an AR at the coast on a day during the cool season with (a) any, (b) 

HL, (c) CP, and (d) WR WWAs (shaded) in each CWA (thin black line). CWAs in each 

region (thick black lines) are analyzed for landfalling ARs in the same region at coastal 

locations given by the symbols: northern (green circles), central (green triangles), and 

southern (orange squares) regions.  
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Fig. 6. As in Fig. 5, except for (a) all months and (b) the cool season delineated by PFZs. 
  



17 
 

 

Fig. 7. As in Fig. 6, except partitioned by (a,b) HL, (c,d) CP, and (e,f) WR WWA types.  
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Fig. 8. As in Fig. 6b, except for ARs defined as (a) AR1 or AR2 events and (b) AR3, 
AR4, or AR5 events.  
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Fig. 9. As in Fig. 8, except partitioned by (a,b) HL, (c,d) CP, and (e,f) WR WWA types   
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CHAPTER 4 

4. AR Perspective 

a. Regional AR climatology (2006–2018) 

 The northern region of the western U.S. had 1464 total AR days and 1016 cool-

season (October–March) AR days with monthly maxima in November–January. 

Approximately half of these days (802 and 480, respectively) were associated with the 

landfall of an AR1–2 event and half (662 and 536) were associated with the landfall of an 

AR3–5 event according to the Ralph et al. (2019) scale (Fig. 10a). The largest number of 

AR days and the largest number of days with the landfall of an AR4 or AR5 event 

occurred in the northern region (Fig. 10b) as compared to the central and southern 

regions. The central region had 969 total AR days and 697 cool-season AR days with 

similar monthly maxima in November–January, approximately half (581 and 389) 

associated with the landfall of an AR1–2 event, and half (388 and 308) associated with 

the landfall of an AR3–5 event (Fig. 10c). The southern region had 378 total AR days and 

264 cool-season AR days with monthly maxima in December–February, a majority (294 

and 207) associated with the landfall of an AR1–2 event, and few (84 and 57) associated 

with the landfall of an AR3 and AR4 events (Fig. 10e). There were no landfalling ARs 

meeting the definition of an AR5 in the southern region during the period of study. 

 

 b. Frequency of cool-season AR days with a WWA 

 A majority of cool-season days with landfalling ARs occurred in association with 

at least one WWA of any type in coastal CWAs (Fig. 11a). For example, regional 

landfalling ARs occurred in association with at least one WWA of any type with a 
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frequency of 50–70% in the northern region CWAs of SEW, PQR, and MFR and 40–

70% in the southern region CWAs of LOX, HNX, and SGX (Fig. 11a). While the 

frequency of at least one WWA of any type is high, the frequency of at least one HL, CP, 

or WR WWA is generally less than 30% across most CWAs (Figs. 11b–d). For example, 

days with a landfalling AR occurred in association with HL and CP WWA days with a 

frequency of ~10–30% at most coastal CWAs across all three regions (Figs. 11b,c).  Days 

with a landfalling AR occurred in association with WR WWA days with a frequency of 

~30–50% in both northern and southern region CWAs (Fig. 11d) with a lower exception 

in the central region. 

 Refining the spatial relationship between landfalling ARs and WWAs from 

CWAs to PFZs, results in a cool-season frequency of ~20–50% for at least one WWA of 

any type in PFZs along the coastal mountains of Washington and Oregon, the Sierra 

Nevada, and the coastal mountains of Southern California surrounding the Los Angeles 

and San Diego metro areas (Fig. 12a). Days with a landfalling AR occurred in association 

with HL WWA days with a frequency of ~20–40% and ~10–20% in PFZs along the 

coastal ranges of southern California and the Sierra Nevada, respectively (Fig. 12b), 

whereas days with a landfalling AR occurred in association with CP WWA days with a 

frequency of ~10–30% and ~20–40% in PFZs in the northern Cascades and Sierra 

Nevada, respectively (Fig. 12c). Finally, days with a landfalling AR occurred in 

association with WR WWAs days with a frequency of ~10–30% in PFZs along the 

coastal ranges of Washington and Oregon, southern Cascades, Sierra Nevada, and the 

coastal ranges of Southern California (Fig. 12d).  
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 c. Frequency of cool-season AR1–2 vs AR3–5 days with a WWA  

 Cool-season days with a landfalling AR meeting the criteria of an AR1–2 event 

occurred in association with at least one WWA of any type in PFZs with a frequency 

(~20–50%) that was similar to all ARs shown above (cf. Figs. 12a and 13a).  These 

values are similarly highest on the Olympic Peninsula and along the coastal mountains of 

Washington and Oregon, in the northern Sierra Nevada, and the southern Sierra Nevada 

and California coastal ranges (Fig. 13a). Alternatively, days with a landfalling AR 

meeting the criteria of an AR3–5 event occurred in association with at least one WWA of 

any type in PFZs with a noticeably higher frequency of ~40–60% for northern-region 

PFZs in the coastal mountains of Washington and Oregon, ~40–60% for central-region 

PFZs in the northern Sierra Nevada, and ~50–80% for southern-region PFZs in the 

southern Sierra Nevada and southern California coastal ranges (Fig. 13b).  

Cool-season AR1–2 days were most frequently associated with HL WWAs in 

PFZs only in the southern region in the San Joaquin Valley (20–30%) (Fig. 14a), while 

AR3–5 days were most frequently associated with HL WWAs in PFZs on the Olympic 

Peninsula (10–30%), northern California Coastal range and Sacramento Valley (10–

30%), and the southern California coastal ranges (30–60%) (Fig. 14b). The frequency of 

CP WWAs was 10–30% on AR1–2 days in the northern Cascades and Sierra Nevada 

(Fig. 14c) and increased on AR3–5 days to 20–40% in the Sierra Nevada (Fig. 14d). 

AR1–2 days were associated with 10–20% of WR WWAs in PFZs along coastal 

Washington and Oregon, northern Sierra Nevada/southern Cascades, and the southern 

California coastal ranges (Fig. 14e), while on AR3–5 days values in the southern 

Cascades and northern Sierra Nevada increased to 20–30% (Fig. 14f).  
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 d. Average area headlined by WWAs on AR days 

 The average cumulative area headlined by WWAs anywhere in the western region 

on days with landfalling ARs was analyzed in order to assess the potential “hazard 

footprint” of ARs across the Western Region (Fig. 15). In the northern region, the 

average cumulative headlined area for WR and HL WWAs increased from <20,000 km2 

to >35,000 km2 as landfalling ARs increased in intensity from AR1–2 events to AR5 

events (Fig. 15a). Alternatively, the average cumulative headlined area for CP WWAs 

decreased from >35,000 km2 to <20,000 km2 as landfalling ARs increased in intensity 

from AR1–2 to AR5 events. For reference, the area of Oregon is ~250,000 km2. For 

landfalling ARs in the central and southern regions, the average cumulative headlined 

area for HL WWAs increased from ~20,000–35,000 km2 to >100,000 km2 as landfalling 

ARs increased in intensity from AR1 to AR5 events in the central region (Fig. 15b) and 

to AR4 events in the southern region (Fig. 15c). These increases are (1) likely associated 

with the climatological southwest-orientation of landfalling ARs (Neiman et al. 2011), 

which may influence the hazard footprint across a larger region as the AR propagates 

south along the coast, and (2) may be associated a propensity for central and southern 

region landfalling ARs to produce a higher likelihood of flooding due to the climate of 

California and the southwest U.S. 

Similar to the northern region, landfalling ARs in the central and southern regions 

occurred in association with an increase in average cumulative headlined area for WR 

WWAs over the entire western region from <20,000 km2 to >35,000 km2 as landfalling 

ARs increased in intensity from AR1 to AR5 events in the central region and to AR3 
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events in the southern region.  The average cumulative area for CP WWAs over the entire 

western region increased from ~40,000 km2 to >60,000 km2 as central region landfalling 

ARs increased in intensity from AR1 to AR3 events, but subsequently decreases to 

~40,000 km2 for AR5 events (Fig. 15b). The latter decrease may be related to the 

propensity for stronger ARs to occur in association with higher freezing levels and more 

rain, as opposed to CP-related hazards. The average cumulative area for CP WWAs over 

the entire western region increased from >60,000 km2 to >160,000 km2 as southern-

region landfalling ARs increased in intensity from AR1 to AR4 events (Fig. 15c). The 

increase over the western region may be related to the synoptic pattern whereby a 

landfalling AR producing rain in the southern region likely occurs south of a post-frontal 

airmass producing snow and other CP-related hazards in the northern and central regions. 
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e. Chapter figures 

 
Fig. 10. The number of AR days of each AR scale vaue between 1 January 2006 and 31 

December 2018 (N=4748 Days) for the (a) northern (N=1464) , (c) central (N=969), and 

(e) southern region (N=378) grouped by AR scale (AR1–2 = purple, AR3–5 = pink) and 

all season (left) vs cool season (right). The number of AR1–AR5 days in each month area 

displayed for (b) northern, (d) central, and (f) southern regions. 
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Fig. 11. Frequency of cool-season (a) any type, (b) HL, (c) CP, and (d) WR WWA days 

associated with AR days of any scale at the coast in each region (thick black lines) 

delineated by CWA (thin gray line).  



27 
 

 

Fig. 12. As in Fig. 11, except delineated by PFZ.  
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Fig. 13. As in Fig. 12a, except for (a) AR1–2 events and (b) AR3–5 events.  
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Fig. 14. As in Fig. 13, except for (a,b) HL, (c,d) CP, and (e,f) WR WWA types.  
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Fig. 15. Average cumulative area headlined by WR (green), HL (blue), and CP (purple) 

WWAs on cool-season days with landfalling ARs in the a) northern, b) central, and c) 

southern regions, classified by their intensity according to the Ralph et al. (2019) scale.  
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CHAPTER 5 

5. Concluding Discussion 

 a. Discussion of results and background research   

 The WWA perspective of this study illustrated that a majority of days with 

WWAs related to HL, CP, or WR hazards occurred in association with landfalling ARs. 

The high likelihoods for impactful weather illustrated through the frequency of WWAs 

occurring in association with AR days agree with prior research on AR related hazards in 

the western U.S. The 60–90% frequency that HL WWAs occurred in association with 

cool-season ARs in the Western Region are higher than the 50–70% frequencies found in 

California for flood-related WWAs (Cordeira et al. 2018). These frequency values are 

also similar to prior research that has demonstrated a relationship between ARs and flash 

floods and landslides across the western region (Ralph et al. 2006; Cordeira et al. 2019). 

The 40–60% frequency of CP WWA days associated with AR days in the high elevation 

regions of the Cascades, Olympic Peninsula, and Sierra Nevada also support previous 

research that found ARs were associated with 60–80% of winter weather-related WWAs 

in California (Cordeira et al. 2018). The 50–80% association between WR WWAs and 

landfalling ARs in the northern and central regions of the western U.S agree with the 

global findings of Waliser and Guan (2017) that found that 40–75% of extreme wind 

events along 40% of the world’s coastlines occur with landfalling ARs.  

 Although a majority of hazards are associated with ARs through the WWA 

perspective, the AR perspective demonstrated that not all ARs result in hazardous 

impacts. For example, not all ARs produce flooding (Ralph et al. 2019) and not all ARs 

produce landslides (e.g., Cordeira et al. 2019). In this study, less than half (20–50%) of 
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AR days occurred in association with any type of WWA day and less than one third (10–

30%) of AR days occurred in association with HL, CP and WR WWA days. This result 

confirms the prior result that although many hazards occur in association with ARs, not 

all ARs have hazards associated with them. This result motivated the investigation into 

which ARs are most likely to produce WWAs that illustrated that landfalling ARs 

classified as an AR3–5 event occurred in association with any type of WWA with a 

frequency of ~50–80% as compared to ~20–50% for AR1–2 events. Similarly, when 

investigated from the framework of a “hazard footprint” related to the average cumulative 

area headlined by a WWA, increasingly more intense ARs produced an increasingly 

larger hazard footprint across most regions for most WWA types. The increases in the 

frequency of WWA days and area of the hazard footprint for increasingly stronger 

landfalling AR days are unfortunately limited by the number of WWAs than can be 

issued for a given event and by the cumulative areas likely to be impacted by an AR. 

Even with this restriction, the results do illustrate a quasi-exponential increase in the 

average cumulative area of the hazard footprint for central region ARs and HL WWAs 

and also for southern region ARs and HL and CP WWAs. This result is similar to the 

exponential increase in dollar-based flood damages associated with increasingly more 

intense ARs by Corringham et al. (2019).  Across other regions and WWAs, these 

restrictions and the relationship between ARs and their hazards are less exponential. This 

variance in the quasi-exponential relationships also needs to consider that once a WWA 

is issued for an event, there is no enhancement of the issued products. For example, once 

a winter storm warning is issued for an extreme snowfall, the warning is not enhanced or 

upgraded should the hypothetical observed snowfall values double the forecast. This 
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binary understanding (watch/no watch) of a more complex observed values (wide range 

of observed values) may undersell the potential relationship between the AR scale and 

the hazard footprint.   

A potential alternative means to assess whether or not the hazard frequency may 

increase exponentially as the AR intensity increases is to analyze the relationship 

between landfalling ARs and the frequency of local storm reports (LSRs). For example, 

the average number of LSRs in the Western Region reported on AR days at the coast of 

increasing intensity for the northern, central, and southern regions illustrates that the 

average number of LSRs increased, just not exponentially, as the AR intensity increased 

(Fig. 16). The largest increase in average number of LSRs (123%) occurred on AR days 

in the southern region with an average of ~13 LSRs on AR1 days and an average of ~29 

LSRs on AR4 days. Additional research is aimed at further investigating both WWAs and 

LSRs in order to assess how their frequency is influenced by landfalling ARs along the 

U.S. West Coast. 

 

b. Historical AR/WWA tool  

 The results of this study can be used to retrospectively provide analog guidance 

on the historical frequency of AR days and WWAs of various types. The data collected 

and analyzed in this study provide the basis for the development of a decision support 

tool that can assess the historical frequency of different WWA types associated with 

landfalling ARs of different intensities at different latitudes along the U.S. west coast. 

The tool calculates the frequency of a WWA of a certain type in any PFZ across the 

Western Region given a landfalling AR at a specified latitude, specified intensity (AR 
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scale), and month. The month is used to define the center month in a three–month period 

(e.g. November–January) to find seasonally appropriate analogs to ensure that early 

winter events area not defined using the same data as early spring events. The goal of this 

tool is to potentially offer guidance to forecasters as to the likelihood of potentially 

hazardous weather necessitating a WWA.  

An example of this tool is provided for the landfalling AR3 event at 47°N on 26 

January–2 February 2020 discussed in section 1. The highest historical frequency of a 

WWA associated with this AR3 event at 47°N centered in January based on data for 

2006–2018 was 20–40% for areal flooding in PFZs in the northern Cascades (Fig. 17a). 

The NWS did issue areal flood WWAs on these days for the windward side of the 

northern Cascades and the Olympic Peninsula (Fig. 17b). The low frequencies predicted 

by the analog highlight that landfalling ARs result in few WWAs, matching the results in 

this study that only 20–30% of AR3–5 events result in HL WWAs across the western 

U.S. (Fig. 14b). Understanding these historical impacts is important to forecasters, as it 

can provide guidance on the potentially for various hazards using historical analogs 

related to current conditions. These analogs can improve awareness related to the types 

and spatial extent of AR related hazards during these events.  

 

c. Future work 

 The methodology of this study limited the calculation of the association between 

WWAs and ARs to each individual region along the coast. For example, the association 

between cool-season ARs in each regions and CP WWAs was shown for each region 

individually, meaning only the association between southern region ARs and CP WWAs 
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was only shown for southern region PFZs (Fig. 18a). By limiting the area for which the 

associated between WWAs and ARs is displayed, to only the three regional zones, this 

study does not demonstrate the full scope of the AR influences, such as how southern 

ARs affected PFZs in the central region. In this case, southern ARs are associated with 

20–40% of CP WWAs in the Sierra Nevada (Fig. 18b) although this was not shown due 

to the regional filtering. The extension of the association between southern ARs and 

central region WWAs is likely related to the fact that ARs have a southwest-to-northeast 

orientation and IVT direction as they make landfall along the coast and penetrate the 

western U.S. (Neiman et al. 2011). In the case of these southern ARs, the associated IVT 

plume from the southwest comes ashore, and begins to interact with the mountainous 

terrain of the coastal region, and depending on the depth of the plume, it can move far 

inland and have effects into the Sierra Nevada and beyond, having more widespread 

effects.  

Future work aims to investigate these spatial and temporal relationships between 

WWAs and ARs, including how the IVT magnitude and direction influence hazard 

frequencies. The first step could simply be investigating how IVT direction influences the 

frequencies found in this study. While the present regions were defined to split the 

western region into quasi-equal area zones, adjusting the boundaries to have a more 

southwest-to-northeast orientation may better represent the climatological southwest-to-

northeast orientation of landfalling ARs along the U.S. West Coast. Additional work also 

aims to further develop the historical WWA/AR tool into an interactive user-defined web 

tool.  
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 d. Conclusions 

The results of this study re-affirm that landfalling ARs occur in association with 

various types of high-impact weather including high wind, hydrologic extremes (e.g., 

heavy rainfall and flooding), and cold precipitation (e.g., snow). Across the Western 

Region, 30–70% of days with any type of WWA were associated with landfalling ARs of 

any intensity. In the northern (Pacific Northwest) and central (Northern California and 

Great Basin) regions hydrologic-related and wind-related WWAs were more frequently 

(40–80%) associated with more intense and longer duration ARs classified as AR3, AR4, 

or AR5 events according to the Ralph et al. (2019) scale as compared to weaker and 

shorter duration AR1 or AR2 events. This association decreased for cold precipitation-

related WWAs, where stronger ARs were likely more to result in rain than snow. While 

an approximate majority of days with WWAs occurred in association with landfalling 

ARs, not all landfalling ARs are associated with high-impact weather. For example, days 

with landfalling ARs occurred in association with WWA days of any type on 20–50% of 

cool-season days across high elevation regions of the northern Cascades, Sierra Nevada, 

and southern California coastal ranges. This association increased to 40–60% for more 

intense and longer duration AR3, AR4, and AR5 events, especially for landfalling ARs in 

southern California and hydrologic-related WWAs over the southwest U.S. These results 

are summarized by an investigation of the WWA hazard footprint association with 

landfalling ARs that illustrates a quasi-exponential increase in the average cumulative 

area headlined by WWAs across the Western Region as the intensity and duration of a 

landfalling AR increases from an AR1 to an AR5 event, particularly for landfalling ARs 

in California and for hydrologic- and wind-related WWAs.  
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e. Chapter figures 

 

Fig. 16. The average number of LSRs of any type collected by the NWS over the western 

U.S. on northern (green), central (blue), and southern (orange) coastal AR days of 

varying intensity according to the Ralph et al. (2019) AR scale.  
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Fig. 17. (a) Historical frequency of an Areal Flood WWA associated with 88 historical 

AR3 events at 47°N (red dot) centered on February and (b) NWS issued Areal Flood 

WWAs between 26 January and 2 February 2020 (green shaded polygons).    
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Fig. 18. The frequency of a cool-season CP WWA for PFZs for (a) landfalling ARs at the 

coast (a) in the same region versus (b) landfalling ARs at the coast only in the southern 

region. 
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