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ABSTRACT 

Characterization of Landfalling Atmospheric Rivers and their Impacts Over California 

By 

Chad William Hecht 

Plymouth State University, May 2016 

 

Atmospheric Rivers (ARs) are responsible for a majority of global poleward 

moisture transport and can result in extreme precipitation events and flooding along the 

U.S. West Coast. ARs are long (>2000 km) and narrow (500–1000 km) corridors of 

enhanced vertically integrated water vapor (IWV) and integrated water vapor transport 

(IVT) that may be found within a variety of synoptic-scale flow patterns. Observational 

evidence suggests that ARs within different flow patterns may contain different water 

vapor source regions, different orientations, different IVT magnitudes, and may result in 

different precipitation distributions. This study uses a K-means clustering technique to 

objectively identify different flow patterns that contain landfalling ARs along the U.S. 

West Coast. The K-means clustering algorithm used NCEP–CFSR and NCEP–GFS-

derived IVT to cluster the different types of ARs that may make landfall over north–

central California. For example, the clustering technique identified five different types of 

ARs: northwesterly, westerly, south/southwesterly, or southwesterly with moderate IVT 

magnitudes >200 kg m–1 s–1 or strong southwesterly with IVT values >400 kg m–1 s–1. 

Composite analyses of the synoptic-scale features present in conjunction with each AR 

type highlight the variety of conditions that influence the orientation and magnitude of 
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each landfalling AR. The differences in synoptic-scale flow regimes between the AR 

types results in differences in quasi-geostrophic forcing for ascent/descent co-located 

over the terminus of the ARs at landfall. This thesis will discuss and present the roles that 

both upslope IVT magnitude and quasi-geostrophic forcing for ascent play on 

precipitation accumulations and distributions associated with each AR type. The second 

portion of this thesis objectively quantifies the impacts associated with these precipitation 

accumulations and distributions produced by landfalling ARs using an AR impact scale. 

This impact scale considers precipitation, population, and drought conditions when 

calculating the impacts associated with individual ARs. Results illustrate how high 

precipitation accumulations don’t necessarily result in a high-impact event. The high 

precipitation must occur over large populations that are drought stricken in order to result 

in a high-impact event. Analysis of the AR impact scale indicates that it is possible to 

objectively quantify the impacts associated with past, present, and future AR events, and 

introduces several avenues for future work.  
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CHAPTER 1 

1. Introduction 

California frequently experiences heavy precipitation events that can lead to flooding, 

flash flooding, landslides, and debris flows, that may contribute to the loss of life and 

destruction of property (Mass et al. 2011). Since 1955, there have been a total of 46 

major disaster declarations by the Federal Emergency Management Agency (FEMA) for 

flooding, debris flows, and landslides in California.1 Nearly 25% of presidential disaster 

declarations in California were caused by extreme precipitation during the cold season 

(Warner et al. 2012). Extreme precipitation can also act to mitigate drought and replenish 

reservoirs and water supply (Dettinger et al. 2011). There are several meteorological 

phenomena that are capable of producing these extreme precipitation events across the 

globe, such as tropical cyclones, mesoscale convective systems, and monsoon 

circulations, among others. A majority of the annual precipitation (30–50%) in California 

can be attributed to the transport of atmospheric water vapor from lower latitudes to the 

U.S. West Coast in long and narrow filaments located within the warm sector of 

extratropical cyclones (Zhu and Newell 1998). These filaments of enhanced water vapor 

content are often referred to as atmospheric rivers (ARs; e.g. Zhu and Newell 1998). 

Several factors, such as the orientation, intensity, and duration of water vapor and water 

vapor transport along ARs may combine to produce precipitation extremes of comparable 

magnitude to other precipitation extremes that occur across the U.S. in association with 

tropical cyclones and mesoscale convective systems (Ralph and Dettinger 2012). This 

thesis explores the orientation and intensity of ARs in different flow configurations and 

                                                            
1 http://www.fema.gov/disaster 
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their influence on precipitation in California. The results will be presented in two parts. 

The first part will explore the orientation and intensity of ARs that make landfall in 

central California and the resulting precipitation accumulations and distributions, whereas 

the second part will develop a method to objectively quantify the spatial impacts of ARs 

in California.   

a. What is an AR? 

Atmospheric rivers (ARs) are defined as long (>2000 km) and narrow (500–1000 

km) corridors of enhanced values of vertically integrated water vapor (IWV) and IWV 

transport (IVT) (Zhu and Newell 1998; Ralph et al. 2004; Rutz et al. 2014, among 

others). ARs often form in the warm sector of extratropical cyclones along and ahead of 

cold fronts, in alignment with the pre-frontal low-level jet, and in the vicinity of the warm 

conveyor belt (WCB; Fig 1.1). ARs are the result of winds associated with the circulation 

of the extratropical cyclone, which causes atmospheric moisture to aggregate ahead of the 

cold front where lower-tropospheric winds are strongest (Ralph et al. 2011). ARs are 

often observed on the west coasts of mid-latitude continents, such as Western Europe 

(Lavers et al. 2011; Stohl et al. 2008), Western South America (Viale and Nuñez 2011) 

and the western coast of North America. While ARs primarily occur on the west coast of 

midlatitudes continents, they have also been studied in the Southeast U.S. (Mahoney et 

al. 2016; Moore et al. 2012a).  ARs have been shown to obtain their high IWV values 

from a variety of source regions and via different mechanisms (i.e., the tropics and via 

evaporation) and are responsible for >90% of meridional moisture transport while 

covering a small fraction of the globe (<10%; e.g., Zhu and Newell 1998).   
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ARs that make landfall in California primarily occur during the cold season, 

whereas the northern coast of the western U.S.—Washington and Oregon—experience 

AR conditions during all seasons (Neiman et al. 2008). Therefore, ARs are more frequent 

along the Washington and Oregon coasts as compared to the frequency of ARs in 

California—301 AR days compared to 115 from 1997 to 2005 (Neiman et al. 2008; Rutz 

et al. 2014). This difference in frequency can lead to only a few landfalling ARs 

contributing to a large majority of the annual precipitation accumulations in California.  

Several meteorological factors can influence the intensity of ARs as they make 

landfall. In a composite analysis spanning 30 years, Payne and Magnusdottir (2014) 

found that the strongest ARs are associated with a negatively tilted upper-tropospheric 

trough over the eastern North Pacific, a strong and highly amplified jet stream, a strong 

surface low pressure center to the north or northwest of the AR, and a persistent high 

pressure center to the south or southeast of the AR. This meteorological configuration 

favors southwesterly water vapor flux along a lower-tropospheric jet stream in the warm 

sector of a transient midlatitude cyclone that may then go on to make landfall and 

produce an extreme precipitation event. 

Large-scale atmospheric phenomena have been shown to combine and influence 

the structure and orientation of ARs. Ralph et al. (2011) illustrated how the extratropical 

flow amplified in conjunction with active tropical convection over the Indian and Pacific 

Oceans related to the Madden Julian Oscillation (MJO) and Kelvin Waves (Fig. 1.2a). 

The extratropical flow amplification allowed for a cold front associated with a low-

pressure system near Alaska to extend towards Hawaii and tap into tropical moisture 

(Fig. 1.2b). The findings by Ralph et al. (2011) illustrate how large-scale antecedent 
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conditions can combine to create an AR that evolves to make landfall and produce 

extreme precipitation over the U.S. West Coast. Along with the large-scale features 

highlighted by Ralph et al. (2012), global circulations, such as El Niño Southern 

Oscillation (ENSO), have been shown to influence AR formation and evolution. Shapiro 

et al. (2001) illustrated how the evolution and structure of the synoptic-scale flow regime 

over the North Pacific is influenced by the different phases of ENSO. While there are 

major differences in storm track and structure during the different phases of ENSO, 

Ralph et al. (2005) found that the orographic precipitation within the warm-sector of the 

extratropical cyclone is favorable regardless of the phase of ENSO. 

b. ARs, Precipitation, and Floods 

As an AR makes landfall over California the enhanced water vapor transport is 

met by regions of complex topography, which may force the moist air within the AR to 

rise, condense, and precipitate in a moist neutrally stable environment (Ralph et al. 2005).  

This orographic precipitation, which often accompanies AR landfalls, can produce 

extreme precipitation amounts that rival the magnitude of extreme precipitation events 

that occur in locations as previously mentioned (Ralph and Dettinger 2012). For example, 

during a two-week period in December 2010, several ARs made landfall in California 

and produced precipitation amounts of 250–670 mm over mountainous regions (Ralph 

and Dettinger 2012). When precipitation accumulations within a watershed are this high, 

flooding becomes a main concern that accompanies AR landfall. Almost every historical 

flood on California Rivers can be linked to the landfall of an AR (Dettinger 2013). More 

specifically, all seven floods that occurred on the Russian River in central California from 

1997 to 2006 were in conjunction with an AR (Ralph 2006).  
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While flooding is a major concern surrounding AR landfall, California, with its 

highly variable climate, relies heavily on only a few precipitation events for its annual 

water supply (Dettinger et al. 2011). On average, ARs contribute 20–50% of California’s 

annual precipitation (Dettinger et al. 2011). Therefore, when a few winter storms and 

ARs do not make landfall or do not produce significant precipitation, California is likely 

to enter a period of drought. However, the timing of AR landfalls can also coincide with 

extreme dry periods, which can act to mitigate drought. ARs were found to mitigate 60–

70% of droughts during cold seasons spanning from 1950 to 2010 (Dettinger 2013). One 

AR that made landfall between 8 and 10 February 2014 was responsible for contributing 

as much as 60% of the total water-year precipitation over parts of California (Kawzenuk 

2015). Due to the large impacts that AR landfall can have on flooding and drought 

mitigation, it is important to develop a thorough understanding of how ARs form and 

evolve to produce extreme precipitation events. 

c. Structure and Dynamics of ARs 

Extreme precipitation occurs where the rainfall rate is highest for the longest 

period of time. Doswell et al. (1996) introduce this simple statement as: 

                                                           P R	 	D,                                                            (1)  

where P is total precipitation, R is the precipitation rate, and D is the duration of 

precipitation. The topography of the U.S. West Coast acts as the primary lifting 

mechanism that produces precipitation associated with landfalling ARs (Ralph et al. 

2005). In the case of ARs, the precipitation rate is related to the IVT magnitude and the 

IVT direction relative to the topography (Ralph et al. 2013). Precipitation is therefore 

enhanced when the upslope component of the IVT vector of the AR is strongest—
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highlighting the importance of both the orientation and intensity of the AR (Neiman et al. 

2011). For example, Neiman et al. (2011) illustrated how two ARs of similar intensity, 

but different orientation, produced very different distributions of precipitation based on 

the alignment of watershed topography with respect to the orientation of the AR over 

Washington State (Fig. 1.3).   

The intensity of an AR can be quantified by IWV or IVT magnitude. Cordeira et 

al. (2013) utilized the general form of the atmospheric water vapor budget (e.g., Schmitz 

and Mullen 1996; Trenberth and Guillemot 1996) to consider the contributions of IVT 

divergence, evaporation, and precipitation to the temporal evolution and intensity of IWV 

in ARs over the North Pacific. The equation is as follows: 

                                                   ∙ IVT	 E P           (2) 

where E is the evaporation rate and P is the precipitation rate. Cordeira et al. (2013) 

indicated several dynamical processes that influence AR development and maintenance, 

such as synoptic scale rising motion and strong frontogenesis, can also perturb the large-

scale flow in such a way to favor an increase in IWV along ARs. For example, 

frontogenesis may create IVT convergence that can aggregate moisture from the 

subtropics and the extratropics along an AR. This IVT convergence can in turn offset 

decreases in IWV in conjunction with any precipitation induced by synoptic-scale rising 

motion. This study showed that ARs are able to maintain their IWV for several days and 

increase their likelihood of producing impacts downstream. A comparable study by 

Neiman et al. (2014) found that ARs can develop over regions with large upward sea 

surface latent heat fluxes (evaporation) and may weaken within an environment that lacks 

the necessary upward sea surface fluxes. While using similar methods as Cordeira et al. 
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(2013) and Neiman et al. (2014), Kawzenuk (2015) similarly found that ARs can exist in 

the presence of evaporation at higher latitudes that are far removed from tropical (water 

vapor) source regions.  

 The duration of AR conditions is another factor in the production of extreme 

precipitation, as illustrated in equation (1). Ralph at al. (2013) highlighted the importance 

of both upslope IVT magnitude and AR duration in generating heavy precipitation for 91 

days of landfalling ARs at Cazadero in the Coastal Range of California (Fig. 1.4). The 

highest precipitation totals are associated with the largest upslope IWV fluxes 

(R2=0.7453) and also occur with the longest duration of AR conditions. AR duration 

decreases as ARs penetrate inland (Rutz et al. 2014; Fig. 1.5) due to the orographic 

precipitation occurring at upstream locations closer to the coast (Rutz et al. 2015). 

Precipitation acts to decrease IWV—shown in equation (2)—within an AR to below the 

20 mm threshold utilized by the authors.  

d. Quantifying Meteorological Impacts 

Impact scales provide a standard in which one can objectively quantify individual 

meteorological events based on several different inputs in order to compare events. 

Numerous impact scales already exist in meteorology that attempt to provide researchers 

and the public rankings of meteorological phenomenon based on specific characteristics. 

The Enhanced Fujita (EF) Scale uses surveys of post-event structural damage to 

determine wind speeds associated with tornadoes on a scale of 0–5 (Fujita 1971). This 

type of scale allows for scientists to communicate the intensity of the storm to the public. 

Similarly, the Saffir–Simpson scale utilizes pressure and wind recordings within 

hurricanes to categorize their strength on a scale of 1–5 (Saffir 1977).  Since this scale 
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and assessment is made during the storms’ lifetime, the Saffir–Simpson Scale is utilized 

as a warning system that assists in the decision-making process involved in evacuation 

and preparation. These two examples of scales in meteorology are geared towards 

providing information to the public, while other impact scales do not take population or 

damage into perspective.  

Hart and Grumm (2001) developed a method for ranking synoptic-scale events by 

ranking tropospheric values of 1000–200-hPa geopotential height, temperature, wind, and 

moisture by its departure from a 30-year climatological normal. They found that “The 

Great Atlantic Low” of 1956 ranked first on their list of strongest synoptic systems along 

with other famous events, such as the third place ranking of the “March 1993 

Superstorm” (Bosart et al. 1996). Other impact scales have been presented that use 

similar techniques of analyzing the departure from synoptic climatology. For example, 

Zielinski (2002) studied major East Coast snowstorms from 1955 to 1985, specifically 

focusing on minimum low-pressure value, pressure gradient, deepening rates, and storm 

duration in order to rank historic snowstorms along the East Coast.  

Zielinski (2002) found that the highest ranked snowstorm occurred in eastern 

Canada on 1200 UTC 18 December 2000, from a cyclone that had little impact on large 

populations of people. This ambiguity provided Kocin and Uccellini (2004) the 

motivation to develop the Northeast Snowfall Impact Scale (NESIS), which focuses on 

the amount of snow that falls onto population density, unlike other impact scales that 

consider climatological factors, wind measurements, or wind damage. The NESIS 

equation is: 

                      NESIS n ,                                   (3)      
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where n represents selected values of snowfall (in inches) divided by 10: n=1 is 

used for the distribution of snowfall 10 in. (25 cm) and greater. An is the estimated area 

exceeding n ( 	10) in. for any given snowstorm. Amean is the mean area of snowfall 

greater than 10 in. (25 cm) derived from the 30 major snowstorms described by Kocin 

and Uccellini (2005a,b) for the 50-year period from 1950 to 2000. Pn is the population 

(from the 1999 consensus) estimated to live in the snowfall area. Pmean is the mean 

population for the 30 cases within the area of snowfall greater than 10 in. (25 cm). The 

authors used a geographical information system (GIS) in order to calculate the area and 

population used in the equation. A list of the resulting calculations for the 30 cases used 

to calibrate the equation is shown in Table 1.1. The March 1993 Superstorm was ranked 

as the most impactful storm out of the 30 chosen events with a NESIS score of 12.52. 

Ralph and Dettinger (2012) created a categorization scheme for 72-h precipitation 

totals called rainfall categories or “R-Cats”. The purpose of creating the categorization 

scheme was to compare precipitation associated with ARs to historical rainfall amounts 

in other parts of the continental U.S. The R-Cat results showed that 72-h precipitation 

extremes in the mountains of California are comparable to other locations (Fig. 1.6). 

Although the R-Cat scale is a system that categorizes rainfall amounts from ARs in order 

to compare AR-produced precipitation to other locations, it is not an impact scale that 

considers the possible influence on population and other societal, economical, and 

hydrological variables.  

e. Thesis Objectives and Outline 

The main objective of this thesis is to investigate the structure and impact of 

different types of ARs that make landfall over the U.S. West Coast between 1 January 
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2004 and 31 December 2014. The structure of different types of ARs will be 

characterized based on the orientation and magnitude of daily average IVT vectors. The 

subsequent distribution of precipitation of these types of ARs will be analyzed in order to 

indicate which type of AR produces the highest precipitation amounts and highest 

impacts over inland locations.  

An AR impact scale or “ARISc” will be developed in order to quantify and rank 

ARs based on their impacts during the month of February 2014, an active month of AR 

landfall over California during an otherwise dry winter. The ARISc will also show that 

different ARs and associated environmental conditions can produce different impacts 

within California by examining two cases where a large amount of precipitation produced 

a high-impact event and a large amount of precipitation produced a low-impact event. 

This impact scale will be developed using 2010 U.S. census population data, the U.S. 

Drought Monitor (USDM) index, and 72-hour total precipitation in order to calculate an 

impact value or score.  

The remainder of this thesis is organized as follows: Chapter two will discuss the 

data and methodology used to produce the results. Chapter three will present and discuss 

the AR-type analysis results for the Russian River Watershed in north–central coastal 

California. These results include the 11-year climatology of AR conditions, a composite 

analysis, and precipitation distribution. Chapter four will present the results from the 

“ARISc” calculations. This chapter will include an analysis of February 2014—an active 

month of AR activity—and two case studies illustrating how heavy precipitation can 

produce both high impacts and low impacts. Chapter five will discuss the applications of 

the results found in prior chapters. This applications section will produce an analog 
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forecast tool along with how the impact scale can be used as a forecast tool. Chapter six 

will summarize the results of the thesis, how they are relevant, any suggested future work 

that should be done to further the results, and provide a conclusive discussion of the 

thesis.  
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f. Chapter Tables 

 

Table 1.1. Estimated area (X 103 mi2) and population (in millions, from the 1999 census) affected by 
snowfall accumulations of 4, 10, 20, and 30 in. (10, 25, 50, and 75 cm) during 30 Northeast snowstorms. 
Ranked (from highest to lowest) NESIS values (using the 1999 census) computed from the total snowfall 
distribution of 30 cases used to calibrate the NESIS equation. Table from Kocin and Uccellini (2004). 



  13

g. Chapter Figures  

 

 

Fig. 1.1. Schematic depiction of poleward integrated water vapor (IVT) along an Atmospheric River in the 
warm sector of an extratropical cyclone in proximity to the “warm conveyor belt.”  Imaged adapted from 
Carlson (1980). 
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Fig. 1.2. A conceptual diagram of the 24-26 March 2005 eastern Pacific AR depicting tropical and extra-
tropical interactions leading to the landfall of an AR. (a) Large scale depiction of 150-hPa streamline 
anomalies (red, planetary-scale circulations; green, EWP tied to the AR). The A and C labels refer to 
anticyclonic and cyclonic circulation centers, respectively. The purple arrow shows the mean direction of 
EWP energy dispersion. Gray shading depicts CLAUS observations of coherent cold cloud tops associated 
with the MJO, three Kelvin waves (K1–K3), and the AR (enclosed within a dashed line). (b) Regional-scale 
depiction of the EWP (thick gray-shaded arrow; purple arrow shows propagation direction) and associated 
extratropical cyclone (standard frontal notation). Green shading depicts the tropical IWV reservoir and 
narrow IWV plume associated with the AR, and the green arrows depict the tapping of tropical water vapor 
into the AR. Kelvin waves 2 and 3 are enclosed with thin, black lines. The lower-tropospheric flow pattern 
is shown with black arrows. Dashed inset boxes in (a) and (b) correspond to the domains in the follow-on 
panels. A frontal isochrone analysis for 26–27 Mar 2005 is shown in (c), with a frontal wave propagating 
across the eastern Pacific and making landfall in northwestern OR where heavy rain and flooding occurred. 
The blue isopleths represent the number of hours of AR conditions, based on the isochrone analysis, and an 
assumption that the AR was 500 km wide. Schematic provided by Ralph et al. (2011) 
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Fig. 1.3. Conceptual representation of key atmospheric conditions associated with the top ten annual peak 
daily flows observed in four watersheds in western Washington. (a) Offshore composite IWV analysis (cm; 
green shading .2.8 cm) for the Queets and Green Rivers. Washington State is shaded and labeled. (b) 
Overland composite low-level wind-flow direction (blue arrows) for the Green and Queets Rivers. (c), (d) 
As in panels (a) and (b), except for the Sauk and Satsop Rivers and red arrows. Schematic provided by 
Neiman et al. (2011) 
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Fig. 1.4. (a) Scatterplot of storm-total precipitation at Cazadero in the Coastal Mountains vs. storm total 
upslope IWV flux at Bodega Bay—on the coast of California—during AR conditions for 91 cases (color 
coded by AR duration). (b) Scatterplot of the volume of runoff in Austin Creek during AR conditions vs 
storm-total upslope IWV flux at Bodega Bay during AR conditions for 91 cases (color coded by precursor 
soil moisture conditions). The correlation is shown for each panel. Plot provided by Ralph et al. (2013).   
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Fig. 1.5. Mean duration (h) of AR conditions based on IVT ≥ 250 kg m–1 s–1. Histograms of AR duration at 
selected (left) coastal and (right) interior locations. Schematic provided by Rutz et al. (2014).  

 

 

 

Fig 1.6. Maximum 72-hour precipitation totals at 5,877 COOP stations during 1950–2008.  Colors based on 
R-Cat of each event defined in key.  Image from Ralph and Dettinger (2012).   
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CHAPTER 2 

2. Data and Methodology 

 a. Data 

 The National Centers for Environmental Prediction (NCEP)–Climate Forecast 

System Reanalysis (CFSR; Saha et al. 2010) and NCEP–Global Forecast System (GFS) 

are the principal datasets utilized to derive and identify AR conditions along the U.S. 

West Coast. Both models have a spatial resolution of ~0.5 ̊ latitude × ~0.5 ̊ longitude on 

26 isobaric levels ranging from 1000 hPa to 10 hPa. The temporal resolution of the 

models are every six hours comprised of 0000, 0600, 1200, and 1800 UTC2. The NCEP–

CFSR dataset ends in 2010 and its data were used to cover the seven years spanning from 

2004 to 2010.  The NCEP–GFS data were used to cover the remaining four years from 

2011 to 2014. These two datasets contain similar data assimilation schemes and are at 

similar horizontal resolution (Saha et al. 2010) and it is unlikely that combining these 

datasets produced any negative impact on the subsequent results. The data are archived 

and made available by the National Oceanic and Atmospheric Administration (NOAA) 

National Operational Model Archive and Distribution System (NOMADS)3 and were 

obtained through file transfer protocol (FTP) in gridded binary (GRIB) format. The 

analysis data were downloaded for all four six-hour analysis periods for each day starting 

on 1 January 2004 and ending on 31 December 2014. The initial goal of the study was to 

investigate the 10 water years encompassed within the 2004–2014 period from 1 October 

                                                            
2More information about the NCEP GFS model can be accessed at 
http://products.weather.gov/PDD/NCEP_PDD_MAG.pdf 
3Accessible at http://nomads.ncdc.noaa.gov/data.php?name=access#hires_weather_datasets 
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2004 through 30 September 2014; however, the subsequent analysis includes results for 

the full 11-year period.   

 The NCEP–CFSR and NCEP–GFS data include several atmospheric variables 

that were used throughout this study (e.g., temperature, atmospheric pressure, 

geopotential height, relative humidity, and the zonal and meridional wind components). 

While numerous variables are included within the model data, two parameters needed to 

be derived for the investigation of ARs and their evolution. One parameter was the 

column-integrated precipitable water (i.e., IWV in mm) and the second was IWV 

transport (IVT). IWV is a parameter derived by the gridded data (i.e., already contained 

within the data) and is a means used to show the amount of water vapor in a column of 

air. The IVT vector (i.e., magnitude and direction) is not available from the downloaded 

gridded data and needs to be calculated following the methodology of Neiman et al. 

(2008) as: 

    	
	
	 ,                      (4) 

where q is the specific humidity, g is gravitational acceleration, and V is the total vector 

wind. IVT is a vector quantity that is used to indicate the amount of column integrated 

water vapor being transported by the total vector wind. The units for IVT are kilograms 

of water vapor per meter per second (kg m–1 s–1).  

 A methodology similar to Cordeira et al. (2013) was used in order to diagnose the 

contributions of synoptic-scale forcing for ascent and descent using the right-hand side of 

the Q-vector form of the QG omega equation evaluated at 700-hPa, neglecting the beta 

term, as in Bluestein [1992, Eq. (5.7.56)] as: 

              – ∙ ,                                             (5) 
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where Q is defined as in Bluestein [1992, Eq. (5.7.55)] as: 

     –
	∙

	∙
.                                               (6) 

The variables in these equations have their usual meteorological meanings. Regions of Q-

vector convergence (divergence) from Eq. (6) are indicative of regions of QG forcing for 

ascent (descent) at 700-hPa. The Q-vectors will be calculated from composite average 

meteorological parameters and will therefore represent regions in the composite that 

likely favor QG forcing for ascent or descent. 

NCEP Stage-IV precipitation data serve several purposes in this study. The Stage-

IV data contain 1-h, 6-h and 24-h total accumulated precipitation on a 4-km × 4-km polar 

stereographic grid. While the 1-h and 6-h products are provided, the 24-h accumulated 

precipitation was the only Stage-IV product used throughout this study. Each 24-h 

accumulation period begins and ends at 1200 UTC on consecutive days and is summed 

from the 6-hourly Stage-IV analysis covering the 24-h period. NCEP mosaics the Stage-

IV data using “Stage III” precipitation data, which are created by each River Forecast 

Center (RFC) over the continental U.S. The data represent a mutli-sensor combination of 

individual rain gauges and radar estimates with manual quality control performed by each 

RFC4. The data are available through FTP and in GRIB format through the National 

Center for Atmospheric Research (NCAR) Earth Observing Laboratory (EOL)5. The first 

purpose of the NCEP Stage-IV precipitation data is to examine the relationship between 

daily averaged IVT direction and magnitude to 24-h precipitation accumulations. The 

                                                            
4More information about the NCEP Stage-IV precipitation data can be accessed at 
http://www.emc.ncep.noaa.gov/mmb/ylin/pcpanl/stage4/ 
5The data can be accessed online at http://data.eol.ucar.edu/codiac/dss/id=21.093 
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precipitation data were then used to examine how the orientation and intensity of ARs 

impact the distribution of precipitation across the U.S. West Coast.  

The NCEP Stage-IV data also serves as the first parameter needed to calculate 

ARISc. The second parameter needed to calculate ARISc is population within each 

county of California from the 2010 U.S. Census. County-level population data were used 

since the spatial delineation of ARISc was by county area. While the county-level data 

were used, the population data can be obtained on a range of spatial scales from city 

blocks to a state-wide region. These data were obtained from the U.S. Census Bureau 

American Fact Finder website6. The data were ordered for each county of California in 

table format, which was then merged with a county delineated shapefile of California. 

The U.S. Census Bureau collects population data via the American Community Survey 

(ACS), a practice implemented in 20107. The third parameter needed to calculate ARISc 

was the U.S. Drought Monitor (USDM) data. The USDM is jointly produced by NOAA, 

United States Department of Agriculture (USDA), and the National Drought Mitigation 

Center (NDMC) at the University of Nebraska Lincoln. The monitors are released on a 

weekly basis—every Thursday—and are based on the previous week—ending the 

preceding Tuesday—measurements of climatic, hydrologic soil conditions from the 

Climate Prediction Center (CPC) as well as reported impacts and observations from more 

than 350 contributors around the country. These 350 participating contributors include 

human analysts from Regional Climate Centers, local National Weather Service offices, 

U.S. Department of Agriculture offices, Natural Resources Conservation Service offices, 

State Climate Offices, and State Drought Task Forces. The information provided by the 

                                                            
6The data can be accessed online at http://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml  
7More information about ACS at http://www.census.gov/programs-surveys/acs/about.html 
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participating 350 people is used to create a monitor that is an ensemble of drought 

severity. These participating scientists use data from the Palmer Drought Index, CPC soil 

moisture model, USGS weekly streamflow, and Standardized Precipitation Index in order 

to estimate the USDM. The output is based on a scale of six categories: “Nothing/no 

Drought”, “Abnormally Dry”, “Moderate Drought”, “Severe Drought”, “Extreme 

Drought”, and “Exceptional Drought”. Table 2.1 summarizes each category and 

illustrates how the ranges of each index are used to determine USDM as in Kawzenuk 

(2015). During the cold season, snow-water content, river basin precipitation, and the 

Surface Water Supply Index are also used. The monitor is available online from the 

NDMC on the USDM website in several formats8; this thesis uses the USDM data in 

ESRI shapefile format.  

 b. AR Definition 

 For the purpose of identifying AR landfall on the U.S. West Coast, an objective 

definition of AR conditions needed to be established. Several past studies have created a 

threshold of conditions that define an AR (e.g., Ralph et al. 2004, 2006; Neiman et al. 

2008, 2011; Rutz et al. 2014; Kawzenuk 2015; Table 2.2). A majority of these studies 

define an AR as a region of IWV >20 mm with a length >2000 km and a width <1000 

km.  Rutz et al. (2014) also suggested that ARs must have IVT values >250 kg m−1 s−1. 

Lavers et al. (2012) found that the 85th percentile of IVT calculated over a 30-year period 

corresponds to the most intense landfalling ARs. The definitions applied by past studies 

were employed in this thesis in order to identify ARs using instantaneous observations, 

but this study also uses 24-h average IVT at a specific point along the U.S. West Coast 

                                                            
8More information on the United States Drought Monitor can be accessed online at 
http://droughtmonitor.unl.edu. 
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within the Russian River watershed (see next section). Therefore, only IVT magnitudes 

were considered when establishing an AR threshold while a length and width requirement 

were excluded. The 24-h average IVT threshold chosen in this study is a magnitude ≥200 

kg m–1 s–1, which corresponds to the 87th percentile of 32 years of 24-h average IVT 

magnitude data derived from NCEP–CFSR data. A magnitude of ≥200 kg m–1 s–1 is 

viewed as a compromise value between the 85th percentile of IVT magnitude used by 

Lavers et al. (2012) and a magnitude >250 kg m−1 s−1, which corresponds to the 91st 

percentile of 32-years of CFSR daily IVT data, used by Rutz et al. (2014).  

 c. Study Location 

 The location that will serve as the focal point for this study is the Russian River 

Watershed in Central California (Fig. 2.1). The Russian River drains a 3,846 km2 

watershed in Mendocino and Sonoma Counties, flowing ~177 km from it’s headwaters in 

the Laughlin Range southward to the Pacific Ocean near Jenner, California. 

Approximately 360,000 people reside within the watershed and are dependent on the 

river and its tributaries as a potable water supply. While 360,000 people reside within the 

watershed, the Sonoma County Watershed Association provides naturally filtered water, 

as well as flood protection and wastewater services to 600,000 people in Sonoma and 

Marin Counties9. The watershed is also home to 30 species of fish, three of which are 

listed as threatened or endangered, including the Steelhead trout, Coho Salmon, and 

Chinook Salmon10.  

 The Russian River Watershed is located in a region that experiences warm, dry 

summers and cool, wet winters that lead to a large dependency on cool-season 

                                                            
9 More information about the Sonoma County Water Agency at http://www.scwa.ca.gov/ 
10 More information about the Russian River Watershed at http://www.rrwatershed.org/ 
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precipitation for the annual water supply. The dependency on only a few months for 

annual precipitation highlights the need to maximize water storage. Therefore, being able 

to better forecast AR landfall and precipitation will lead to improved preparedness in 

water storage and water usage. Although the Russian River Watershed was chosen as the 

focal point for this study, the methodology can be applied to any location along the U.S. 

West Coast (see Chapter 6). 

 The topography surrounding the Russian River Watershed is also highlighted in 

Fig. 2.1. The nearest mountain range to the Russian River Watershed is the Coastal 

Range that stretches along the U.S. West Coast northward through Oregon. The 

California Central Valley is east of the Russian River Watershed and is surrounded by the 

Coastal Range and the Sierra Nevada Mountain Range. At the far north end of the Central 

Valley lays the Trinity Alps and the Cascade Range that span northward into central 

Oregon.  

 d. Methods 

 i. Manipulations 

 The majority of manipulations performed to the NCEP–CFSR and NCEP–GFS 

data were done using NCAR Command Language (NCL) Version 6.1.2. NCL is an 

interpreted language designed specifically for scientific data analysis and visualization. 

NCL has the ability to work with several different data formats, including NetCDF 3/4, 

GRIB 1/2, HDF 4/5, HDF-EOS 2/5, shapefile, ASCII, and binary. NCL runs on UNIX-

based operating system and has ~600 built-in functions and procedures11. NCL was used 

to make several adjustments to the NCEP–CFSR and NCEP–GFS datasets. One 

                                                            
11 More information about NCL can be accessed at http://www.ncl.ucar.edu/ 
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adjustment included making 24-h average IVT values from the six-hourly dataset in order 

to compare IVT magnitude and direction to the NCEP Stage-IV 24-h precipitation. 

Another adjustment involved re-mapping the NCEP Stage-IV precipitation data to a 

cylindrical equidistant grid over the United States at ~0.035° latitude × ~0.035° longitude 

resolution (i.e., ~4 km at 40ºN). A Final adjustment involved downscaling the 0.5° 

latitude × ~0.5° longitude NCEP–CFSR and NCEP–GFS data to match the ~4-km 

horizontal resolution re-mapped Stage-IV precipitation data for a small portion of 

subsequent analyses.  

 ii. Clustering Analysis 

 A main objective of this study is to identify and investigate different types of ARs 

based on 24-h IVT magnitude and direction. To remove any subjectivity from the 

classification of AR types, an NCL-based K-means clustering algorithm was applied to 

the u- and v-components of the IVT vector. Clustering is the process of partitioning a 

group of data points and grouping them together based on certain characteristics. K-

means clustering is a quantitative clustering method that aims to find the positions of the 

user specified clusters that minimizes the square distance between each data point and 

each cluster centroid.  NCL has a built-in function for K-means clustering where the user 

passes an array of x-values and an array of y-values along with the number of desired 

clusters. The function will then return an array that has each cluster centroid, number of 

points that belong to each cluster, and the sum of squares value for each cluster. An 

incorrect choice of the number of clusters will invalidate the whole process. The best way 

to find the most appropriate number of clusters is to try several different numbers and 

measure the resulting sum of squares. Five clusters provided the best representation of the 
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u-IVT and v-IVT that result in different types of ARs that make landfall over the Russian 

River Watershed. The algorithm used by NCL was originally developed in FORTRAN 

by Hartigan and Wong (1979) and was downloaded from the website of John Burkardt12. 

 iii. Composite Analysis 

Composite analyses of a variety of atmospheric variables were created for each 

type of AR found in the clustering analysis (e.g., sea-level pressure, geopotential height, 

IWV, IVT, wind speed, Q-vectors, etc.). These composites provided an in-depth analysis 

of the meteorological conditions associated with each type of AR found to make landfall 

in the Russian River Watershed. The data used to make the composites were from both 

the NCEP–CFSR and NCEP–GFS analysis periods and were made using the 

“dim_avg_n_Wrap” function within NCL. This function computes the average of a 

variable’s given dimension at all other dimension and retains the metadata. The 

“dim_avg_n_Wrap” function essentially allows the user to compute the average value of 

a variable at each latitude and longitude for every day that the AR conditions were met 

while keeping such attributes as latitude and longitude, units, and missing values.  

iv. GIS Model for ARISc 

 The Environmental Systems Research Institute, Inc. (ESRI) ArcGIS13 platform 

was utilized to calculate, plot, and display the results of ARISc for the month of February 

2014—an active month of AR landfall in California (Kawzenuk 2015). A GIS platform 

allows users to spatially analyze and explore a variety of data relative to positions on 

Earth. GIS has the ability to interpret many types of data in order to compare and contrast 

                                                            
12 The K-means clustering algorithm can be accessed at http://people.sc.fsu.edu/~jburkardt/ 
13More about ESRI’s ArcGIS at http://www.esri.com/software/arcgis/platform 
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several variables on one map14. Another purpose for using GIS is that ArcGIS can be 

programmed to run command-by-command processes using Python as a programming 

language. The first step taken in developing ARISc was the creation of a model using the 

“ModelBuilder” tool, which allows a user to automate the geoprocessing steps used to 

manipulate and spatially analyze data. An example of the model for one case is shown in 

Figure 2.2. The steps and tools used in the model are as follows: 

 Convert NCEP Stage-IV precipitation data in netCDF format to raster format—a 

format compatible in ArcGIS—using the “netCDF as Raster” tool 

 Convert 24-h accumulated precipitation to 72-h accumulated precipitation using 

the “cell statistics” tool 

 Calculate the mean precipitation that fell within each county of California using 

“zonal statistics as table” combined with the “join tool”  

 Convert the USDM shapefile into raster format and then into a point file 

 Create a county average USDM value calculated using the “spatial join” tool 

  Join precipitation, USDM, and population data into one dataset 

 Calculate ARISc for each county  

The equation used to calculate ARISc is 

 

                     
	 	 	

,            (7) 

 

                                                            
14For a list of all d3ata formats compatible in ArcGIS 
http://webhelp.esri.com/arcgisdesktop/9.2/index.cfm?TopicName=Data_formats_supported_in_ArcGIS 
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where M is a multiplier: M=0 if precipitation is <5 mm creating 0 impact; otherwise 

M=1. This multiplier of zero was chosen for county-average precipitation accumulations 

<5 mm as it was felt that there should be no impact for little to no precipitation. ARISc 

was tested with manipulations made to each parameter and it was decided that 

precipitation should have the most influence of the other parameters. Therefore, each 

parameter included in the calculation was assigned a weighting factor by which that 

parameter score was multiplied by. This allowed for precipitation to have the strongest 

influence on the final ARISc score and the drought score to have the least influence. The 

precipitation score was assigned the strongest weight since ARISc is an impact scale that 

quantifies the impacts of the precipitation associated with landfalling ARs. Since this 

impact scale was primarily modeled after NESIS, the population score was assigned the 

second strongest weight on the ARISc outcome. The drought score was added to the 

equation in order to show that other variables can be used in the equation to improve the 

overall calculation. While these weighting values were arbitrarily selected for this 

analysis, modification of these values can be performed in order to further improve the 

calculation and will be discussed in Chapter 4. This step-by-step process and calculation 

was then iterated over each 72-h period from 1–3 February 2014 to 26–28 February 2014 

using Python.   

A score, on a scale from zero to four, was created for each of the variables 

included in the calculation. The thresholds of precipitation used to created the 

precipitation scores were subjectively selected based on prior knowledge (i.e., 80 mm of 

precipitation per 24-h period is a noteworthy amount of rain) and without a statistical 

foundation (Table 2.3). These thresholds and precipitation categorization are similar to 
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the R-Cat scale developed by Ralph and Dettinger (2012), except the R-Cat scale was 

used to classify and compare 72-h precipitation extremes, where ARISc considers all 72-

h precipitation totals ≥5 mm. The 0–4 population score was produced using quintiles 

based on the countywide population across California (Table 2.4). The quintile 

increments were: lowest 20th percentile, 20th to 40th percentile, 40th to 60th percentile, 60th 

to 80th, and the upper 80th percentile. These quintiles allow for the calculation of the 

population score to remain unchanged when using different years of population data. 

There was no manipulation done in order to compute the 0–4 Drought Score since the 

USDM output is already on a scale from zero to four (Table 2.1). The results of the 

ARISc equation are intended to provide a value from zero to four that indicates the 

impact of AR-related precipitation on population and drought during each 72-h period 

(Table 2.5). Although the intention of ARISc is to assess impacts of AR events, the 

resulting process is heavily weighted toward a 72-h accumulated rainfall impact score on 

drought conditions at the start of the 72-h period. ARISc, as it is presented in this thesis, 

will serve more as a proof of concept than a finalized AR impact scale as the majority of 

scaling factors for the model are arbitrary and could stand to use further background 

research and statistical reasoning. 
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e. Chapter Tables  

Table 2.1. Summary of the U.S. Drought Monitor (USDM) categories and indices as described by the 
USDM. Table from Kawzenuk (2015). 

Catego
ry 

Descripti
on 

Possible 
Impacts 

Palmer 
Drought 

Index 

CPC Soil 
Moisture 
Model  

(Percentil
es) 

USGS 
Weekly 
Stream 

flow 
(Percent

iles) 

Standardiz
ed 

Precipitati
on Index 

Objectiv
e Short- 

and 
Long-
term 

Drought 
Indicato
r Blends 
(Percent

iles) 

D0 
Abnormally 

Dry 

Going into drought: 
short-term dryness 
slowing planting, 
growth of crops or 
pastures. Coming 
out of drought: 
some lingering 
water 
deficits;  pastures or 
crops not fully 
recovered 

−1.0 to −1.9 21-30 21-30 −0.5 to −0.7 21-30 

D1 
Moderate 
Drought 

Some damage to 
crops, pastures; 
streams, reservoirs, 
or wells low, some 
water shortages 
developing or 
imminent; 
voluntary water-use 
restrictions 
requested 

−2.0 to −2.9 11-20 11-20 −0.8 to −1.2 11-20 

D2 
Severe 

Drought 

Crop or pasture 
losses likely;  water 
shortages common; 
water restrictions 
imposed 

−3.0 to −3.9 6-10 6-10 −1.3 to −1.5 6-10 

D3 
Extreme 
Drought 

Major crop/pasture 
losses;  widespread 
water shortages or 
restrictions 

−4.0 to −4.9 3-5 3-5 −1.6 to −1.9 3-5 

D4 
Exceptional 

Drought 

Exceptional and 
widespread 
crop/pasture losses; 
shortages of water 
in reservoirs, 
streams, and wells 
creating water 
emergencies 

−5.0 or less 0-2 0-2 −2.0 or less 0-2 
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Table 2.2. Summary of AR definitions used in previous studies. 

Article 
IVT Threshold 
(kg m−1 s−1) 

IWV Threshold 
(mm) 

Length (km) Width (km) 

Rutz et al. 2014 250 20 >2000 <1000 

Ralph et al. 
2004,2006 

N/A 20 >2000 <1000 

Knippertz et al. 
2013 

N/A 20 N/A N/A 

Matrosov 2013 N/A 20 N/A N/A 

Neiman et al. 
2008,2011 

N/A 20 >2000 <1000 

Dettinger et al. 
2011 

N/A 20 N/A N/A 

Dettinger 2013 500 20 >2000 <1000 

Cordeira et al. 
2013 

~400 ~40 N/A N/A 

Lavers et al. 2011 
N/A 20 >2000 <1000 

Lavers 2012 85th Percentile N/A N/A N/A 

 

 

Table 2.3. The classified precipitation scores used for the Atmospheric River Impact Scale (ARISc).  

Precipitation Interval Precipitation Score 

<20 mm 0 

21–40 mm 1 

41–60 mm 2 

61–80 mm 3 

>80 mm 4 
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Table 2.4. Table illustrating the quintiles used to calculate the population score used in the Atmospheric 
River Impact Scale. Included are the number of counties that fell into each score.  

Percentile Population Range Population Score Number of Counties 

Lowest 20th <33,638 0 11 

20–40th 33,639–120,279 1 12 

40–60th 120,280–265,284 2 12 

60–80th 265,285–826,580 3 12 

Highest 80th >826,581 4 11 

 

Table 2.5. The possible ARISc scores and impact interpretation.  

ARISc Score Impact 

0 None 
1 Low 
2 Moderate 
3 High 
4 Highest 
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f. Chapter Figures 

 

Fig. 2.1 Map indicating the location of the Russian River Watershed (outlined in red) and the topographic 
features of California and Oregon. 
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CHAPTER 3 

3. Results: Russian River Watershed 

 a. 11-year Climatology of AR Conditions 

 Over the 11-year period from 2004 to 2014, there were 3,952 days when both 

NCEP Stage-IV 24-h accumulated precipitation and IVT data were available at 38.51°N 

latitude and 122.93°W longitude—a grid point located in the southern portion of the 

Russian River Watershed (Fig. 3.1). The daily-average IVT data at this location were 

plotted on a polar radial diagram that indicates the IVT orientation along the arc location 

around any circumference and the IVT magnitude along any radius from the center of the 

circle for each day; each location is shaded based on the 24-h accumulated precipitation. 

The data indicate that precipitation accumulations tend to be higher on days with larger 

IVT magnitudes, while favoring a southwest IVT direction. The average IVT direction 

for days with >50, >25, and >10 mm of precipitation are all from ~225° (i.e., southwest; 

Fig 3.1). Days with IVT directions from the north or east tend to produce little to no 

precipitation.    

 There were 428 days when the daily-average IVT magnitude met the designated 

threshold of ≥200 kg m–1 s–1 (see Chapter 2; Fig 3.2). The NCL-based K-means clustering 

algorithm identified five different types of ARs: Bin 1) Northwesterly; Bin 2) 

Southwesterly; Bin 3) Strong southwesterly; Bin 4) South/southwesterly; and Bin 5) 

Westerly (Fig. 3.2). Table 3.1 lists the characteristics of each bin, including the direction 

name, the number of days that fell into each bin, and the cluster centroid IVT magnitude 

and direction. Westerly ARs (Bin 5) had the most number of days (N=123 d), whereas 

strong southwesterly ARs (Bin 3) had the least number of days (N=31 d). The clustering 
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algorithm identified four AR types that have similar IVT magnitudes but contrasting 

orientations, and two AR types that have similar orientations but contrasting IVT 

magnitudes. Northwesterly and westerly ARs constitute most days with little to no 

precipitation (Figs. 3.1 and 3.2).   

  All AR types tend to occur most frequently in the late fall and winter months 

from November through February (Fig. 3.3a). The ARs with a northerly component of 

IVT—Bin 1 and 5—have a second maximum of occurrence during the spring and early 

summer months from May through June (Figs. 3.3b,f). Both southwesterly and strong 

southwesterly ARs occur mostly in December, but there is a second maximum of 

occurrence in March for southwesterly ARs (Figs. 3.3b,c). It is possible that one strong 

southwesterly AR event lasted several days, skewing the number of occurrences in 

December. Southerly ARs are spread evenly throughout the winter but quickly decrease 

in frequency from March to April (Fig. 3.3d). Westerly ARs tend to occur more 

frequently in the late fall and early winter, while having a second maximum of 

occurrence in the late spring and early summer. The fact that westerly events occur more 

frequently in two parts of the year may explain why westerly events had more cases than 

any other cluster. There is also considerable inter-annual variability across the types of 

ARs that made landfall in the Russian River watershed (Figs. 3.4a–f). Further analysis is 

necessary to attribute this inter-annual variability to climate modes such as El Niño and 

the Pacific Decadal Oscillation (PDO) that is beyond the scope of the current 

investigation. 

 b. Composite Analysis of ARs 
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 This thesis shall describe the contrasting evolution of south/southwesterly ARs 

and westerly ARs in detail in Figs. 3.5 and 3.6, respectively, and will provide a summary 

of key features observed in the other three types of ARs (Figs. 3.7–3.9). 

South/southwesterly ARs and westerly ARs were chosen for an in-depth analysis because 

these bins represented two ARs that contained similar centroid IVT magnitudes (259 kg 

m–1 s–1 and 277 kg m–1 s–1, respectively), different centroid IVT directions (193º and 

275º, respectively), and were most likely to illustrate contrasting synoptic-scale flow 

configurations. Composite analyses were constructed using every day within each AR 

type to develop an understanding of the large-scale meteorological conditions associated 

with the different ARs. For the composite analyses, t–0 h is the time at the end of the 24-

h average period plotted on the radial diagram. Therefore, the 24-h period plotted on the 

radial diagram encompasses the t–0 h and t–24 h times.  

(i) South/Southwesterly ARs 

South/southwesterly ARs are associated with a weak (~1008 hPa) and 

disorganized low-pressure system off the coast of the Pacific Northwest in conjunction 

with a broad region of high pressure in the subtropics at t–48 h (Fig. 3.5a). These ARs are 

also associated with a plume of higher IWV values originating from the tropics at 

~135°W and no IVT magnitudes ≥250 kg m–1 s–1, which could be a result of composite 

smoothing. The low-pressure system deepens to ~1004 hPa and a region of IVT 

magnitudes ≥250 kg m–1 s–1 develops in a region with IWV values of 20–24 mm to the 

south and east of the low-pressure system just off the U.S. West Coast at t–24 h (Fig 

3.5b). At t–0 h, IVT magnitudes ≥250 kg m–1 s–1 are confined to the coast where IWV 

values of 20–24 mm have filled the Central Valley of California (Fig. 3.5c). The low-
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pressure system present during south/southwesterly ARs is moderately mobile as it 

propagates southeastward between t–48 h and t–24 h until subsequently propagating 

northeastward between t–24 h and t–0 h (Figs. 3.5a–c). 

South/southwesterly ARs are also associated with an upper-tropospheric trough at 

250-hPa located over the eastern North Pacific at t–48 h (Fig. 3.5d). A jet streak is 

located within the trough with maximum wind speed of 40–45 m s–1 upstream of the 

trough axis. The 250-hPa trough digs southward and propagates eastward between t–48 h 

and t–24 h (Figs. 3.5d–e). Maximum wind speeds within the jet stream increase to 45–50 

m s–1 at t–24 h before weakening to 40–45 m s–1 at t–0 h (Figs. 3.5d,e). During this time 

period, the exit region of the cyclonically curved and weak jet streak is broadly located 

over central and northern California (Figs. 3.15c–e). Although the jet streak winds are 

weak, the location of the exit region could play two roles in the evolution and impact of 

south/southwesterly ARs on precipitation. First, the thermally indirect lower-tropospheric 

frontolytic circulation of the jet–exit region would favor IVT divergence (e.g., Cordeira 

et al. 2013), decreasing IWV values as suggested by equation (2). Second, the quasi-

geostrophic forcing for ascent associated with upper-tropospheric divergence of the 

ageostrophic wind in the exit region of the cyclonically curved jet streak—a process 

described by Beebe and Bates (1955)—will be favorable for synoptic-scale precipitation 

that could combine with the orographic precipitation of the AR and increase precipitation 

accumulations. These precipitation mechanisms are discussed later in section (v).  

(ii) Westerly ARs 

The meteorological conditions associated with westerly ARs are noticeably 

different than the conditions associated with south/southwesterly ARs. Westerly ARs are 
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associated with a broad region of high pressure over the eastern subtropical Pacific and a 

low-pressure system with a central pressure of ~1000 hPa over the Gulf of Alaska at t–48 

h (Fig. 3.6a). Westerly ARs are also associated with a well-defined plume of enhanced 

IWV values and IVT magnitudes ≥250 kg m–1 s–1 that extend over top of the surface high 

pressure that contains structure reminiscent of an AR making landfall from central 

California to Oregon. Unlike south/southwesterly ARs, little to no change occurs in the 

location and magnitude of the low- and high-pressure systems over the entire period from 

t–48 h to t–0 h (Figs. 3.6a–c). The corridor of enhanced IWV values and IVT magnitudes 

≥250 kg m–1 s–1 propagates eastward until the AR conditions weaken at t–0 h (Figs. 3.6a–

c). IWV values as high as 24–28 mm penetrate inland over the Central Valley of 

California where IVT magnitudes ≥250 kg m–1 s–1 penetrate as far inland as eastern 

Oregon at t–24 h (Fig. 3.6b).  

The flow at 250-hPa is zonal throughout the landfall duration of westerly ARs 

events, while the jet streak embedded within the zonal flow propagates eastward and 

strengthens to 55–60 m s–1 (Figs. 3.6d–f). Despite the propagation of the jet streak 

eastward, central California and the Russian River Watershed remain beneath the 

equatorward exit region of the zonal jet streak. The location of the equatorward exit 

region of the jet streak could play two roles in the evolution and impact of westerly ARs. 

First, the thermally indirect lower-tropospheric frontolytic circulation of the exit region 

would favor IVT divergence, decreasing IWV values as suggested by equation (2). 

Second, the quasi-geostrophic forcing for descent associated with upper-tropospheric 

convergence of the ageostrophic wind in the exit region of the straight jet streak will 

create synoptic-scale subsidence over California acting to create an unfavorable 
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environment for widespread precipitation, which would reduce the accumulated 

precipitation over the region. While the frontolytical processes present in the exit region 

of the jet streak over the U.S. West Coast may act to decrease IWV values, the 

frontogentical processes of the entrance region will act to aggregate moisture within the 

upstream portion of the AR over the Pacific Ocean (Figs. 3.6d–f). The aggregation of 

moisture in the upstream portion of the AR will act to increase IWV values that will then 

be transported eastward towards the U.S. West Coast prior to their demise.  

(iii) Other ARs 

The large-scale conditions present during northwesterly ARs are similar to 

westerly ARs but are shifted northward (Figs. 3.7a–c). There is a plume of enhanced 

IWV values located over an immobile subtropical high-pressure system in conjunction 

with a low-pressure system in the Gulf of Alaska. At 250-hPa, there is an anticyclonically 

curved jet streak embedded in a ridge over the Northeast Pacific during the entirety of 

northwesterly ARs with the equatorward exit region located over Central California 

(Figs. 3.7d–f).  

The low- and high-pressure systems that were present during the southwesterly 

and strong southwesterly ARs were in a similar location over the Pacific Ocean (Figs. 

3.8a–c and 3.9a–c). Although the low- and high-pressure systems were in similar 

locations, the central pressure of the strong southwesterly low was significantly lower 

compared to all other AR types (~992 hPa). The orientation of the moisture plume was 

also similar for southwesterly and strong southwesterly ARs, but the IWV values within 

the moisture plume were higher during strong southwesterly ARs (e.g., 28–32 mm as 

compared to 24–28 mm). At 250-hPa there is a trough over the Pacific Ocean with an 
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embedded jet streak during southwesterly and strong southwesterly ARs (Figs. 3.8d–f 

and 3.9d–f). The trough present during strong southwesterly ARs is deeper and more 

negatively tilted producing a more amplified cyclonically curved jet streak with stronger 

winds (50–55 as compared to 45–50 m s–1). Although the jet streak is stronger and more 

perturbed for strong southwesterly ARs, the exit region of the jet streak for both strong 

southwesterly and southwesterly ARs is located over northern California and the Russian 

River Watershed for the entirety of each AR.   

(iv) Duration  

The IVT magnitude for each case was aggregated and plotted using box-and-

whisker plots for each 6-h model analysis encompassing a 72-h period to provide a 

general sense of the duration of instantaneous (not daily average) IVT magnitudes ≥ 250 

kg m–1 s–1 for each type of AR (Figs. 3.10a–e). Similar to the composite analyses, all time 

steps from t–0 h to t–24 h were included in the calculation of daily IVT plotted on the 

radial diagram. For south/southwesterly ARs, the duration of median IVT magnitudes 

≥250 kg m–1 s–1 is ~18 h, while the duration of the upper interquartile range (75th 

percentile) IVT magnitudes ≥250 kg m–1 s–1 is ~48 h (Fig. 3.10d); durations for westerly 

ARs were ~18 h and >72 h, respectively (Fig. 3.10e). While the orientation of 

south/southwesterly and westerly ARs is different, the duration of IVT ≥250 kg m–1 s–1 is 

similar for both AR types. Therefore, the differences in precipitation accumulation 

produced by the two AR types likely cannot be attributed to differences in AR duration. 

Northwesterly events tend to be the shortest-lived AR type with a duration of median IVT 

magnitudes ≥250 kg m–1 s–1 of ~6 h (Fig. 3.10a). While the median IVT only lasts ~6 h, 

the duration of the upper interquartile range IVT magnitudes ≥250 kg m–1 s–1 was ~42 h. 
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The interquartile ranges for each time period are relatively small, suggesting that there is 

low variability in IVT magnitude across all cases. The duration numbers for 

southwesterly cases was ~18-h (three times longer than northwesterly cases) and ~60 h, 

respectively (Fig. 3.10b), whereas the duration numbers for strong southwesterly cases 

was ~42 h (the longest duration for all types of ARs) and >72 h, respectively (Fig. 3.10c). 

Strong southwesterly cases also have the largest variability across all cases, highlighted 

by the large interquartile ranges of the box plots.  

The persistence of IVT conditions can be represented through composite time-

integrated IVT over the same 72-h period in Fig. 3.10 (Moore et al. 2012a; Figs. 3.11a–

e). Past studies have shown that the highest precipitation is generally located at the 

terminus of a focused corridor of time-integrated IVT (e.g., Moore et al. 2012a,b). By 

integrating eq. (2) with respect to time, and assuming that changes in IWV with respect to 

time are small (i.e., quasi-steady state) as compared the other terms in eq. (2), we can 

rewrite the IWV tendency equation in its time-integrated form as: 

                                    – 	– ∙ ,                                                        (8) 

where the term on the right-hand side of the equation is the time-integrated IVT 

divergence, P is now the total precipitation, and E is now the total evaporated moisture, 

which is generally small or negligible over land. Therefore, the accumulated precipitation 

is approximately equal to convergence of time-integrated IVT that is typically largest at 

the terminus of time-integrated AR corridors where the time-integrated IVT gradient is 

largest (Newman et al. 2012).  

 Composite time-integrated IVT yields a corridor of concentrated time-integrated 

IVT directed towards the Russian River Watershed for all AR types (Figs. 3.11a–e). 
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Strong southwesterly ARs have the highest time-integrated IVT magnitudes of 18–20 

10 	kg m–1 over the Russian River Watershed and >20 10  kg m–1 offshore (Fig. 

3.11c). The largest time-integrated IVT magnitudes associated with strong southwesterly 

ARs also produces the largest time-integrated IVT gradient over the Russian River 

Watershed, which would produce the largest total precipitation amounts compared to the 

other AR types. South/southwesterly ARs have the lowest time-integrated IVT 

magnitudes of 10–12 10 	kg m–1 over the Russian River Watershed and 12–14 10  

kg m–1 off shore (Fig. 3.11d). The other three AR types have similar time-integrated IVT 

magnitudes of 10–14  10 	kg m–1 over central California and the Russian River 

Watershed (Figs. 3.11a,b,e). Although the time-integrated IVT magnitudes over the 

Russian River Watershed are similar for south/southwesterly, northwesterly, and westerly 

ARs, the location of the largest time-integrated IVT gradient in the terminus of the 

corridor is located offshore of the Russian River Watershed and oriented towards the 

south/southeast for northwesterly and westerly ARs (Figs. 3.11a,e).   

(v) Precipitation Distributions 

The 24-h accumulated precipitation was averaged over the Russian River 

Watershed (3,846 km2) in order to investigate the precipitation amounts associated with 

each type of AR. The 24-h accumulated precipitation averaged over the Russian River 

watershed will hereafter be referred to as watershed average precipitation. For 

perspective, a volume of ~0.2 km3 of water is produced when the Russian River 

Watershed receives 52 mm of watershed average precipitation; this value is equivalent to 

~10% of the annual discharge of the Russian River. South/southwesterly ARs generated 

significantly more watershed average precipitation than westerly ARs with a median 
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value of ~20 mm as compared to 0.7 mm (Fig. 3.12). The interquartile range of the 

south/southwesterly ARs is also larger than that of westerly ARs, suggesting larger 

variability across the south/southwesterly cases. A large majority of south/southwesterly 

cases (~64%) produced ≥10 mm and nearly half of the cases (~42%) produced ≥25 mm 

(Table 3.2). While ~9% of cases produced ≥50 mm of watershed average precipitation, 

there were no cases with ≥100 mm. Westerly ARs generated ≥10 mm of precipitation 

22% of the time, more than 40% less than south/southwesterly ARs (Table 3.2). A small 

percentage (~6%) of westerly events produced ≥25 mm but were all identified as extreme 

outliers (Fig. 3.12). Similar to westerly ARs, northwesterly oriented ARs proved to be 

unfavorable for producing precipitation within the Russian River Watershed (Fig. 3.12). 

One out of the 57 northwesterly cases (~2%) produced ≥5 mm of watershed average 

precipitation and no cases produced ≥10 mm (Table 3.2). Watershed average 

precipitation was higher for southwesterly cases with a median value of 15.7 mm (Fig. 

3.20). A large majority of cases (~66%) produced ≥10 mm and nearly one-third (~28%) 

produced ≥25 mm of watershed average precipitation (Table 3.2). One extreme 

southwesterly AR case produced ≥100 mm but was labeled as an extreme outlier.  Strong 

southwesterly ARs produced the highest watershed average precipitation amounts with a 

median value of ~50 mm, twice as high as any other AR type and ~10% of the mean 

annual discharge of the Russian River (Fig. 3.12). The large interquartile range of the 

strong southwesterly ARs suggests that there is considerable variability in watershed 

average precipitation produced by the 31 cases when compared to other AR types. 

Almost every strong southwesterly case (~94%) produced ≥10 mm and ~77% of cases 

produced ≥25 mm of watershed average precipitation (Table 3.2). Two strong 
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southwesterly AR cases produced ≥100 mm of watershed average precipitation (~20% of 

the annual discharge of the Russian River); the highest amount was 128.7 mm.  

 The median and 90th percentile 24-h accumulated precipitation were plotted over 

the central U.S. West Coast in order to illustrate the spatial distribution of the most 

probable and highest probable precipitation for each AR type (Figs. 3.13a–e and 3.14a–

e). The median and 90th percentile precipitation distributions were chosen due to the 

probabilistic precipitation products used by the National Weather Service (NWS). The 

products used by the NWS use the median precipitation amounts as the “most likely 

accumulation” and the 90th percentile amount as the “highest possible” or maximum 

accumulation15. The key features associated northwesterly ARs are (Fig.3.13a): 

 Median precipitation ~0 mm for most of western U.S.  

 Precipitation amounts 5–10 mm confined to high elevations of Coastal Range 

over Oregon  

 Daily average IVT vector contains upslope component and extends inland over 

regions with precipitation 

 Daily average IVT vector over other parts of U.S. West Coast is oriented parallel 

to terrain with no inland extent 

Southwesterly and strong southwesterly ARs (Figs. 3.13b,c):  

 Similar spatial distributions of median 24-h accumulated precipitation   

 Precipitation accumulations twice as high for strong southwesterly events (50–60 

mm as compared to 90–100 mm, respectively)   

                                                            
15More information on the NWS probabilistic forecasts at 
http://products.weather.gov/PDD/PDD%20for%20Probabilistic%20Snow%20Experiment%202015_2016
%20Season.pdf 
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 Maxima of most probable precipitation confined to higher elevations of Coastal 

and northern Sierra Nevada Mountain Ranges  

 Upslope daily average IVT located over regions with highest precipitation 

amounts for both southwesterly and strong southwesterly  

 Farther inland extent of daily average IVT magnitudes for strong southwesterly 

ARs 

South/southwesterly ARs (Fig. 3.13d): 

 Precipitation not as widespread as southwesterly and strong southwesterly ARs  

 Precipitation accumulations of 30–40 mm are located over Trinity Alps, Coastal 

Range, and northern Sierra Nevada mountain ranges 

 Daily average IVT vectors extend inland through San Francisco Bay Gap and into 

northern Central Valley resulting in a southerly upslope moisture flux causing 

precipitation over Trinity Alps  

Westerly ARs (Fig. 3.13e): 

 Precipitation accumulations confined to the Coastal Range of northern California 

and Oregon  

 Daily average IVT direction has northerly component farther south where little 

precipitation occurred  

The largest accumulations of highest probable precipitation are located over the same 

regions as the most probable precipitation for all types of ARs (Figs. 3.14a–e). As 

expected, the precipitation accumulations are higher for the highest probable precipitation 

with amounts as high as ~190 mm over the Coastal Range associated with strong 

southwesterly ARs. The highest probable precipitation is more widespread and extends 
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further inland for all AR types. All AR types, except northwesterly, produced 

precipitation accumulations that extend southward over the high elevations of the Sierra 

Nevada Mountains (Figs. 3.14b–e). 

 c. Discussion 

 The NCL based k-means clustering algorithm identified five AR types with 

varying daily average IVT magnitudes and orientations. The composite analyses 

indicated each AR type is associated with a variety of synoptic-scale conditions that in 

turn result in ARs with similar IVT magnitudes but different orientations. For example, 

when comparing southwesterly ARs to strong southwesterly ARs, the locations of the 

high- and low-pressure systems are similar but the dynamics are more robust for strong 

southwesterly ARs with a deeper and more negatively tilted trough combined with a 

stronger jet streak. This more negatively tilted trough and stronger jet streak will 

introduce differences in quasi-geostrophic forcing for ascent/descent leading to variances 

in the favorability of large-scale precipitation. The QG forcing for ascent or descent 

associated with each composite AR can be examined using Q-vectors and Q-vector 

divergence (Bluestein 1992).   

The three AR types with a southwesterly IVT component—southwesterly, strong 

southwesterly, and south/southwesterly—all contained a composite synoptic-scale flow 

reconfiguration that favors Q-vector convergence over and just off the U.S. West Coast at 

t–12 h prior to the end of each event. This Q-vector convergence pattern indicates the 

presence of QG forcing for ascent that is collocated with the terminus of each AR where 

the time-integrated IVT gradient was largest (Bluestein 1992; Figs. 3.16b,c,d and 

3.11b,c,d). Approximately 72% of southwesterly, ~68% of strong southwesterly, and 
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~90% of south/southwesterly cases contained Q-vector convergence over the Russian 

River Watershed at t–12 h (Figs. 3.17b–d), whereas the northwesterly and westerly ARs 

contained Q-vector divergence over California and the Russian River Watershed at t–12 

h, indicating a synoptic-scale pattern that favored QG forcing for descent. Approximately 

81% of northwesterly and ~62% of westerly AR cases contained Q-vector divergence 

over the Russian River Watershed (Figs. 3.17a,e). The three AR types that made landfall 

and contained patterns of Q-vector convergence were also the AR types that produced the 

highest precipitation amounts averaged over the Russian River Watershed (Fig. 3.12). For 

all ARs except south/southwesterly ARs, the Q-vectors over the U.S. West Coast point 

toward colder 700-hPa potential temperatures, suggesting the presence of frontolysis 

occurring in conjunction with AR landfall (Keyser et al. 1992; Figs. 3.16a,b,c,e). This 

frontolytic circulation is identical to that discussed earlier and would act to cause IVT 

divergence, and weakening IWV values at landfall (Cordeira et al. 2013). While there is 

likely frontolysis occurring at the terminus of these ARs, Q-vectors farther upstream over 

the North Pacific point towards warm air, suggesting the presence of frontogenesis during 

northwesterly, southwesterly and strong southwesterly ARs (Figs. 3.16a–c). This region 

of frontogenesis will act to aggregate moisture within the upstream portion of the AR, 

which will then be transported towards the U.S. West Coast and the Russian River 

Watershed.  

 The actual Q-vector divergence from each case within each type of AR (i.e., 

computed from each composite member, and not from the composite mean) was plotted 

in box-and-whisker plots to show the distribution of synoptic-scale QG forcing for ascent 

or descent (Fig. 3.18). The Q-vector divergence distribution for southwesterly, strong 
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southwesterly, and south/southwesterly ARs was primarily negative (i.e., convergence 

and QG forcing for ascent) and similar in magnitude. While the magnitude of Q-vector 

forcing for ascent was similar for southwesterly, strong southwesterly, and 

south/southwesterly ARs, the precipitation produced by strong southwesterly ARs was 

much higher than that of southwesterly and south/southwesterly ARs (Figs. 3.12–3.14). 

This difference in precipitation amounts highlights the likely importance of both upslope 

moisture flux and synoptic-scale QG forcing for ascent in precipitation production. 

 Investigation of precipitation accumulations and distributions indicated that 

southwesterly oriented ARs are also more favorably aligned perpendicular to topography 

to enhance orographic precipitation over and around the Russian River Watershed (Fig. 

3.15). Southwesterly, south/southwesterly, and strong southwesterly ARs produced 

considerably higher precipitation accumulations compared to northwesterly and westerly 

ARs. IVT intensity, along with direction, was also an important factor in the production 

of large precipitation accumulations (see Ralph et al. 2006). Strong southwesterly ARs 

produced almost twice as much precipitation than the other AR types where the daily 

average IVT magnitude centroid was ~200 kg m–1 s–1 larger than any other AR type. 

Strong southwesterly ARs also had the longest duration and persistent AR conditions 

than any other AR type, highlighting the importance of both precipitation rate (driven by 

synoptic and orographic forcing) and duration (via persistence) introduced in equation 

(1). 
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d. Chapter Tables 

Table 3.1. Results of the NCL based k-means clustering algorithm.  

 
Bin 

 
Name 

 
Number of Cases 

 

Centroid IVT 
Magnitude  
(kg m–1 s–1) 

 

Centroid IVT 
Direction (º) 

 
1 

 
Northwesterly 

 
57 

 

 
234 

 
328 

 
2 
 

 
Southwesterly 

 
116 

 
277 

 
238 

 
3 
 

 
Strong Southwesterly 

 
31 

 
452 

 
218 

 
4 
 

 
South/Southwesterly 

 
101 

 
259 

 
193 

 
5 
 

 
Westerly 

 
123 

 
277 

 
275 

 

Table 3.2. Percentage of cases that produced above specified amounts of Russian River Watershed 
averaged 24-h accumulated precipitation for each type of AR. Percentages between 25 and 50% are lightly 
shaded where percentages >50% are shaded in dark. 

 
 

AR Type 
 

 
# of 

Cases 

 
% of 

Cases ≥5 
mm 

 

 
% of 

Cases ≥10 
mm 

 
% of 

Cases ≥25 
mm 

 
% of 

Cases ≥50 
mm 

 
% of 
Cases  

≥100 mm 

 
Bin 1: 

Northwesterly 
 

 
57 

 

 
1.8% 

 
0.0% 

 
0.0% 

 
0.0% 

 
0.0% 

 
Bin 2: 

Southwesterly 
 

 
116 

 
76.7% 

 
65.5% 

 

 
28.4% 

 
6.0% 

 
0.9% 

 

 
Bin 3: Strong 
Southwesterly 

 

 
31 

 
96.8% 

 
93.5% 

 
77.4% 

 
48.4% 

 
6.5% 

 

 
Bin 4:  

South/Southwesterly 
 

 
101 

 
74.3% 

 
64.4% 

 
41.6% 

 
8.9% 

 
0.0% 

 

 
Bin 5: Westerly 

 

 
123 

 
27.6% 

 
22.0% 

 
5.7% 

 
2.4% 

 
0.0% 
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e. Chapter Figures

 

Fig. 3.1. Daily average IVT direction (arc location in degrees) and magnitude (kg m–1 s–1; radial distance 
from circle center) for all days from 1 January 2004 to 31 December 2014 that data was available at 
38.51ºN and 122.93ºW. Markers are shaded based on 24-h accumulated precipitation. The thick black lines 
show the average direction for days with precipitation >10, >25 and >50 mm. The Red circle illustrates the 
200 kg m–1 s–1 IVT threshold used in the study.  
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Fig 3.2. As in figure 3.1 except for days with daily average IVT ≥200 kg m–1 s–1 and shaded based on K-
means cluster. 
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Fig. 3.3. Histogram plotting the monthly frequency of (a) all AR cases, (b) northwesterly ARs, (c) 
southwesterly ARs, (d) strong southwesterly ARs, (e) south/southwesterly ARs, and (f) westerly ARs.  
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Fig. 3.4. As in Fig. 3.2 except annual frequency.  
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Fig. 3.5. (a–c) Composite IVT (vector; kg m–1 s–1), SLP (contoured; hPa), and IWV (shaded, mm) and (d–f) 
composite 250-hPa heights (contoured; dam) and wind speed (shaded; m s–1) at (a,d) t–48 h, (b,e) t–24 h, 
and (c,f) t–0 h during south/southwesterly ARs. 
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Fig. 3.6. As in 3.5 except for westerly ARs.  
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Fig. 3.7. As in 3.5 except for northwesterly ARs. 
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Fig. 3.8. As in 3.5 except for southwesterly ARs. 
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Fig. 3.9. As in 3.5 except for strong southwesterly ARs. 
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Fig. 3.10. Box and whisker plot of IVT magnitude (kg m–1 s–1) at 6-h intervals from t–48 h to t+24 h for (a) 
northwesterly ARs, (b) southwesterly ARs, (c) strong southwesterly ARs, (d) south/southwesterly ARs, and 
(e) westerly ARs.  
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Fig. 3.11. Composite IVT magnitude (shaded; 106 kg m–1) and IVT vector (vector; 106 kg m–1) integrated 
with respect to time from t–48 h to t+24 h relative to the end of (a) northwesterly ARs, (b) southwesterly 
ARs, (c) strong southwesterly ARs, (d) south/southwesterly ARs, and (e) westerly ARs. A star indicates the 
location of the Russian River Watershed.  
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Fig. 3.12. Box and whisker diagram of Russian River Watershed areal averaged 24-h accumulated 
precipitation (mm).  
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Fig. 3.13. Median 24-h accumulated precipitation (shaded; mm) across Central California and composite 
24-h average IVT (vector; kg m–1 s–1) for (a) northwesterly ARs, (b) southwesterly ARs, (c) strong 
southwesterly ARs, (d) south/southwesterly ARs, and (e) westerly ARs. 
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Fig. 3.14. As in Fig. 3.13 except for 90th percentile 24-h accumulated precipitation.  
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Fig. 3.15. Schematic illustrating the favorability of south/southwesterly ARs to produce orographic 
precipitation in the Russian River Watershed compared to westerly ARs.  
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Fig. 3.16. Composited 700-hPa geopotential heights (contoured; dam), Q-vectors (vector, 1011 K m–1 s–1), 
Q-vector divergence (shaded; 1016 K m–1 s–1) at t–12 h for (a) northwesterly ARs, (b) southwesterly ARs, 
(c) strong southwesterly ARs, (d) south/southwesterly ARs, and (e) westerly ARs. 
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Fig. 3.17. 24-h accumulated precipitation (mm) vs. IVT magnitude (kg m–1 s–1) shaded based on Q-vector 
divergence or convergence at 38.51ºN and 122.93ºW for (a) northwesterly ARs, (b) southwesterly ARs, (c) 
strong southwesterly ARs, (d) south/southwesterly ARs, and (e) westerly ARs. 
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Fig. 3.18. Box and whisker plot showing the distribution of Q-vector divergence (1016 K m–1 s–1) at 38.51ºN 
and 122.93ºW for each AR type. 
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CHAPTER 4 

4. Results: ARISc for California 

 a. Analysis of February 2014 

 February 2014 was an active month for ARs along the U.S. West Coast with 12 

total AR events making landfall (Kawzenuk 2015). This active month occurred during 

what was otherwise an anomalously dry winter throughout the western U.S., which 

resulted in only a few days of precipitation accounting for as much as 80% of the total 

water-year precipitation over parts of California (Kawzenuk 2015). Neiman et al. (2015) 

investigated an intense and long-lived AR that made landfall on 7–10 February 2014 and 

produced 200–400 mm of precipitation in the high elevations of the southern Coastal and 

northern Sierra Nevada Mountains. The frequent AR landfalls during an otherwise dry 

winter made February 2014 an ideal month to examine the impacts of individual ARs 

over California using ARISc.   

(i) All of California 

ARISc scores were calculated for each overlapping 72-h period beginning on 1–3 

February 2014 and ending on 26–28 February 2014 for each county in California. The 

72-h periods will hereafter be referred to as Periods 1–26, corresponding to the day of the 

month on which the period begins. The county area-weighted average ARISc score is 

used to examine the impact of landfalling ARs across the entire state of California. The 

county area-weighted average ARISc, drought, and precipitation scores will hereafter be 

referred to as the state ARISc, drought and precipitation scores.  

The population score was the only constant variable throughout the entire month 

and is illustrated in Fig. 4.1. The counties in southern California have the largest 
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population scores with most counties receiving a score of 4.0. The other counties with a 

high population score are located near the metropolitan areas of San Francisco, 

Sacramento, and Fresno. The counties with the lowest population scores are located in 

northern California and the Sierra Nevada Mountain Range.  

Twenty-one of the 26 periods (~81%) received a state ARISc score >0.0, which 

highlights the rampant AR activity during the month (Fig. 4.2). The first significant state 

ARISc scores occurred during Periods 6–8 with scores ≥1. During these periods, the state 

drought score was just below “Extreme Drought” on the USDM at 2.87, while the state 

precipitation scores were 1.1, 1.2, and 1.0. The USDM published the week after Periods 

6, 7, and 8 was 0.1 lower than the previous week indicating slight mitigation of drought 

conditions throughout California. The second stretch of periods associated with a high 

state ARISc score were Periods 25 and 26 with scores of 1.3 and 2.1, respectively. The 

state drought score increased to 3.1 just prior to these two periods after a stretch of no 

precipitation and state ARISc scores of 0.0. Period 25 had a state precipitation score of 

0.7, while the highest state precipitation score of 1.7 was observed during Period 26. 

Periods 8 and 26 will be further examined later in this chapter in order to distinguish the 

main differences between the events. 

(ii) Sonoma and Nevada Counties   

Sonoma and Nevada Counties are located relatively close to one another, but have 

contrasting population totals (Figs. 4.1 and 4.3). Sonoma County’s population of 

~500,000 equates to a county-wide population score of 3.0, whereas Nevada County’s 

population of ~100,000 equates to a county-wide population score of 1.0.  
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Sonoma County’s highest ARISc scores were observed during Periods 6, 7, and 8 

(Fig. 4.4a). The ARISc scores for all three periods were 3.5 and were calculated using 

precipitation scores of 4.0 and drought scores of 3.0. Nevada County’s ARISc score for 

the same three periods was 2.8 despite having identical precipitation and drought scores 

as Sonoma County. This difference in ARISc scores highlights the role population plays 

on the calculation of ARISc, which is a direct reflection of the heavier weight (two) 

applied to the population score in the ARISc equation (eq. 7). Another high-impact event 

occurred during Period 26 and was associated with different input scores for Sonoma and 

Nevada Counties. Nevada County’s precipitation score of 4.0 was higher than Sonoma 

County’s score of 3.0, but Nevada County’s drought score of 2.0 was lower than Sonoma 

County’s score of 3.0 (Figs. 4.4a,b). These differing input scores for each county 

produced an ARISc score of 2.7 for Nevada County and an ARISc score of 3.0 for 

Sonoma County demonstrating how one county can receive more precipitation than 

another and receive a lower ARISc score. These observations are expected with relatively 

similar weighting applied to precipitation and population thresholds (i.e., a 3 and a 2). 

Had the precipitation amounts been weighted much stronger (e.g., a precipitation weight 

of 6 instead of a 3), we may not have observed these differences. 

There was a southwesterly AR (i.e., Bin 2) present over the Russian River 

Watershed in Sonoma County during the periods associated with the county’s highest 

ARISc scores (Periods 6–8). An ARISc score of 0.0 was produced when a westerly AR 

made landfall over Sonoma County on Periods 11–14. On Periods 25 and 26, a 

south/southwesterly AR was present and resulted in a Sonoma County ARISc score of 

3.0. The identification of which type of ARs were present during February 2014 show 
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that a southwesterly AR produced the highest impacts during the month, whereas a 

westerly AR produced no impact. Further research will need to be performed in order to 

identify which types of ARs are associated with the highest impacts.   

 b. Example Cases 

 This section will focus on Periods 8 and 26 for their differences in AR landfall 

locations, precipitation amounts, and precipitation distribution. The state ARISc score for 

Period 26 was almost three times higher than that of Period 8 with a score of 3.1 (as 

compared to 1.0; Fig. 4.2).  

 (i) Case 1: 8–10 February 2014 

 A narrow southwesterly oriented AR made landfall over central California during 

8–10 February 2014 with enhanced IWV values of 32–36 mm penetrating inland over the 

Central Valley of California and IVT magnitudes ≥250 kg m–1 s–1 penetrating as far 

inland as Wyoming (Fig. 4.5). The precipitation during the period was confined to the 

high elevation regions of the Northern Sierra Nevada and Southern Coastal Ranges (Fig. 

4.6a)16. The highest precipitation accumulation was 302 mm in the Sierra Nevada 

Mountain Range and resulted in ~80% of the total water year precipitation across 

northern California (Kawzenuk 2015). This precipitation distribution resulted in several 

counties along the Sierra Nevada and Coastal Mountain Ranges receiving a precipitation 

score of 4.0 (Fig. 4.5b). Counties at lower elevations in the Central Valley had a 

precipitation score of 2.0 and 3.0, whereas counties in the Trinity Alps had a score of 3.0. 

The precipitation mainly fell over a region with a drought score of 3.0 (“Extreme 

Drought”; Fig. 4.7b).   

                                                            
16 The re-gridding of the Stage-IV precipitation data in this chapter discarded all precipitation values below 
sea-level leaving some locations in the Sacramento Valley and Death Valley with missing values 
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 The precipitation, drought and population scores were inserted into eq. (7) to 

produce the resulting ARISc scores for Period 8 (Fig. 4.8). The counties with the highest 

ARISc scores are located in the regions that received the most precipitation along the 

Northern Sierra Nevada and Southern Coastal Mountain Ranges. Butte, El Dorado, Napa, 

Sacramento, Sonoma, and Placer Counties had the highest ARISc scores of 3.0–3.5. A 

majority of the other counties in northern and central California received ARISc scores 

≥1.0. 

(ii) Case 2: 26–28 February 2014 

The landfalling AR during Period 26 case exhibited several different 

characteristics as compared to the landfalling AR during Period 8. A broad southwesterly 

oriented AR with IWV values of 32–36 mm made landfall over the highly populated 

region of Southern California (Fig. 4.9). While the terminus of the AR was located over 

southern California, a strong low pressure system (~972 hPa) was located off the northern 

coast of California with IWV values of 24–28 mm extending northward to ~40ºN. The 

proximity of the low-pressure system, likely synoptic forcing for ascent (not shown), and 

subsequent northward moisture transport over California resulted in widespread 

precipitation as compared to the localized orographic precipitation associated with the 

landfalling AR during Period 8 (Fig. 4.10a). The maximum precipitation accumulations 

were >250 mm and were confined to the highest terrain of the Transverse, Sierra Nevada, 

and Coastal Mountain Ranges. The precipitation accumulation and spatial distribution 

resulted in precipitation scores of 3.0 and 4.0 over counties along these mountain ranges 

and in high-populated areas (e.g., southern California; Fig. 4.10b). The USDM illustrated 

a large region of “Exceptional Drought” extending from the San Francisco Bay Area to 
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Ventura County (Fig. 4.11a). The surrounding area was classified by the USDM as 

“Extreme Drought”. Locations in the Sierra Nevada Mountain Range, Southeastern 

California, and Northwestern California were classified as “Severe Drought” or lower. 

This USDM distribution resulted in a drought score of 4.0 for most of the counties in 

southern and central California and a drought score of 3.0 over the surrounding counties 

(Fig. 4.11b).  

The precipitation, drought, and population scores were inserted into eq. (7) to 

produce the ARISc scores shown in Fig. 4.12. The breadth of this is event is illustrated by 

ARISc scores >0.0 across 57 of 58 California Counties. The ARISc scores of 3.5–4.0 in 

Ventura, Monterey, and Santa Clara Counties were higher than all ARISc scores 

produced during Period 8. The ARISc scores of ≥1.5 in the Central Valley of California 

indicate that there may have been synoptic-scale precipitation over lower elevation 

counties that was separate from the orographically forced precipitation associated with 

the landfalling AR.    

 c. Summary 

 A precipitation-, drought-, and population-weighted metric called ARISc 

demonstrated various impacts of landfalling ARs throughout the month of February 2014. 

A comparative analysis of Sonoma and Nevada Counties illustrated how comparative 

precipitation accumulations will produce a higher ARISc score over a county with a 

larger population. For example, while more precipitation may have fallen within Nevada 

County, the overall impact was lower due to the smaller population affected by the 

precipitation. Two periods with varying precipitation accumulations and distributions 

were examined to identify and compare the impacts of characteristically different ARs. 
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The precipitation accumulation for Period 26 was more extensive and resulted in higher 

ARISc scores even though the maximum precipitation accumulation was higher for 

Period 8. Another reason the state ARISc score was higher for Period 26 was due to the 

AR making landfall over the highly populated region of Southern California.  

 d. Potential Modifications 

 While the results of ARISc proved that the impacts of ARs can be quantified and 

spatially analyzed, there are numerous modifications that can be made to further advance 

the score and make the calculation more robust. The current calculation of the 

precipitation score is fairly subjective as the intervals were chosen based on prior 

knowledge and without a statistical foundation. The precipitation score could be based on 

annual precipitation distribution with region-specific quintiles in order to adjust the 

impact that precipitation has on the outcome of ARISc. For example, 20 mm of 

precipitation would be more impactful in a region that receives <100 mm of annual 

precipitation than it would in a region that receives >500 mm of annual precipitation. 

Another adjustment that could be made is changing the spatial delineation of ARISc from 

counties to watersheds. The impact on drought mitigation could then be weighted based 

on how many people rely on the water bodies in the watershed as a fresh water supply 

instead of how many people reside within a county. Another adjustment that could be 

made would be to consider the change of the USDM from one week to next week due to 

an AR. This would allow for the quantification of drought mitigation and a further 

understanding of the impact of an AR.  

 The addition of variables to the ARISc equation would also provide a broader 

range of impact information. The current format of ARISc calculates the impact of AR 
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landfall on drought mitigation. While drought mitigation is a positive impact, flooding 

and flash flooding can be considered negative impacts of the precipitation associated with 

landfalling ARs. Adding variables such as stream flow, projected stream or river crest, 

surface type, soil moisture, rainfall rate, duration of intense rainfall, and precipitation on 

burn areas would provide important information on flood impact and potential. These 

variables could be combined to create a flood score to be added to the current ARISc 

equation that may produce an ARISc score that spans –4.0 to 4.0, where positive values 

indicate the impact on drought mitigation and negative values indicate the impact on 

flooding and flood damage. Further adjustments could also be made in order to apply 

ARISc, or a similar type of impact quantification method, to other locations around the 

world and for different precipitation-producing phenomena.  

 Along with adding variables to the ARISc calculation, scores could be tuned to 

emphasize impacts on a wider variety of weather-dependent conditions or day-to-day 

activities. For example, ARISc could calculate the impacts on transportation, life, 

property, recreation, shipping, flood control, landslides, water supply, ecology, and water 

quality. An example of a recreational impact score would be using the type of 

precipitation (rain or snow) to assess impacts on ski resorts and other wintertime 

activities in the higher elevation regions. An agricultural impact scale could consider total 

farmland area and gross domestic product (GDP) due to agriculture in each watershed in 

order to quantify the impact of precipitation on agricultural activities. For example, 

Sonoma County has ~15 unique wineries that contribute >$8 billion to the local economy 

and ~40% of the county’s GDP17. Most of these wineries rely on the Russian River as a 

                                                            
17More about Sonoma County’s vineyards at http://www.sonomawine.com/about-sonoma-county/history-
of-sonoma-county-wine-country 
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source of irrigation and are highly impacted when the region is drought stricken. A high 

agricultural impact event would be produced by large amounts of precipitation falling 

over a watershed that has a large amount of farmland and is severely drought stricken. 

 ARISc could also be developed into a forecast product by utilizing model 

predicted precipitation in place of observed precipitation. This forward-looking ARISc 

would allow for the prediction of potential impacts of landfalling ARs on the many 

different types of impact scores discussed above. For example, variables such as terrain 

slope, canopy extent, land use, surface type, and forecast precipitation could be 

incorporated to determine the potential impact on landslides or debris flows by including 

methodology similar to Willis et al. (2011). The adaptation of ARISc as a forecast tool 

will be analyzed and discussed in chapter five. 

 ARISc could eventually be used in conjunction with historical datasets in order to 

identify which events produced the greatest economic damage and were linked to the 

most debris flows, landslides, and floods. This linkage of ARs to historical data would 

provide insight into which AR types (e.g., southwesterly, westerly, strong southwesterly, 

etc.) discussed in the previous chapter are linked to the highest impacts. The ARISc score 

could also be calculated for each “type of AR” previously identified in order to combine 

the two elements of this thesis, but time did not permit this analysis. Identification of 

what AR types were associated with the greatest damage will allow forecasters to better 

prepare the public for what to expect from landfalling ARs. While this chapter has shown 

that the impacts of landfalling ARs can be quantified and spatially analyzed, ARISc is far 

from complete and further work is needed in order for it to become an operational impact 

scales.   
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e. Chapter Figures 

 

Fig. 4.1. Population score for each county of California as of the 2010 U.S. Census.  
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Fig. 4.2. County area-weighted average ARISc (green), Precipitation (blue), and Drought (red) scores over 
California for each 72-h period of February 2014. 
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Fig. 4.3. The counties of California with Sonoma (red) and Nevada (blue) Counties outlined.  
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Fig. 4.4. Precipitation (blue), Drought (red) and ARISc (green) score for (a) Sonoma and (b) Nevada 
Counties, California during the month of February 2014.  
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Fig. 4.5. IWV (mm; shaded according to scale), IVT (Kg m–1 s–1; vectors plotted according to reference), 
and SLP (hPa; contoured every 4 hPa) at 1200 UTC on 9 February 2014.  
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Fig. 4.8. The ARISc score for California counties during the 72-h period spanning 8–10 February 2014. 
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Fig. 4.9. As in Fig. 4.5, except for 1200 UTC on 28 February 2014. 
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Fig. 4.12. As in Fig. 4.7, except for the 72-h period spanning 26–28 February 2014.  
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CHAPTER 5 

5. Application of Results 

 a. Analog Forecast 

 The results presented in Chapter 3 can be used in order to forecast the 24-h 

accumulated precipitation of ARs that make landfall over the Russian River Watershed 

using forecasted daily IVT magnitude and direction. This analog forecast model uses 

predicted daily average IVT magnitude and direction over the same point in the Russian 

River Watershed used in chapter 3 in order to determine which bin (i.e., AR type) 

centroid the forecasted landfalling AR will be closest to. A distribution of potential 

Russian River Watershed average precipitation is determined based off the watershed-

average precipitation that was produced by past ARs of the same type. A case study will 

be presented that uses this clustered IVT-based precipitation analog forecast model to 

predict the potential Russian River Watershed average 24-h precipitation accumulations. 

The case selected occurred in January 2015, which was not included in the analysis 

performed in Chapter 3.    

(i) Example Case 

A southwesterly oriented AR was located over the Pacific Ocean from 1200 UTC 

16 January 2015 to 1200 UTC 17 January 2015 (Fig. 5.1). While the orientation of the 

AR over the central Pacific was southwesterly, the IVT vectors at the coast were from the 

west. This orientation resulted in a daily average IVT magnitude of ~245 kg m–1 s–1 and 

direction from 269º at 38.51ºN and 122.93ºW, which falls closest to the centroid of Bin 5 

or westerly ARs (Fig. 5.2). A 24-h watershed-average precipitation forecast could be 

developed using the 123 westerly ARs that occurred from 2004–2014 (Table 5.1). 
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Eighty-nine of the 123 westerly ARs produced <5 mm of precipitation averaged 

over the Russian River Watershed (Fig. 5.3 and Table 5.1). While most of the westerly 

cases produced <5 mm of watershed-average precipitation, 26 other westerly cases 

produced 5–20 mm (Fig. 5.3). Overall, ~28%, 22%, and ~6% of cases produced ≥5 mm, 

≥10 mm and ≥25 mm of watershed-average precipitation respectively (Table 5.1). Only 

three of the 123 cases produced ≥50 mm of precipitation and no cases produced ≥100 

mm. Therefore, the most likely watershed-average precipitation accumulations associated 

with the 16–17 January AR were projected to be <5 mm with ~28% probability of ≥5 

mm. 

 The observed watershed-average precipitation that fell over the Russian River 

Watershed was 5.7 mm with a watershed maximum precipitation of ~13 mm at one 

location. The observed watershed-average precipitation of 5.7 mm is the ~75th percentile 

of watershed-average precipitation produced by all 123 westerly ARs on which the 

forecast was based. While the watershed-average precipitation is around the 75th 

percentile, the spatial distribution of the 17 January 2015 event is comparatively different 

from the 75th percentile precipitation map for all 123 westerly ARs (Fig. 5.4). The 75th 

percentile precipitation contained higher accumulations that extend north over the Coastal 

Range and south over the Sierra Nevada Range (Fig. 5.4a). These differences in spatial 

distribution are most likely driven by dissimilarities between the composite daily IVT of 

all westerly cases and the daily average IVT of the 17 January 2015 case. The inland 

penetration of the composite daily average IVT associated with all westerly cases is 

widespread and penetrates as far inland as Nevada, whereas the daily average IVT ≥250 

kg m–1 s–1 associated with the 17 January 2015 case is confined to northern California 
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over the Russian River Watershed. The breadth and inland extent of the composite daily 

average IVT associated with all westerly ARs compared to that of the 17 January case 

indicates that this clustered IVT-based precipitation forecast may only be sufficient in 

predicting the precipitation accumulation within the Russian River Watershed and not 

necessarily the spatial distribution of precipitation at locations across the rest of the U.S. 

West Coast.  

 b. Development of a Forward-Looking ARISc 

 The development of ARISc into a forecast tool would provide useful information 

about the potential impacts of forecasted landfalling ARs. This section will use the 

current form of the ARISc equation to assess a forward-looking ARISc score for 

California counties. The only adjustment made to the model that computes the ARISc 

score used in chapter 4 is incorporating NCEP–GFS 72-h forecast accumulated 

precipitation in lieu of Stage-IV observed precipitation (Fig. 5.5). The 72-h period that 

will be the focus of this section is 0000 UTC 16 January 2015 to 0000 UTC 19 January 

2015, encompassing the same AR discussed in the previous section.  

(i) Example Case 

Forecasted 72-h accumulated precipitation from the 0000 UTC 16 January 2015 

NCEP–GFS model run was used to forecast an ARISc score for this example case. The 

model has a spatial resolution of ~0.5º latitude	 	~0.5º longitude, resulting in a coarse 

resolution of forecasted precipitation. The low resolution of the precipitation results in 

each county receiving only one or two data grid cells. While the number of data points in 

each county may be small, the few points should still be representative of the forecasted 

precipitation over the county. The now operational (early 2016) ~0.25º latitude	 	~0.25º 
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longitude resolution NCEP–GFS could be used in the future in order to increase the 

number of data points that fall within each county. The 72-h forecasted precipitation was 

confined to extreme northwestern California with one grid cell having values as high as 

140–150 mm over Del Norte County (Fig. 5.6a). These precipitation accumulations and 

distributions resulted in the counties of northwestern California receiving forecasted 

precipitation scores ranging from 2.0 to 4.0 (Fig. 5.6b). Del Norte County, which had the 

highest forecasted precipitation, is the only county to receive a precipitation score of 4.0. 

The USDM for the forecasted period had several counties in northern California under an 

“Extreme Drought” and a sharp gradient to “Abnormally Dry” towards the 

north/northwest (Fig. 5.7a). This USDM led to most of the counties receiving drought 

scores of 3.0 for the forecast period (Fig. 5.7b). Interestingly, Del Norte County was 

under a USDM of “Abnormally Dry” and received a drought score of 0.0. The forecasted 

precipitation, drought, and population scores were inserted into eq. (7) to produce a 

forecasted ARISc score presented in Fig. 5.8. The highest forecasted ARISc scores of 

2.5–3.0 were located over Humboldt County, whereas the surrounding counties received 

forecasted scores ranging from 1.0–2.5. Although Del Norte County received the highest 

forecasted precipitation score, a low drought score combined with a low population score 

resulted in a forecasted ARISc score of only 1.5. This resulting ARISc score for Del 

Norte County illustrates that although a county may be forecasted to receive a 

considerable amount of precipitation, the impact on drought mitigation (i.e. ARISc Score) 

may be low.  

The observed 72-h accumulated precipitation for 16–18 January 2015 was fairly 

consistent with the forecasted precipitation from the 0000 UTC 16 January 2015 NCEP–
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GFS model run (Fig. 5.9). This similarity in observed precipitation and forecasted 

precipitation resulted in the forecasted ARISc scores predicting an identical outcome of 

the observed ARISc scores (Figs. 5.8 and 5.10). The results from this section illustrate 

that ARISc can incorporate forecast precipitation in order to predict impacts of 

landfalling ARs in the Russian River Watershed. As discussed in the previous chapter, 

ARISc could be modified in numerous ways to provide a wider range of impact 

information that would be useful for both forecasters and the public. 

c. Chapter Tables 

Table. 5.1. Russian River Watershed average 24-h precipitation breakdown for westerly ARs.  

Precipitation Amount (mm) Number of Cases  Percentage of Cases 
<5 89 72.4% 
≥5 34 27.6% 
≥10 27 22.0% 
≥25 7 5.7% 
≥50 3 2.4% 
≥100 0 0.0% 
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d. Chapter Figures 

 

Fig. 5.1. 24-h average IWV (mm; shaded according to scale), IVT (kg m–1 s–1; vectors according to 
reference), and SLP (hPa; contoured every 4 hPa) for 17 January 2015.  
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Fig. 5.2. As in Fig. 3.2, except the daily average IVT associated with the 17 January 2015 is illustrated in 
light blue.  
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Fig. 5.3. A histogram illustrating the distribution of Russian River Watershed average precipitation 
accumulations associated with Westerly ARs.  
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Fig. 5.4. (a) The 75th percentile of 24-h accumulated precipitation (mm; shaded according to scale) and 
composite daily average IVT (kg m–1 s–1; vector according to reference) associated with westerly ARs and 
(b) the observed 24-h precipitation (mm; shaded according to scale) and daily average IVT (kg m–1 s–1; 
vector according to reference) for the period ending at 1200 UTC on 17 January 2015. 
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Fig. 5.8. The forecasted ARISc scores for California counties for the 72-h period spanning 16–18 January 
2015.  
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Fig. 5.9. Observed 72-h accumulated precipitation from 16–18 January 2015.  
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Fig. 5.10. The observed ARISc scores for California counties during the 72-h period spanning 16–18 
January 2015.  
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CHAPTER 6 

6. Concluding Discussion  

 a. Summary of Results 

 The main objective of this thesis was to investigate the structure and impact of 

different types of ARs that made landfall over the U.S. West Coast between 1 January 

2004 and 31 December 2014. The types of ARs were identified by IVT magnitude and 

direction using an NCL based K-means clustering algorithm. This algorithm identified 

five different types of ARs across North coastal California: northwesterly, southwesterly, 

strong southwesterly, south/southwesterly, and westerly.  

 Composite analyses of each type of AR in section b of chapter 3 exhibited a 

variety of synoptic-scale conditions across each AR type that led to differences in quasi-

geostrophic synoptic-scale forcing over the landfalling portion of the AR. An analysis of 

Q-vector divergence illustrated how the ARs with a southwesterly orientation were 

associated with a region of Q-vector convergence suggesting quasi-geostrophic synoptic-

scale forcing for ascent over the terminus of the ARs. The ARs with a southwesterly 

orientation that were co-located with a region of quasi-geostrophic forcing for ascent 

were also the ARs that produced the highest Russian River Watershed average 

precipitation. The strong southwesterly ARs were associated the highest watershed-

average precipitation amounts and largest overland spatial extent of precipitation.  

 A precipitation-, drought-, and population-weighted metric, called ARISc, was 

created and tested in order to spatially quantify the impacts of landfalling ARs over 

California. This impact score illustrated that high precipitation does not always result in a 

high impact score. An analysis of Nevada and Sonoma Counties, two counties with 



  106

different population scores, showed how low precipitation may be more impactful over a 

county with a higher population. Case studies of two 72-h periods, Periods 8 and 26 

during February 2014, examined the characteristics that combined to create the respective 

impact scores. While the maximum precipitation during Period 8 case was higher, the 

precipitation was more widespread during Period 26, resulting in a higher statewide 

ARISc score.  

 b. Implications of Results 

 Results from this thesis suggest that there are several synoptic-scale factors that 

combine to determine the orientation and magnitude of an AR as it makes landfall. ARs 

with a southwesterly IVT component were present in conjunction with an upper-level 

trough over the Pacific, while westerly and northwesterly ARs were associated with zonal 

flow aloft and an upper-level ridge, respectively. The location and mobility of the low- 

and high- pressure systems were also different for each AR type. South/southwesterly, 

southwesterly, and strong southwesterly ARs had a mobile low-pressure system located 

over various regions of the eastern Pacific, whereas northwesterly and westerly ARs were 

located overtop of immobile surface high-pressure systems. The synoptic-scale 

conditions were similar for southwesterly and strong southwesterly ARs except the low-

pressure system was significantly deeper (~992 hPa compared to 1004 hPa) in 

conjunction with a stronger and more perturbed jet streak (50–55 m s–1 compared to 45–

50 m s–1) during the strong southwesterly ARs. This deep low-pressure system of ~992 

hPa and strong perturbed jet streak of 45–50 m s–1 is consistent with the results presented 

by Payne and Magnusdottir (2014) who found that the strongest ARs were associated 

similar synoptic-scale conditions. These results emphasize the importance of the 
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synoptic-scale pattern on the orientation and magnitude of ARs as they make landfall on 

the U.S. West Coast.  

 The findings from this study also highlight the importance of both upslope 

oriented IVT and quasi-geostrophic synoptic-scale forcing for ascent in the production of 

extreme precipitation during landfalling ARs (Figs. 6.1and 6.2). The three ARs that 

produced the most watershed average precipitation were associated with a southwesterly 

IVT direction and a broad region of Q-vector convergence over the Russian River 

Watershed. The two other AR types, westerly and northwesterly, produced little to no 

watershed average precipitation and were also co-located under a region of Q-vector 

divergence, suggesting quasi-geostrophic forcing for descent. While a southwesterly IVT 

component will maximize upslope moisture flux, quasi-geostrophic forcing for ascent 

will favor wide spread precipitation over the region, adding to the precipitation 

accumulation of the landfalling AR. Strong southwesterly ARs had a centroid average 

IVT magnitude of ~450 kg m–1 s–1, ~200 kg m–1 s–1 greater than all other ARs, and 

produced twice as much watershed-average precipitation. This relationship between 

stronger IVT and higher precipitation rates is consistent with results presented in past 

studies (e.g., Ralph et al. 2013). While the upslope IVT vector and quasi-geostrophic 

forcing for ascent associated with south/southwesterly, southwesterly, and strong 

southwesterly ARs were both favorable for precipitation production over the Russian 

River Watershed, the duration of AR conditions was also favorable. The time-integrated 

IVT gradient at the terminus of the time-integrated IVT corridor was strongest over the 

Russian River Watershed during these ARs. These results suggest that the ARs with a 

southwesterly IVT component and quasi-geostrophic forcing for ascent will have the 
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highest precipitation rate while also exhibiting the longest duration, resulting in the 

highest precipitation accumulations as suggested by eq. (1) and Doswell et al (1996).  

 ARISc allows for the objective quantification of the impacts associated with 

separate AR events that can then be compared and ranked. ARISc could potentially allow 

for the identification of the characteristics associated with the most impactful ARs when 

linked to a historical dataset. A connection could eventually be made that identifies which 

types of ARs and concurrent synoptic-scale conditions identified in chapter 3 are 

associated with the highest ARISc scores. This information about what ARs are the most 

impactful will advance forecasters understanding of what synoptic-scale patterns and AR 

types produce the most impacts, allowing them to better prepare the public for potentially 

impactful ARs. 

 c. Potential Avenues of Future Work 

 There are several results presented in this thesis that open up several potential 

avenues of future research. The impacts of quasi-geostrophic forcing for ascent and 

upslope IVT on precipitation production were examined in this thesis but not statistically 

tested. Further analyses should examine the relationships among these three variables in 

order to develop a stronger understanding of the relationship between synoptic-scale 

forcing and mesoscale orographic forcing on extreme precipitation. Furthermore, an 

examination of the influence of quasi-geostrophic forcing for ascent and descent on the 

structure of the ARs would be advantageous. Vertical cross-sections of the AR would 

illustrate how quasi-geostrophic forcing for ascent and descent influence the distribution 

of moisture as the AR evolves prior to, during, and after landfall.   
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 Another avenue not explored in this thesis is the evolution of each AR type using 

the terms of the IWV tendency equation (IWVT; eq. 2). An analysis of the IWVT 

equation would allow for an understanding of how the enhanced IWV values within the 

AR are maintained, strengthened, or weakened throughout the AR lifecycle via IVT 

convergence, evaporation, and precipitation. While the contributions of frontogenesis 

(frontolysis) to IVT convergence (divergence) leading to IWV aggregation (dispersion) 

were implied using composite Q-vector analyses, an in-depth analysis of the IWV 

tendency equation would quantify these contributions, allowing for further conclusions to 

be drawn about the evolution of each AR type.  

 A potential adjustment that could be made to the analysis portion of this thesis 

would be to perform the cluster analysis using watershed area-average IVT values rather 

than a point within the Russian River Watershed. Watershed area-average IVT would 

provide more information about the types of ARs that make landfall over the Russian 

River Watershed as it uses more observations compared to a singular grid point. It is 

possible that this adjustment would change the results of cluster analysis by identifying 

different and more types of ARs.  

 This thesis examined a composite analysis of each AR type that extended out to 

48 h prior to the landfall of each AR over the eastern North Pacific. Extending the 

analysis further back in time and lengthening the domain to cover the western North 

Pacific may provide additional information about the antecedent conditions that led to the 

formation and evolution of each AR type and provide information that could be 

beneficial to forecasting ARs. For example, certain climate modes, such as the El Niño 

Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO), have been 
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shown to influence the structure and life cycle of the large-scale flow pattern over the 

North Pacific Ocean (e.g., Shapiro et al. 2001). Investigating the relationship between 

different climate modes and the frequency of each AR type would provide useful 

information about what type of AR is most common during the varying phases of each 

oscillation. It would also be beneficial to construct composite analyses for the events that 

produced heavy precipitation, while excluding the events that produced lower amounts of 

precipitation. This analysis would allow for the examination and the possible 

identification of the characteristics that lead to an AR producing heavy precipitation 

compared to ARs of the same type that produce lesser precipitation accumulations.  

 The location chosen as the focal point for this thesis was the Russian River 

Watershed in northern California. Future research could use the methodology applied in 

this thesis on other locations along the U.S. West Coast. Other locations on the U.S. West 

Coast could have a higher frequency of AR landfall, different types of ARs, and therefore 

different synoptic-scale patterns, and precipitation distributions. An example of applying 

the methodology to Mt. Rainier, Washington is shown in Fig. 6.3. Mt. Rainier had ~494 

days with a daily average IVT threshold ≥200 kg m–1 s–1, ~70 more days than the Russian 

River Watershed (Figs. 3.2 and 6.3b). It is important to note that this daily average IVT 

threshold ≥200 kg m–1 s–1 was chosen earlier via a percentile methodology based on 30-

years of CFSR daily average IVT data over the Russian River Watershed and would need 

to be adjusted for other locations. The K-means clustering algorithm identified a 

southwesterly AR, west/southwesterly AR, strong westerly AR, strong southwesterly AR, 

and northwesterly AR. The ARs identified in the Mt. Rainier analysis were similar to the 

ARs in the Russian River Watershed analysis except for two westerly ARs with differing 
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centroid IVT magnitudes were identified identified instead of a south/southwesterly AR. 

Composite analyses of the southwesterly and strong westerly ARs illustrates the 

differences in the synoptic-scale conditions between landfalling ARs over Mt. Rainier 

(Fig. 6.3c–f). For example, southwesterly ARs that make landfall over Mt. Rainier are 

associated with a low-pressure system in the Gulf of Alaska and a 250-hPa negatively 

tilted trough and embedded jet streak with wind speeds of 40–45 m s–1 over the Northeast 

Pacific (Figs. 6.3c,d). Strong westerly ARs also have a low-pressure system in the Gulf of 

Alaska but a high-pressure system is located at ~35ºN off the California Coast (Fig. 6.3e). 

This pattern creates a much strong pressure gradient over the Northeast Pacific during the 

landfall of strong westerly ARs as compared to southwesterly ARs. A ridge at 250 hPa is 

present during the landfall of westerly ARs that contains a strong jet streak with a 

maximum wind speed of 50–55 m s–1 (Fig. 6.3f). Q-vector analyses indicated Q-vector 

convergence over the Pacific Northwest associated with southwesterly ARs at t–12 h, 

which suggests QG forcing for ascent favoring the production of widespread precipitation 

(Fig. 6.3g), whereas strong westerly ARs were associated with a broad region of Q-vector 

divergence over the Pacific Northwest, which suggests QG forcing for descent and the 

inhibition of synoptic-scale precipitation (Fig. 6.3h). Further analyses should investigate 

how this region of QG forcing for descent combines with the strong IVT associated with 

strong westerly ARs in order to draw further conclusions about precipitation intensity and 

distributions.   

 Chapter 5 examined how the methods used to identify the AR types that make 

landfall over the Russian River Watershed can be applied to create an IVT-based analog 

forecast tool. Future work should be performed that examines what advantages this 
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forecast tool provides over numerical model forecasts and if there are any situations 

where this forecast tool may increase or decreases the skill of numerical models. This 

type of analysis would allow for the understanding of how reliable the IVT-based analog 

forecast tool is in the forecast of precipitation associated with landfalling ARs. 

 As reported in chapter 4, there are several adjustments that should be made to 

ARISc in order to quantify the impacts of ARs on a variety of variables and make the 

calculation more statistically grounded. Further research and analyses will allow ARISc 

to develop into a useful impact-scale that can be used to compare the impacts of historical 

AR events and predict the possible impacts of forecasted ARs. In regards to adjusting the 

forecast portion of ARISc, the use of ensemble forecast data could potentially create a 

probabilistic forward looking ARISc score that provides a range of possible impacts 

instead of the singular forecast ARISc score examined in Chapter 5. This adjustment 

would allow forecasters to statistically predict the possible impacts of a forecasted 

landfalling AR.   

 d. Final Conclusions 

 Numerous studies performed in the past investigate ARs in order to develop a 

thorough understanding of how they form and evolve to produce extreme precipitation 

events on the U.S. West Coast (Zhu and Newell 1998; Ralph et al. 2004; Neiman et al. 

2008; Cordeira et al. 2013; among others). The goal of these studies were to examine the 

characteristics of ARs in order to draw conclusions that would lead to a more 

comprehensive understanding of how to forecast the magnitude and distribution of 

precipitation at landfall. The results from this study identified and characterized the 

different types of landfalling ARs on the U.S. West Coast while exploring a methodology 
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to quantify their impacts. While the methodology used in order to characterize and 

identify the different types of ARs was different from past studies, the results and 

conclusions agree with the results and conclusions from previous studies that investigate 

ARs. The results of ARISc proved that the impacts of landfalling ARs on drought 

mitigation can be objectively quantified while the numerous avenues that could be taken 

in order to quantify the impacts of ARs on other variables were discussed. The further 

development of ARISc suggested by this thesis would lead to a versatile impact scale that 

could prove useful to both forecasters and the public.      
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e. Chapter Figures
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Fig. 6.3. (a) Daily average IVT direction (arc location in degrees) and magnitude (kg m–1 s–1; radial distance 
from circle center) for all days from 1 January 2004 to 31 December 2014 that data was available at 
46.85ºN and 121.79ºW. Markers are shaded based on 24-h accumulated precipitation. The thick black lines 
show the average direction for days with precipitation >10, >25 and >50 mm. (b) As in panel (a) except for 
days with daily average IVT ≥200 kg m–1 s–1 and shaded based on K-means cluster. (c) Composite IVT 
(vector; kg m–1 s–1), SLP (contoured; hPa), and IWV (shaded, mm) for at t–12 h prior to southwesterly ARs 
(bin 1 in panel b). (d) Composite 250-hPa heights (contoured; dam) and wind speed (shaded; m s–1) at t–12 
h prior to southwesterly ARs (bin 1 in panel b). (e) As in panel (c) except for strong westerly ARs (bin 3 in 
panel b). (f) As in panel (d) except for strong westerly ARs (bin 3 in panel b). (g and h) Composited 700-
hPa geopotential heights (contoured; dam), Q-vectors (vector, 1011 K m–1 s–1), Q-vector divergence (shaded; 
1016 K m–1 s–1) at t–12 h prior to southwesterly and strong westerly ARs, respectively.  
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