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ABSTRACT 

 

THE INFLUENCE OF LANDFALLING ATMOSPHERIC RIVERS ON U.S. WEST 

COAST PRECIPITATION DURING FEBRUARY 2014 

By 

Brian Kenneth Kawzenuk 

Plymouth State University, March 2015 

 

 

Atmospheric Rivers (ARs) are long narrow corridors of high vertically integrated 

water vapor (IWV) and high integrated water vapor transport (IVT).  The regions of high 

IWV and IVT are typically <1000 km wide and >2000 km long.  ARs represent the 

majority of extratropical moisture transport and contribute to extreme precipitation and 

flooding along the U.S. West Coast.  Several ARs made landfall along the U.S. West 

Coast during February 2014 and contributed a significant percentage of water year 

precipitation during an anomalously dry winter.  This study investigates the role that 

landfalling ARs played in precipitation production throughout the western United States 

during February 2014 as well as their influence on widespread drought after a long dry 

period.  NCEP–GFS model analyses and NCEP Stage-IV precipitation data were used to 

monitor the lifecycles of ARs and their effect on precipitation production, respectively.  

In total, twelve ARs made landfall along the U.S. west coast and produced locally as 

much as 900 mm of precipitation during February 2014.  Strong correlation coefficient 

values between daily average IWV/IVT and 24-h precipitation amounts were found.  The 

analyses indicate that along with IVT magnitude, IVT vector orientation with respect to 
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orography plays a large role in precipitation production.  If IVT vectors were oriented 

roughly parallel to the upslope terrain gradient then enhanced saturated ascent and 

topographic enhancement of precipitation occurred, whereas little to no precipitation 

occurred during events where IVT vectors were oriented perpendicular to the upslope 

terrain gradient.  Analyses of the IWV tendency (IWVT) through the IWV budget of two 

AR events that made landfall during February 2014 suggested differences in moisture 

source regions and mechanisms that lead to the development and maintenance of the 

ARs.  The analysis of these two ARs suggest that differences in the IWVT can produce 

large differences in the structure of ARs prior to landfall and precipitation distributions 

during landfall.  
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CHAPTER 1 

1. Introduction 

a. What is an AR? 

Atmospheric Rivers (ARs) are large narrow corridors of high vertically integrated 

water vapor (IWV) and high integrated water vapor transport (IVT) (Zhu and Newell 

1998; Ralph et al. 2004; Neiman et al. 2008a, among others).  ARs are similar to and can 

develop from the same processes as moisture conveyor belts (Bao et al. 2006; Knippertz 

and Martin 2007).  These corridors are ~500–1000 km wide and >2000 km long (e.g., as 

shown in Cordeira et al. 2013, Ralph et al. 2014, among others).  These corridors 

typically represent areas of poleward moisture transport from the tropics into the 

extratropics (Knippertz et al. 2013), but can also represent areas of lateral transport of 

subtropical or extratropical moisture (Bao et al. 2006; Neiman et al. 2013).  ARs are often 

located in the warm sector of extratropical cyclones and are aligned along pre-cold-

frontal low-level jets (Ralph et al. 2004), and typically represent regions of IVT into a 

narrow substructure of the broad ascending “warm conveyor belt” (e.g., Carlson 1980; 

Browning 1990; Carlson 1998; Eckhardt et al. 2004) as shown in Fig. 1.1.  Zhu and 

Newell (1998) found that IVT is primarily located along these ARs in the extratropics 

and that these ARs represent ~90% of the horizontal IVT in only ~10% of the 

hemispheric circumference.  The ARs represent the large amounts of water vapor that 

concentrate within extratropical cyclonic circulations and play a large role in extreme 

precipitation events. These AR-related extreme precipitation events are often observed 

along the west coasts of midlatitude continents and constitute a large portion (30-50% of 

annual precipitation) of regional water resources and supply (e.g., Dettinger et al. 2011).  

An example of an AR making landfall along the U.S. West Coast in February 2004 using 
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the Special Sensor Microwave/Imager (SSM/I) can be seen in Fig. 1.2.  The focus of this 

thesis is on AR-related extreme precipitation events along the U.S. West Coast, and in 

particular, in the states of Washington, Oregon, and California during February 2014.  

b. Orographic Interactions with ARs 

 The amount of precipitation produced by an AR is highly dependent on the 

intensity, orientation and location of water vapor transport along the AR.  The U.S. West 

Coast has several mountain ranges that cause orographic enhancement of precipitation 

process when an AR makes landfall.  Neiman et al. (2008a) outlined how the influence of 

lift caused by orography can significantly increase the amount of precipitation produced 

by ARs.  The air within ARs is in most cases conditionally unstable, moist neutral, and 

saturated.  Any lift, even small amounts, will result in condensation, cloud formation, and 

ultimately precipitation.  The orography in the Western United States causes forced lift of 

the moist neutral air and therefore can greatly enhance precipitation via orographic 

ascent.  The presence of the Coastal Range, Cascade Mountains, Sierra Nevada 

Mountains, and Olympic Mountains in the Western United States (Fig. 1.3) forces the 

water vapor along the AR to ascend and produce precipitation. The highest precipitation 

amounts associated with land-falling ARs is consistently located in regions where this 

orographic ascent occurs (e.g. Ralph et al. 2003, 2004, 2005, 2006; Neiman et al. 

2008a,b, 2011; Stohl et al. 2008; Smith et al. 2010; Ralph and Dettinger 2012). 

 The aforementioned topographic features also act as a natural barrier on the inland 

penetration of the water vapor along an AR (Rutz et al. 2014).  In most cases the majority 

of the water vapor is located relatively low in the atmosphere (<2500 m) and is not able 

to penetrate inland beyond the mountain ranges, resulting in a large amount of 
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precipitation along the ridgelines and along the western (windward, upslope) side of the 

mountain ranges and very little or no precipitation along the eastern (downwind, 

downslope) side of the mountain ranges.  The Coastal Range throughout Oregon and 

Washington is in most locations <1500 m, this allows for some of the water vapor to 

penetrate beyond the mountain range and reach the interior Cascade Mountains.  Rutz et 

al. (2014) investigated the influence of AR-related precipitation over the interior Western 

United States, east of the significant topography.  The study used Interim European 

Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-Interim) 

data, Climate Prediction Center (CPC) precipitation analyses, and Snowpack Telemetry 

(SNOTEL) observations.  These data were used to describe the IWV and IVT magnitudes 

as well as the precipitation produced by ARs between November and April over the 

western United States.  Their study focused mainly on the frequency and duration of AR 

conditions over the interior portions of the western United States, specifically east of the 

Cascade–Sierra Ranges, and several factors that influence the frequency and duration of 

AR conditions.  An IWV threshold of 20 mm and an IVT threshold of 250 kg m–1 s–1 

were used to define AR conditions.  Their study found that ARs do not influence the 

inland precipitation climatology in this region nearly as much as along the U.S. West 

Coast.  Along the coast >60% of cool season precipitation was associated with ARs, but 

east of the Sierra–Cascade Ranges <35% of precipitation was associated with ARs.  The 

main reason for this difference is the orography over the western United States.  Major 

topographic barriers, like large mountain ranges under AR conditions, contribute 

significantly to IWV depletion and AR decay via precipitation in the presence of 
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saturated ascent.  Any IWV that is not precipitated is often blocked by the topography, 

making it unlikely for much of the water vapor carried in ARs to reach far inland. 

c. Illustrative Case Studies 

 The recent study by Cordeira et al. (2013) investigated two ARs that produced 

>200 mm of rainfall over a large region with a peak of >300 mm over northern California 

in late October 2010.  Consistent with studies in the previous section, the majority of the 

precipitation occurred over mountainous regions.  Air parcel trajectory analysis was used 

to investigate the environmental origins, principally the source regions for water vapor, of 

the ARs.  Synoptic scale analysis was also used to investigate how interactions between 

North Pacific tropical cyclones and the North Pacific jet stream influenced AR 

development and evolution.  Their study found that the ARs developed initially in 

conjunction with the transport of tropical moisture from North Pacific tropical cyclones 

into the entrance region of a North Pacific jet streak.  Several processes were found to 

influence AR development such as, intensity and location of the North Pacific jet stream 

and North Pacific tropical cyclones (and the interactions between them), troposphere-

deep ascent in high-CAPE environments, interactions between diabatic outflow and an 

upper-tropospheric jet streak, and frontogenesis.  The ARs were then maintained in 

conjunction with the transport of water vapor from extratropical and subtropical regions 

along the anticyclonic shear side of the North Pacific jet streak.  The region was found to 

have quasi-geostrophic (QG) forcing for ascent and strong frontogenesis.  This area of 

frontogenesis allowed for IVT convergence to largely offset the depletion of IWV from 

precipitation (i.e., due to troposphere-deep ascent associated with the high-CAPE 
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environment and QG forcing for ascent), which allowed the ARs to maintain their IWV 

for several days and produce heavy precipitation upon landfall in California.   

 A second recent study by Matrosov (2013) used polar orbiting CloudSat and Aqua 

satellites to study ARs over the eastern North Pacific Ocean during the cool seasons 

(October–March) of 2006–2009 to construct observationally based relationships among 

different AR characteristics.  Their study used 265 satellite crossing observations to 

analyze the presence and location of ARs as well as the extent of AR-related precipitation 

regions.  Measurements of IWV, surface temperature, mean rain rate, precipitation 

regime types, and precipitation ice region properties were gathered from satellite data.  

Several correlations and statistical analyses were made between precipitation amounts 

and rates and AR characteristics.  The study found a correlation coefficient of 0.56 

between the mean IWV and average AR temperature at the surface and a correlation 

coefficient of 0.35 between IWV and AR landfall latitude.  The correlation between 

temperature and IWV is most likely attributed to higher temperatures being able to 

contain more water vapor than colder temperatures.  Events were grouped into cold, 

warm, or mixed rainfall based on the presence or lack of a freezing level.  Cold rainfall 

events were found to have the highest rainfall rates with an average of 1.5 mm h–1, 

compared to 0.5 mm h–1 and 1 mm h–1 for warm and mixed events, respectively.  Cold 

rainfall events were found to have higher rainfall possibly due to the potential for bright 

banding issues with radar measurements.  On average the cold rainfall events were 

located further north than the warm or mixed events.  Colder events were also found to 

have a greater variability in rainband widths compared to the warmer events, with mean 

ratios of rainband width to AR width about 0.4–0.5.  In most cases the southern edge of 
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the precipitation started when IWV values exceeded 20 mm, however the northern edge 

of the precipitation often extended north of IWV values of 20 mm.   

 A third study by Ralph et al. (2004) used satellite (SSM/I) and observations 

collected during the California Land-falling Jets Experiment (CALJET) to investigate 

ARs during the winter of 1997/98.  Observations of ARs were compared to historical 

numerical model studies to confirm that ARs account for most of the instantaneous 

meridional water vapor transport at midlatitudes.  CALJET used dropsondes on 25–26 

January 1998 to gather wind and water vapor profiles of the atmosphere.  The area of 

high IWV was found to be located in front of a cold front at relatively low (>4 km) 

levels.  Seventy-five percent of the IWV was within a region 565 km wide and ~4 km 

deep.  This IWV was equivalent to ~20% of the global average at 35 ̊ N.  This case study 

found a subjectively strong (not quantified) correlation between horizontal distribution of 

IWV and horizontal water vapor flux.  Because satellites can accurately measure IWV, 

ARs were identified using IWV for the rest of the study.  Polar orbiting satellite data 

from 46 other dates where ARs occurred were observed and yielded 312 baselines, or 

paths through and roughly perpendicular to the AR, representing 104 sets of observations. 

These baselines were then compared to the case study data, the comparisons determined 

that the 25–26 January AR was representative of other ARs in terms of IWV amplitude 

and the width of the AR.  The 25–26 January case was found to have maximum IWV 

amplitude of 30.9 mm and a width where IWV was ≥20 mm of 424 kilometers.  The 

composite of the other dates was found to have maximum IWV amplitude of 28.1 mm 

and a width of 388 kilometers.  The study also used GOES data to investigate other 

properties of the ARs.  They found that cloud-top temperatures were coldest, and cloud-
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top pressures were lowest, in the core of the IWV plumes along an AR, and that higher 

IWV led to colder and deeper cloud top cores. 

d. ARs effect on the Precipitation Climatology  

 The high amounts of precipitation caused by ARs have a significant impact on the 

climatology of precipitation along the U.S. West Coast.  In some cases, the arrival of AR 

events occurs during times of significant drought.  Dettinger (2013) investigated the role 

of ARs in ending droughts along the U.S. West Coast and leading to major floods.  The 

study used the Palmer Drought Severity Index and 6-month Standardized Precipitation 

Index to measure drought occurrences and ends across several climactic divisions in the 

United States from 1895 to 2010.  He looked at individual storm sequences that 

contributed to the wet months that broke West Coast droughts from 1950 to 2010 and 

found the percentage of storms that were brought on by the arrival of an AR.  Storms 

were characterized as AR or non-AR using IWV measured from SSM/I imagery and IVT 

from the NCAR–NCEP Reanalysis Project.  The SSM/I imagery was available beginning 

in 1998 and was analyzed by eye with an AR being characterized by regions <1000 km 

across and >2000 km long with > 20 mm IWV.  From 1950 to 2010 the NCAR–NCEP 

Reanalysis data were analyzed by eye with the same spatial requirements and IVT 

magnitudes >500 kg m–1 s–1.  During times where both datasets were available, both 

approaches were used to corroborate each other.  The study found that in the Pacific 

Northwest, 60–74% of all persistent drought endings have been brought about by the 

arrival of AR storms, and in California about 33–40% of all persistent drought endings 

have been brought about by land falling AR storms.  During the wet season (October–
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March), 60–67% of droughts were broken by AR storms in Northern California to 

Washington and ~45% in central and southern California.   

  ARs are also one of the leading causes of major flooding of rivers along the U.S. 

west coast.  According to Dettinger (2013) nearly all major historical floods in many 

California rivers have been associated with AR events.  Ralph et al. (2006) investigated 

the effect of ARs on Russian River in central California.  The study combined data 

gathered by the National Oceanic and Atmospheric Administration (NOAA) and SSM/I 

IWV imagery to link landfalling ARs with significant flooding events.  The study found 

seven cases of flood conditions during the time period in which the SSM/I data was 

available starting in October 1997.  In all seven cases, AR conditions were present over 

central California, these AR conditions combined with orographic ascent were the 

leading cause of the precipitation produced.  Streamflow data from a case study from 

Ralph et al. (2006) shows that one day after an AR made landfall, streamflow records 

were anomalously high in the region of landfall (Fig. 1.2).   

Neiman et al. (2011) performed a similar study for western Washington.  This 

study used daily streamflow data from four major watersheds with two watersheds 

located in the Olympic Mountains and the other two located in the western Cascade 

Mountains.  The annual peak daily flow (APDF) from each watershed was utilized for 

comparisons.  During the time that SSM/I imagery was available, 46 of the 48 APDFs 

occurred during landfalling ARs.  This study also used the North American Regional 

Reanalysis (NARR) to investigate conditions during 1980–2009.  The 10 largest APDFs 

during the thirty-year period from the same four locations were gathered and 

investigated.  The study found that the APDFs occurred most often between November 
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and January and were mostly rainfall events.  All APDFs investigated had AR conditions 

present over the Washington coast.  The study also showed that the orientation of the AR 

played a significant role in the location of the precipitation (Fig. 1.4). The two watersheds 

in the Olympic Mountains experienced flooding with west-southwesterly oriented ARs, 

whereas the two watersheds in the Cascades experienced flooding with southwesterly 

oriented ARs.  The main reason for this difference is the orientation of the topography 

relative to the orientation of the IVT vector within the AR.  Precipitation is highest when 

AR orientation is directly perpendicular to the orientation of the topography (or parallel 

to the terrain gradient).  This result shows that while IVT magnitude is important, IVT 

direction with respect to orography – or the magnitude of the IVT vector projected onto 

the upslope terrain vector – is equivalently important.   

 Improved understanding of ARs is critical due to the large impact that ARs have 

on the climatology of precipitation over the western U.S. and its role in water resources 

and supply.  These AR events often produce high amounts of precipitation in short 

amounts of time; e.g., >300 mm in 48 hours (Cordeira et al. 2013).  Ralph and Dettinger 

(2012) investigated extreme precipitation events throughout the United States by 

categorizing 72-hour precipitation totals into four rainfall categories (R-Cats; Fig. 1.5).  

The study found that the highest precipitation events occurred in California, Texas and 

the southeastern states.  This result suggests that extreme precipitation events in the 

mountains of California are comparable to the strongest 72-hour precipitation events 

elsewhere in the nation.  More notable was that several locations in California received 

multiple R-Cat 3–4 episodes during the period of study, whereas other locations in the 

nation only received one.  The higher occurrences of R-Cat 3–4 events are most likely 
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attributed to the more profound orographic effects in California.  Several studies have 

shown that a large portion (30–50%) of annual precipitation in the western United States 

occurs from AR events (e.g., Dettinger et al. 2011) and that these locations rely on AR 

events to balance their water (supply and demand) budget.  Often times these AR events 

end or at least improve long periods of drought throughout the region (Dettinger 2013), 

and are the main cause for major floods in rivers along the west coast (Ralph et al. 2006, 

Neiman et al. 2011, Dettinger, 2011).  A better understanding of ARs will lead to better 

forecasts of AR landfall and impacts.  

e. Thesis Objectives and Outline 

 The main objective of this study is to observe and investigate ARs that developed 

over the Pacific Ocean during February 2014 and focus on a subset of these ARs that 

made landfall along the U.S. West Coast.  These landfalling ARs contributed a significant 

amount of precipitation during an anomalously very dry winter.  The lifecycles (i.e., 

formation, propagation, and landfall) of each AR will be observed as well as specific 

characteristics (e.g., intensity and orientation at landfall) associated with each.  This study 

will work to link specific AR characteristics with observed precipitation amounts relative 

to key topographic barriers.  It is expected that high IWV and IVT magnitudes, located in 

regions with IVT oriented roughly parallel to the terrain gradient will in most cases lead 

to higher precipitation amounts.  Further analyses will also investigate the moisture 

source regions and the differences of water vapor budgets along these ARs in order to 

better understand how these differences influenced AR formation, propagation, and 

impact at landfall. 
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 The remainder of this thesis is organized as follows: Chapter two shall discuss the 

data and methodology used.  Chapter three will present and discuss the precipitation that 

occurred over the U.S. West Coast during February 2014, as well as an investigation of 

how the precipitation impacted drought conditions throughout February 2014.  Chapter 

four will investigate and discuss connections and correlations between IWV/IVT and 

precipitation amounts and locations.  Chapter five will discuss and present two AR event 

case studies that occurred during February 2014 and compare the IWV tendency during 

both AR events.  Chapter six will discuss and summarize the context of the results from 

this study, discuss applications of the analyses and methods used in this study, discuss 

suggestions for future work, and give an overall conclusion of this thesis.   
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f. Chapter Figures 

 

Fig. 1.1. Schematic depiction of poleward integrated water vapor transport (IVT) along an Atmospheric 

River in the warm sector of an extratropical cyclone in proximity to the “warm conveyor belt.”  Image 

adapted from Carlson (1980). 
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Fig. 1.2. Special sensor microwave/imager (SSM/I) imagery depicting an AR making landfall over the U.S. 

West Coast on 16 February 2004.  Dots over land represent streamflow gauge data from 17 February 2004.  

Image from Ralph et al. (2006). 
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Fig. 1.3 Topographic map showing the locations of significant mountain ranges and valleys along the U.S. 

West Coast (courtesy of Google Maps). 
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Fig. 1.4. Conceptual representation of atmospheric river conditions for the top ten annual peak daily flows 

in four watersheds in Washington.  (a) Offshore composite IWV analysis (cm; green shading >2.8 cm) 

based on the NARR for the Queets and Green Rivers.(b) Overland composite low-level wind-flow direction 

(blue arrows) based on the NARR for the Green and Queets Rivers. (c),(d) As in panels (a) and (b), except 

for the Sauk and Satsop Rivers and red arrows.  Image from Neiman et al. (2011). 
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Fig. 1.5. 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. Model Analysis Data 

 The primary dataset utilized for this study is National Centers for Environmental 

Prediction (NCEP)–Global Forecast System (GFS) model analysis with a horizontal 

resolution of ~0.5 ̊ latitude × ~0.5 ̊ longitude, a vertical resolution contained within 26 

isobaric layers between 1000 and 10 hPa, and a temporal resolution of six hours at 0000, 

0600, 1200, and 1800 UTC1.  These data are archived and available from the NOAA 

National Operational Model Archive and Distribution System (NOMADS)2 and were 

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

GFS analysis data were downloaded for all six-hour analysis times during February 2014.   

 Several parameters from the GFS are used throughout this study on different 

isobaric levels.  These parameters include: temperature, atmospheric pressure, relative 

humidity, and the zonal and meridional wind components. Two parameters are derived 

from the GFS data; these include the column-integrated precipitable water (i.e., IWV) 

and the IWV transport (i.e., IVT). The IWV is a derived quantity provided by the gridded 

GRIB data, whereas as the IVT is defined as 

    𝐼𝑉𝑇 =  
1

𝑔
∫ 𝑞𝑉𝑑𝑝

200 ℎ𝑃𝑎

1000 ℎ𝑃𝑎
,                      (1) 

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

vector wind. The units for IVT are kilograms of water per meter per second.  The vertical 

integration is computed using 50-hPa isobaric layers from 1000 to 800 hPa and 100-hPa 

                                                           
1More information about the NCEP GFS model can be accessed at 

http://products.weather.gov/PDD/NCEP_PDD_MAG.pdf 
2Accessible at http://nomads.ncdc.noaa.gov/data.php?name=access#hires_weather_datasets 
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isobaric layers from 800 to 200 hPa.  Both the IVT and IWV are used in this study to 

identify AR location and strength. 

b. Precipitation Data  

 To monitor AR-related precipitation in this study, the NCEP Stage-IV 

precipitation data are used.  The Stage-IV data contain 1-h, 6-h and 24-h total 

accumulated precipitation on a 4-km × 4-km polar stereographic grid.  Each 24-h 

accumulation period ends at 1200 UTC.  The Stage-IV precipitation data represent the 

national mosaic of “Stage III” precipitation data that are created by each River Forecast 

Center (RFC) over the continental United States.  The data represent a multi-sensor 

combination of individual rain gauges and radar estimates with manual quality control 

performed by each RFC3.  The data are available through FTP in GRIB format from the 

National Center for Atmospheric Research (NCAR) Earth Observing Laboratory (EOL)4.  

Data for all of February 2014 were downloaded and used in this study.  Data for the 

concomitant water year (October 2013 through September 2014) were also downloaded 

for comparison purposes.   

c. Drought Data  

 The weekly United States Drought Monitor (USDM) is used to investigate the 

influence of ARs on potentially ending drought conditions. The USDM data, (e.g., the 

“monitor”) are produced jointly by NOAA, the U.S Department of Agriculture, and the 

National Drought Mitigation Center (NDMC) at the University of Nebraska-Lincoln.  

The monitor data are released every Thursday morning and are based on a week of 

                                                           
3 More information about the NCEP Stage-IV precipitation data can be accessed at 

http://www.emc.ncep.noaa.gov/mmb/ylin/pcpanl/stage4/ 
4 The data can be accessed online at http://data.eol.ucar.edu/codiac/dss/id=21.093 
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information ending the preceding Tuesday.  The monitor data are based on a scale of six 

categories: “nothing/no drought”, “abnormally dry”, “moderate drought”, “severe 

drought”, “extreme drought”, and “exceptional drought”.  The monitor data are based on 

climatic, hydrologic and soil conditions and observations.  The observations and reported 

impacts are given by more than 350 contributors around the country.  The monitor uses 

data from the Palmer Drought Index, CPC Soil Moisture Model, USGS Weekly 

Streamflow, and Standardized Precipitation Index.  There is also objectively developed 

short and long drought indicators, which are based on 1–3 months and 6–60 months of 

precipitation respectively.  Table 2.1 summarizes each category and shows how the 

ranges of each index are used to determine the USDM.  During the growing season the 

USDA/NASS Topsoil Moisture, Keetch–Byram Drought Index (KBDI), and 

NOAA/NESDIS satellite Vegetation Health Indices are used.  During the snow season, 

and especially in western U.S., snow water content, river basin precipitation, and the 

Surface Water Supply Index are also used.  Based on these resources, eleven 

climatologists from the partnering organizations view all the data and reports and develop 

the monitor for that week5. 

 USDM data are available online from the NDMC on the USDM website in 

several data formats.  ESRI shapefiles for six different monitor data were downloaded for 

this study.  USDM data from the following dates were used; 28 January 2014, 4 February 

2014, 11 February 2014, 18 February 2014, 25 February 2014, and 4 March 2014.  These 

dates represent the drought conditions (i.e., severity) before, during, and after the period 

of interest during February 2014.   

                                                           
5 More information on the United States Drought Monitor can be accessed online at 

http://droughtmonitor.unl.edu. 
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d. Data Manipulations 

 Most data manipulations and visualizations are performed in this study using the 

NCAR Command Language (NCL) Version 6.1.2.  NCL has the ability to read and write 

a variety of different data types, including netCDF, HDF4, binary, ESRI shapefiles, and 

many others.  NCL can also be run interactively or in batch mode as an interpreter of 

complete scripts. NCL was used to make three major data manipulations in order to 

temporally and spatially compare data.  The first adjustment involved creating daily 

average NCEP–GFS data from the six-hourly dataset in order to directly compare NCEP–

GFS data with NCEP Stage-IV daily-accumulated precipitation data.  The daily average 

NCEP–GFS data was computed from the 1800 UTC, 0000 UTC, 0600 UTC, and 1200 

UTC data in order to best represent the atmospheric conditions during the 24-h period 

ending at 1200 UTC.  The second adjustment involved re-mapping the NCEP Stage-IV 

precipitation data onto a cylindrical equidistant grid over the United States at ~0.035° 

latitude × ~0.035° longitude horizontal resolution (i.e., ~4 km). The third adjustment 

involved subsequently downscaling the 0.5° latitude × ~0.5° longitude NCEP–GFS data 

to match that of the ~4-km horizontal resolution re-mapped NCEP Stage-IV precipitation 

data by interpolating between grid points.   These adjustments were necessary in order to 

compute correlations between the GFS and Stage-IV data.   

e. AR Definition  

 An objective AR definition is developed in order to identify all AR events that 

occurred during February 2014.  The AR definition includes IWV and IVT thresholds 

and certain size limitations.  The size limits are based on the length and width of regions 

with IVT and IWV values above these thresholds.  The definition used in this study is 
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based on the AR definitions from previous studies (e.g., Ralph et al. 2004, 2006, Neiman 

et al. 2008, 2011, Rutz et al. 2014, among others).  These studies generally 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.  Table 2.2 

summarizes the definitions used by previous studies.  In this study an AR is defined as a 

region of IWV >20 mm and IVT >250 kg m−1 s−1 that is ≥2000 km long and <1000 km 

wide.  Only ARs that made landfall over the U.S. West Coast are investigated in this 

study.  For an AR to be considered landfalling, a portion of the AR as defined above had 

to move over land along the U.S. West Coast or be located over land.  The ARs are 

identified visually (e.g., following the methodology of Dettinger 2011) from charts of the 

IVT and IWV values. An example of an AR that meets the above definition is shown in 

Fig. 2.1 at 1200 UTC on 12 February 2014.  
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f. Chapter figures and tables 

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

USDM. 
 

Category Description Possible Impacts 

Palmer 

Drought 

Index 

CPC Soil  

Moisture 

Model  

(Percentiles) 

USGS 

Weekly 

Streamflow 

(Percentiles) 

Standardized 

Precipitation 

Index 

Objective 

Short and 

Long-term 

Drought 

Indicator 

Blends 

(Percentiles) 

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, 

2012 
N/A 20 >2000 <1000 

 

 

 

 
Fig. 2.1. NCEP GFS analysis of integrated water vapor transport (kg m−1 s−1; shaded according to scale and 

vectors >250 kg m−1 s−1 scaled relative to the reference vector) and integrated water vapor (mm; contoured 

in green every 10 mm starting at 20 mm) at 1200 UTC 12 February 2014. 
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CHAPTER 3 

3. February 2014 Precipitation 

a. Total Precipitation 

 A large amount of precipitation was observed over the U.S. West Coast during the 

period of several AR landfall events in February 2014.  The western halves of 

Washington, Oregon and northern California received the largest monthly precipitation 

totals that exceeded 250 mm with localized areas that received >500 mm (Fig. 3.1).  The 

locations of the highest precipitation totals are consistent with orographic enhanced 

precipitation that is common to landfalling ARs (e.g., Ralph et al. 2003, 2004, 2005, 

2006; Neiman et al. 2008a, b, 2011; Stohl et al. 2008; Smith et al. 2010; Ralph and 

Dettinger 2012).  These locations are oriented along the northern and southern Sierra 

Nevada, Cascade, Olympic, and Pacific Coast Mountain Ranges (c.f. Fig. 1.1).  The 

majority of precipitation over the western U.S. during February 2014 was associated with 

landfalling ARs (Fig. 3.2).  AR conditions were present on nearly all days when >10 mm 

of precipitation occurred.  Several areas received high amounts of precipitation that were 

not under AR conditions, but were located adjacent or close to AR conditions, indicating 

that the AR still played a role in producing that precipitation.  The presence of ARs 

during periods of precipitation were also identified subjectively using objective 

precipitation and IWV/IVT data thresholds following the methodology of Dettinger 

(2012).  The results of these analyses suggest that a significant amount of precipitation 

during February 2014 over the western U.S. can be attributed to landfalling ARs.   

 The maximum monthly precipitation in Washington and Oregon fell along the 

Pacific Coast Ranges. The maximum monthly precipitation (>800 mm) over Washington 
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occurred over the Olympic Mountains near ~47.5°N, ~123.6°W along the western slopes 

of terrain as high as ~2400 m (Mt. Olympus) (Fig. 3.1). The entire western (windward, 

generally upslope) half of the Olympics received >400 mm of precipitation with an area 

of ~400 km2 that received >500 mm. There is a strong gradient in precipitation amounts 

located to the east of the highest peaks; the eastern (leeward, generally downslope) half 

of the Olympics received <300 mm.  The maximum monthly precipitation (>700 mm) 

over Oregon occurred over the Tillamook State forest near ~45.5°N, 123.6°W and over 

the Rogue River – Siskiyou National Forest near ~42.5°N, ~124.0°W along the western 

slopes of the Oregon Coast Ranges. The terrain of the Oregon Coast Ranges have 

elevations of ~1000 m.  In both states, the inland Cascade Range received 500–600 mm 

of monthly precipitation in areas of terrain that have elevations as high as ~4400 m (Mt. 

Rainier).     

 The maximum monthly precipitation (>700 mm) over California fell in the 

extreme northwest corner of the state inland and upslope from Crescent City, CA 

(~41.75°N, 124.2°W) along the northern portion of the California Coast Ranges. The 

northern portion of the California Coast Ranges have elevations as high as 1500 m. 

Similar to the Olympic precipitation totals, the areas of high precipitation stretched from 

the coast line to the higher peaks of the mountains, with very little precipitation on the 

east (leeward) side of the mountains.  Other monthly precipitation maxima >300–400 mm 

fell over north-central California over the Mendocino National Forest (~39.6°N, 

122.8°W) with terrain elevations >1500 m and over the northern Sierra Nevada 

Mountains (~39.2°N, 120.6°W) with terrain elevations of ~2000 m.  
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 The lower precipitation amounts along inland mountain ranges are most likely 

attributed to the influence that upstream orography has on inland decay of ARs (e.g., 

Rutz et al. 2014).  Most of the water vapor contained in the lower levels of the ARs does 

not make it east of the Pacific Coast Ranges (i.e., it precipitates out along upstream 

terrain) and therefore results in lower amounts of precipitation along downstream ranges. 

In some cases, however, ARs may orient in a manner that allows inland penetration 

beyond the Coastal Range (e.g., between gaps in higher terrain) and may produce high 

precipitation amounts over the Sierra Nevada and Cascade Mountain Ranges as shown in 

Fig. 3.3.  For example, the large precipitation amounts observed over the northern Sierra 

Nevada are likely influenced by the lower topography within the Petaluma Gap near San 

Francisco, CA and Sacramento, CA during southwesterly flow regimes (Neiman et al. 

2008a, b).   

 Inland AR penetration also occurred in Oregon and Washington and produced 

high amounts of precipitation along the Cascade Mountains.  Several small areas in 

Oregon and Washington received >500 mm of precipitation with two small areas 

receiving >600 mm.  More than 400 mm of precipitation fell across Oregon in an area of 

~12000 km2, and across Washington in an area of ~ 4000 km2.  Most mountain peaks in 

this region are around 2000 m with maxima around 3000 m.  The orography west of the 

Cascades influences precipitation location in the same manner as described over the 

Sierra.  The presence of the Coastal Range does block ARs in some cases, but some IWV 

can penetrate inland to the Cascades with the correct location and orientation as shown in 

Neiman et al. (2008a).  Water vapor carried along a west–southwesterly oriented AR can 

reach the southern Cascades if the corridor of water vapor transport is located south of 
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the Tillamook State Forest (Fig. 3.4).  Although there was no example of it, water vapor 

carried along a west–northwesterly oriented AR can reach the northern Cascades if the 

corridor of water vapor transport is located between the Olympic and Coastal Ranges.  

The relatively flat and lower elevation topography in these locations allows the water 

vapor along the AR to penetrate inland and interact with the Cascade Range and produce 

high amounts of precipitation.   

b. Annual Percentages 

 Past studies have shown that precipitation produced by AR events represent a 

significant portion of annual water year (1 October through September 30) precipitation 

throughout the western United States (e.g., Dettinger et al. 2011). The daily 24-h 

precipitation data were analyzed for the pertinent water year (1 October 2013 through 

September 2014) in order to investigate the fraction annual water precipitation that fell 

during February 2014.  For reference, note that 12 months of data are used in the water 

year, and any percentage value larger than ~8% shows that above average precipitation 

may have occurred during the month. Given that a majority of precipitation along the 

U.S. West Coast falls during the six months of the cool season, any value larger than 

~16% may be a more realistic baseline for determining above average monthly 

precipitation.  

 Nearly all of Washington, Oregon and central and northern California received 

>10% of their water year precipitation during February 2014; a large majority of region 

received >20% of their annual precipitation (Fig. 3.5).  The monthly maximum 

precipitation totals over the Olympic Mountains represented 10–30% of the water year 

precipitation, whereas the monthly maximum precipitation over the Oregon Coastal and 
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Cascade Ranges represented 30–40% of water year precipitation.  The monthly maximum 

precipitation across the northern half of California represented >30% of their water year 

precipitation, whereas the monthly maximum precipitation over the northern Sierra 

Nevada represented 30–50% of the water year precipitation.  Along the coastal and 

immediate inland regions north of San Francisco over the Mendocino National Forest, the 

monthly precipitation during February 2014 represented 50–60% of the water year 

precipitation; two small areas received 70–80% of water year precipitation.   

 February 2014 also represented a respite to prolonged dry conditions across the 

western U.S. In order to illustrate how dry the U.S. West Coast was during the water year 

and the contribution by February 2014, the monthly precipitation was compared to the 

total water year-to-date (WYTD) precipitation between 1 October and 28 February 2014 

(Fig. 3.6).   Because five cool-season months are included in this analysis, any regions 

that received >20% of their total precipitation illustrates that the precipitation during 

February contributed a disproportionately large amount to the WYTD precipitation.   

Nearly all of central and northern California received >50% of WYTD 

precipitation.  Along the coast, a large area received 80–90% of the WYTD precipitation 

in February.  All of the Coastal Range in Oregon received > 40%, whereas the southern 

region of the Coast Range received >50% of the WYTD precipitation.  Over the Cascade 

Range in Oregon, >50–60% of the WYTD precipitation occurred in February.  Over the 

Olympic Mountains in Washington 30–50% of the WYTD precipitation occurred in 

February.  This analysis demonstrates that very little precipitation occurred over these 

regions prior to February and suggests the presence of drought conditions across the 

region.  The drastic change in WYTD precipitation produced by precipitation in February 
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suggests the possibility of drought endings (or alleviations) brought on by AR events 

(e.g., Dettinger et al. 2013).   

 The February 2014 precipitation data was compared to climatology in order to 

confirm that the month was associated with above normal precipitation over the U.S. 

West Coast (Fig. 3.7).  Figure 3.7 shows the departure from normal of total precipitation 

during the month of February 2014, courtesy of the NOAA Advanced Hydrological 

Prediction Service (AHPS).  The departure data shows a very similar pattern to the total 

monthly precipitation in Fig. 3.1.  All areas of large monthly precipitation totals over 

Washington, Oregon and California, which coincide with significant orography, show 

above normal (>400 mm) precipitation for the month.  Most areas without significant 

orography show normal or slightly above normal precipitation.  For example, large areas 

over the Olympic, Coastal, Cascade, and Sierra Nevada Mountain Ranges received 

precipitation that was >400 mm above normal.  These data, along with the total monthly 

precipitation data (Fig. 3.1), suggests that most of these regions received more than 

double the normal amount of precipitation during the month of February.  Portions of the 

Sierra Nevada Range only received 400–500 mm of precipitation during the entire 

month, which represents a +300 mm, and +400 mm in some locations, departure from 

normal.  This result suggests that the northern Sierra Nevada region normally receives 

comparatively less precipitation than the Cascades during February, and that February 

2014 was well above average in terms of precipitation.  The spatial distribution of the 

departure of precipitation from normal across the U.S. West Coast, however, suggests 

that topography largely contributed to the above normal precipitation during February 

2014.    
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c. Precipitation Intensity and Duration 

One factor that makes AR events especially dangerous is the duration and 

intensity of potentially heavy precipitation.  Most events cause precipitation for ~12–48 

hours (e.g., Ralph et al. 2006 and Ralph and Dettinger, 2012, among others).  The large 

precipitation amounts produced in a relatively short amount of time can lead to high 

stream flow, landslides, and flooding.  The frequency of 10-, 25-, and 50-mm 24-h 

rainfall totals is investigated in order to illustrate the duration and intensity of potentially 

heavy precipitation during February 2014 (Fig. 3.8).  Note that this analysis does not 

necessarily show how many AR events occurred at each location as many events 

produced these 24-h precipitation totals for more than one 24-h period.   

  The most intense precipitation occurred over Oregon and Washington (Fig. 3.8); 

there were fewer intense precipitation events over California.  The maximum number of 

24-h periods (i.e., days) with precipitation >10 mm occurred over the Cascade, Coastal, 

and Olympic Mountain Ranges over Washington and Northern Oregon (Fig. 3.8a).  

These areas received 15 days of precipitation >10 mm.  This result suggests that these 

regions received intense precipitation on more than half (54%) of the days in February.  

The number of days with >10 mm of precipitation decreases moving south.  Over the 

Coastal Range of northern California and southern Oregon daily precipitation >10 mm 

mostly occurred on 9–10 days.  Fewer events occurred over the Sierra Nevada range with 

most of the region receiving >10 mm on just 7 days.  A similar pattern of intense 

precipitation is observed using a 24-h threshold of 25 mm (Fig. 3.8b).  The highest 

number of days with >25 mm of precipitation occurred over the Olympic Mountains.  A 

small region received >25 mm of precipitation on 11 different days.  Over the Cascade 
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and Coastal mountains several small areas received >25 mm of precipitation on 10 days.  

Over the Sierra Nevada Mountains a small region received >25 mm of precipitation on 6 

different days, although most of the region had intense precipitation on fewer than 5 days.   

 The most intense precipitation (i.e., 75 mm in a 24-h period; Fig. 3.8c) occurred 

on 3 different days over the Olympic Mountains and over the Coastal Range in 

northwestern and southwestern Oregon.  Most of the Cascade Range experienced the 

most intense precipitation on 1–3 different days. Over the Coastal Range and Sierra 

Nevada in California intense precipitation only occurred on one or two days.  These 

results show that although most areas did receive high 24-h precipitation totals, a 

majority of the precipitation occurred during only a few very wet (or snowy) days.  This 

analysis suggests that the atmospheric conditions associated with precipitation during 

February 2014 produced a large amount of precipitation in a relatively short period of 

time.  For example, this analysis suggests that the majority of Sonoma County, California 

received ~60% of their water year precipitation in just three days.   

 

d. Drought Conditions 

 Few past studies have investigated how ARs can affect drought conditions, but it 

has been shown that up to 74% of drought endings in the Pacific Northwest between 

1950 and 2010 were a result of landfalling ARs (Dettinger 2013).  This study used the 

USDM to observe the influence that February 2014 precipitation had on drought 

conditions over the western United States.  Figure 3.9 shows the USDM prior to, during, 

and after February 2014 (e.g., Fig. 3.9a illustrates the drought conditions over the western 

United States on 28 January). The entirety of Washington, Oregon, and California was 
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under at least moderate drought.  Nearly all of Oregon was under severe drought, with the 

northern portion of the state under only moderate drought.  Nearly all of central and 

northern California was under at least extreme drought, with the exception of the northern 

most portion of the state. A large region was under exceptional drought, the most extreme 

category used in the USDM, along coastal region to the south of San Jose.   

 Figures 3.9b–f show how the USDM changed throughout the month as AR events 

produced large amounts of precipitation across the region.  There was very little change 

prior to 4 February 2014 as no ARs made landfall. A large AR made landfall over Central 

California on 8 February that produced a large amount of precipitation. As a result, a 

small improvement in drought conditions from extreme to severe occurred in central 

California between 4 and 11 February and drought conditions intensified in the Pacific 

Northwest (Figs. 3.9b, d).   During the following week (11–18 February), three AR 

events occurred and produced large amounts of precipitation over the Olympic and 

Cascade Mountains in Washington and the Coastal Range in Oregon and Washington. 

During this period, the USDM over the Olympic and Cascade Mountains in Washington 

improved from severe and moderate drought to abnormally dry conditions (Figs. 3.9c, d).  

The coast of Oregon along the Coastal Range improved from severe to moderate drought, 

whereas most of California remained the same with the northwest corner improving from 

severe to moderate drought. During the third week of February (18–25 February), three 

ARs made landfall over the Pacific Northwest and none made landfall throughout 

California (Figs. 3.9d, e).  As of 25 February, all of western Washington was under 

abnormally dry conditions (Fig. 3.9e) an improvement from moderate drought in the 

beginning of February.  In northwestern Oregon a small region near Portland improved 
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from severe to moderate drought, whereas drought conditions in southern Oregon and 

northern California remained relatively stable.  During this time no ARs made landfall 

over central or southern California causing drought conditions to worsen slightly.  Near 

San Francisco a small region of severe drought conditions got smaller as extreme drought 

spread slightly, whereas the coastal region of extreme drought conditions to the south of 

San Jose spread east and became larger.  During the final week of February (Fig. 3.9f) 

small improvements in drought conditions occurred over California and Washington after 

a weak AR provided >75 mm of precipitation over two days: A region northwest of 

Seattle improved from abnormally dry to normal conditions, regions in California with 

exceptional and severe droughts shrunk, and regions in Northwest California and north of 

San Francisco improved from severe to moderate drought.   

 Comparing Figure 3.9a to 3.9f show how drought conditions improved throughout 

the entire month.  Although drought conditions were not ended across most of the region, 

they were at least improved from central California to Washington.  Western Washington 

was brought out of moderate drought to abnormally dry conditions throughout the month.  

Most of Oregon remained relatively the same throughout the month with the exception of 

the coast.  Over the Coastal Range is where most rainfall in Oregon occurred and where 

drought conditions improved the most.  The coast went from severe or moderate drought 

to mostly moderate drought with the northern most region being under abnormally dry 

conditions.  California experienced the least improvement in drought conditions.  Small 

regions along the coast and in northern California improved slightly while most of central 

California remained the same.  Overall, regions that received the highest amount of 

precipitation throughout the month saw the largest improvements in drought conditions.  
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With ARs being the primary method of precipitation production during the month, this 

analysis suggested that ARs during the month of February 2014 briefly improved 

widespread drought conditions throughout the western United States.   

 High amounts of precipitation (up to 900 mm) were produced over significant 

orography throughout the western U.S. during February 2014.  This precipitation was 

representative of a significant amount of 2013–2014 water year precipitation, accounting 

for as much as 70% in Sonoma County.  The majority of this precipitation occurred 

during or in close proximity to AR conditions over land.  Lastly, this precipitation led to 

improvement in drought conditions across the western U.S.  Chapter 4 will further 

discuss when and how often AR conditions were over land and relate these conditions to 

precipitation amounts and locations. 

 

 

 

 

 

 

 

 

 



35 
 

 

e. Chapter figures  

Fig. 3.1. Total monthly accumulated precipitation (mm; shaded) for February 2014.  The data source is the 

NCEP Stage-IV Quantitative Precipitation Estimate.   
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Fig. 3.2 NCEP Stage IV 24-h precipitaiton (mm) with presence of AR conditions identified for February 

2014 at a) 42.5°N, 124°W  b) 39°N, 121°W c) 45°N, 124°W and d) 48°N, 124°W.  

a) 

c) 

b) 

d) 
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Fig. 3.3. Daily average IVT (kg m−1 s−1; vectors >250 kg m−1 s−1 plotted scaled relative to reference vector), 

IWV (mm; contoured in black every 10 mm starting at 20 mm) and precipitation (mm; shaded according to 

scale) on 9 February 2014.  The data sources are NCEP Stage-IV Quantitative Precipitation Estimate and 

NCEP GFS model.   
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Fig. 3.4. As in Fig. 3.3 except for 15 February 2014.   
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Fig. 3.5. Total percentage of water year (Oct. 2013–Sep. 2014) precipitation that occurred during February 

2014.  The data source is the NCEP Stage-IV Quantitative Precipitation Estimate. 
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Fig. 3.6. Total percentage of water year to date (Oct. 2013–Feb. 2014) precipitation that occurred during 

February 2014.  The data source is the NCEP Stage-IV Quantitative Precipitation Estimate. 
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Fig. 3.7. February 2014 total precipitation departure from normal (mm; shaded).  Data and image courtesy 

of NOAA AHPS.   
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Fig. 3.8. Number of 24-hr precipitation periods over a) 10 mm b) 25 mm and c) 75 mm during February 

2014. The data source is the NCEP Stage-IV Quantitative Precipitation Estimate.  
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Fig. 3.9. United States Drought Monitor prior to, during, and after February 2014.  
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CHAPTER 4 

4. Relationship among IWV, IVT and precipitation during February 2014 

a. Cumulative AR conditions during February 2014  

 Previous studies have used several different IVT and IWV thresholds to identify 

AR conditions (Neiman et al. 2008, Rutz et al. 2014, among others); this study applied 

thresholds of IWV ≥20 mm and IVT ≥250 kg m−1 s−1.  Figures 4.1 and 4.2 show the 

number of hours during February that IWV and IVT values exceeded these thresholds at 

each grid point.  These figures illustrate where AR conditions occurred most often during 

the month and can thus highlight aggregate size, shape, location and orientation of AR 

conditions during the month.   

 Figure 4.1 shows where IWV exceeded 20 mm most often during February 2014 

(e.g. IWV-hours).  The IWV-hours occurred most often equatorward of 15°N; this region 

represents the so-called “IWV-reservoir” and can act as a source for water vapor 

transport into the midlatitudes along ARs.  The IWV-hour maxima is located from over 

the Hawaiian Islands and extends northeast to near the northern coast of California.  

Along the U.S. West Coast, IWV-hours ranged between ~50 and 150 hours; whereas east 

of the Sierra Nevada range IWV-hours were <25 hours during the month.  The overall 

pattern shown in Fig. 4.1 shows that IWV-hours occurred less often and only lasted for a 

few cumulative days over land, but occurred more often and persisted much longer over 

the ocean. 

 Figure 4.2 shows where IVT exceeded 250 kg m−1 s−1 most often during February 

2014 (e.g. IVT-hours).  The IVT-hours pattern is a different size and shape than the IWV-

hours pattern and suggests a notable disconnect from the tropics.  The relative location 
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and orientation of the IVT-hours is very similar to the IWV-hours.  The region with a 

large number of IVT-hours begins near Hawaii and extends northeast toward northern 

California.  There are two areas of IVT-hour maxima: one over the tropics, similar to 

IWV-hours, and the one in the region where ARs have been shown to most frequently 

occur, near 32°N, 148°W (Neiman et al. 2008a, b; Cordeira et al. 2013; Rutz et al. 2014; 

among others).  We can understand the presence of two maxima by exploring how IVT is 

calculated and where the IVT source mechanisms are high.  As described in Chapter 2a, 

IVT is a combination of wind speed and water vapor content.  In the tropics there is high 

water vapor content with low wind speeds, but the amount of water vapor is typically 

high enough to compensate for the low wind speeds and can result in high IVT.  In the 

mid latitudes there is typically a much lower water vapor content but higher wind speeds 

than in the tropics.  When an AR is present the additional water vapor combined with 

high wind speeds results in high values of IVT.  Around 20°N, where the gap in IVT-

hours occurs, there is relatively low water vapor content, similar to the mid latitudes, and 

relatively low wind speeds, similar to the tropics.  The combination of low wind speeds 

and low water vapor content in this region results in IVT-hours occurring less often.  It is 

likely that when high amounts of IWV are in this region they are slowly transported out 

of the tropics and accelerated into the midlatitudes.  Nearly all of California, Oregon and 

Washington experienced >50 hours of IVT-hours; northern California and western 

Oregon experienced 150–200 hours of IVT-hours.   

b. AR Landfall 

 All ARs over the Pacific Ocean during February 2014 were identified and 

analyzed using IVT and IWV analyses.  In total, twelve ARs made landfall along the U.S. 
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West Coast during the month and six others developed over the Pacific Ocean but did not 

make landfall along the U.S. West Coast.  Table 4.1 shows the start date, end date, 

landfall date, and landfall location of the twelve landfalling ARs that occurred during 

February 2014.  The start date was determined based on when the AR first met the 

conditions considered as an AR described in Chapter 2; the end date is the final time 

when the AR no longer met these conditions.  The landfall time and location were 

determined based on where and when the IWV ≥20 mm and IVT ≥250 kg m−1 s−1 

contours first made contact with land.  These times are estimated and rounded based on 

six-hour intervals due to temporal constrictions of the GFS model analyses.  In most 

cases the AR did not remain at the landfall location for the remainder of its lifecycle.  

Several ARs did have temporally overlapping lifecycles and made landfall over similar 

locations, however due to their propagation no ARs spatially and temporally overlapped.  

Six other ARs developed over the North Pacific Ocean during the month but did not 

make landfall or significantly influence the U.S. West Coast (not shown).  Six ARs made 

initial landfall in California, four in Oregon, one along the California–Oregon border and 

one along the Washington–Oregon border.  Two of the four ARs that made initial landfall 

in Oregon moved south into California before dissipating.    

In most cases the location of the AR changed slightly after landfall, thus resulting 

in maximum precipitation not necessarily being located at the exact landfall location.  

Similarly, the maximum precipitation occurred inland over significant orography and not 

necessarily along the coast where landfall occurred.  Every AR was slightly different, but 

several did produce high precipitation amounts in similar areas.  The three locations with 
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the highest precipitation during February 2014 (~42.5°N, ~124°W; ~46°N, ~123°W; 

~48°N, ~124°W) were all impacted by more than one AR.   

c. Linkage between IVT and Precipitation  

 Several past studies have shown relationships between IVT and precipitation 

location and amount (e.g. Cordeira et al. 2013, Rutz et al. 2014, among others).  This 

study endeavored to confirm these IVT and precipitation relationships for ARs during 

February 2014.  The spatial relationship between IVT and precipitation are shown via 

maps of 24-hour precipitation and daily-average IVT contours and vectors.  Figure 4.3 is 

an illustrative example for the 24-hour period ending 1200 UTC 15 February 2014; 

during which an AR that made landfall on 14 February 2014 and produced ~300 mm of 

precipitation near the California–Oregon border.  The maximum precipitation occurred at 

the terminus of the AR where IVT values were ~300 kg m−1 s−1.  The 24-h precipitation 

amounts decreased farther inland in tandem with a decrease in the daily average IVT.  

This pattern was similar in all AR events throughout February 2014 (not shown).  All 

events showed that maximum precipitation occurred at the terminus of the AR where 

daily average IVT, and daily average IVT convergence (not shown), was maximized over 

land.   

 The temporal relationship between daily average IVT and 24-h precipitation 

amount for February 2014 at two ideal locations is shown via a combination of line and 

bar graph (Fig.4.4).  These graphs show data at 42°N, 124°W and 45.5°N, 123.5°W; both 

of these ideal locations received ~700 mm of precipitation along the western slopes of 

Coastal Ranges during February 2014.  These graphs were created for several other 

locations throughout the western United States and most locations along the western 
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slopes of significant orography showed a similar pattern: a strong statistical relationship 

between daily average IVT and 24-h precipitation amount.  Locations that did not exhibit 

as strong of a relationship are discussed in section e.  The two locations shown in Fig. 4.4 

had correlation coefficient values >0.85 between daily average IVT and 24-h 

precipitation.   

d. Linkage between IWV and Precipitation  

 Most previous studies have focused on and used IWV for AR identification (e.g. 

Ralph et al. 2005, 2006; Neiman et al. 2008, 2011; Dettinger et al. 2011; among others).  

Although this study focused mainly on IVT, IWV was still investigated to find a 

relationship with precipitation amount and location during February 2014 (similar to Rutz 

et al. 2014).  Similar plots as described in the previous section were made using daily 

average IWV and 24-h precipitation (Fig. 4.5).  Similar to daily average IVT, the highest 

amount of precipitation is located at the terminus of the AR, where daily average IWV is 

highest (20–30 mm).  Farther inland, as daily average IWV decreased, precipitation 

amount also decreased.    

The temporal relationship between daily average IWV and 24-h precipitation 

amount for February 2014 for the same two aforementioned locations are shown in Fig. 

4.6.  Both locations exhibit a similar relationship to that found with daily average IVT 

and 24-h precipitation: they suggest a direct relationship between daily average IWV and 

24-h precipitation.  This relationship does not appear to be as strong as the IVT–

precipitation relationship found in Fig. 4.4.  In most cases, IWV and 24-h precipitation 

amount increase in tandem; however this increase is not observed on all days.  The IWV–

precipitation correlation values for these two locations are ~0.7 and ~0.2, respectively.   
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Figures 4.5 and 4.6, along with similar figures created for other days and locations (not 

shown), suggest a strong correlation between IWV and precipitation, but do show that a 

correlation between IVT and precipitation is most likely higher.  The IVT–Precipitation 

correlation is most likely stronger than the IWV–Precipitation correlation because the 

presence of moisture (high IWV) alone does not produce forcing for precipitation.  The 

forcing for precipitation in this case is most likely related to the movement of moisture 

(strong IVT) over regions of significant orography. 

 e. Correlation Maps  

 The statistical relationship between daily average IVT or IWV and precipitation 

amount is shown via maps of correlation values for February 2014 (Fig. 4.7).  The 

correlation maps are calculated in NCL as the sample cross-correlation with a time lag of 

zero.  Using the remapped GFS IVT and IWV data (described in chapter 2) with Stage-IV 

data, a temporal correlation was calculated at every grid point for February 2014 (Fig. 

4.7).  The correlation coefficient values are high (>0.6) throughout most of the western 

United States and highest (>0.75) throughout most of western Washington and Oregon.  

The only region with correlation coefficient values <0.5 were located in valley regions of 

California where monthly total precipitation amounts were <100 mm.  These regions 

experienced similar daily average IVT values as surrounding areas but due to the lack of 

orography, received low precipitation (see Fig. 3.1).  In other words, high daily average 

IVT values compared with low 24-h precipitation totals resulted in low correlation 

coefficient values.  This process also resulted in low correlation coefficient values over 

northeastern California and Nevada.  The reason why low correlation values are not seen 

over the lower topography regions in the Pacific Northwest (eastern Washington and 
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Oregon) is because high magnitudes of IWV and IVT very rarely persist east of the 

Cascade Mountains.  Eastern Washington and Oregon received very low amounts of 

precipitation (>50 mm) and very low IVT and IWV magnitudes.   

 Figure 4.7b shows the correlation between daily average IWV and 24-h 

precipitation amount.  Throughout California and the southern half of Oregon correlation 

coefficient values are relatively high (>0.55).  The areas in California with low 

correlation values received low 24-h precipitation amounts (Fig. 3.1).  Farther north into 

northern Oregon and Washington the correlation coefficient values were much lower 

(<0.50).  All of western Washington had correlation coefficient values <0.45 with 

minimum correlation coefficient values of ~0.10.  Overall, there was a good, but not great 

correlation between daily average IWV and 24-h precipitation amount across the U.S. 

West Coast.   

 The results of Fig. 4.7 indicated there was a stronger correlation between daily 

average IVT and 24-h precipitation amount than daily average IWV and 24-h 

precipitation over most of the western United States.  To show which correlation was 

stronger, the difference between the two correlation coefficient values was calculated, 

similar to Fig. 2c in Rutz et al. 2014 (Fig.4.8).  Any values greater than zero indicates a 

stronger correlation between daily average IVT and 24-h precipitation amount at that 

location, whereas any values less than zero indicate a stronger correlation between daily 

average IWV and 24-h precipitation amount at that location.  In the Pacific Northwest the 

IVT–precipitation correlation coefficient values are higher with a maximum difference of 

0.6–0.7.  Over the Olympic, Cascades and Coastal Mountains, the correlation coefficient 

values differ by ±0.3, whereas in California, the difference between correlation 
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coefficient values were smaller (±0.2).  Along the coast and in northern California, the 

IVT–precipitation correlation coefficient values were slightly larger (<0.02–0.01), 

whereas farther inland along the Sierra Nevada Mountains the IWV–precipitation 

correlation coefficient values were slightly larger (~0.1).  In summary, daily average IVT 

has a much stronger correlation with 24-h precipitation amount than daily average IWV 

throughout Oregon and Washington with relatively equal values throughout California.  

Overall, this difference agrees with the results found in Rutz et al. (2014) which suggests 

that IVT may be a more useful tool in predicting precipitation amounts in association 

with landfalling ARs.   

f. The Importance of IVT Vector Direction  

 The orientation of the AR with respect to orography has been shown as an 

important factor in the enhancement of precipitation (Neiman et al. 2008a, b, 2011; Smith 

et al. 2010; Rutz et al. 2014; among others).  When the water vapor transport along an 

AR is perpendicular to significant orography, topographic enhancement of precipitation 

may occur in association with forced saturated ascent.  Previous sections in this chapter 

have shown that daily average IVT magnitude is well correlated with 24-h precipitation 

amount, but they do not show the relationship to IVT direction.  To investigate this 

relationship, the IVT vector direction and magnitude was explored and compared to 

precipitation (Fig.4.9).  Three different locations are shown along different mountain 

ranges with slightly different orientations:  Figs. 4.9a–b are for 39.5°N, 120.5°W, which 

is located along the Sierra Nevada Mountain Range; Figs. 4.9c–d are for 42°N, 124°W, 

which is located along the Coastal Mountain Range near the California–Oregon border; 

and Figs. 4.9e-f are for 45°N, 122°W, which is located along the Cascade Mountain 
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Range.  These three locations are shown in Fig. 4.10 as well as the “ideal” IVT 

orientation for each location that was associated with the highest precipitation amounts.    

 The plots in the left column of Fig. 4.9 (panels a, c, e) use daily average IVT and 

24-h precipitation and give a better indication of the relationship between event total 

precipitation and IVT.  The plots in the right column of Fig. 4.9 (panels b, d, f) use six-

hour average IVT and six-hour precipitation amount and give a better indication of the 

relationship between short term IVT and precipitation.  These plots show how much 

precipitation occurred during each period and the average IVT direction and magnitude 

during that time period.  In short, these plots indicate the favorable IVT magnitudes and 

directions for different precipitation amounts.   

 The first location (39.5°N, 120.5°W) in the northern Sierra Nevada Mountains 

received >400 mm precipitation during February 2014 (~50% of the total water year 

precipitation) and has an upslope flow direction from ~240°.  The three days with the 

highest 24-h precipitation amounts (8–10 February) had daily average IVT oriented 

~240° (Figs. 4.9a–b).  During these three days, the six-hour average IVT was also 

roughly from the same direction.  During most time periods where average IVT was 

oriented between 200° and 260° (e.g. SSW–W), some precipitation did occur.  Most time 

periods with average IVT orientation outside this range produced either none, or very 

little precipitation.  When IVT direction is oriented in a direction other than SSW–W the 

AR is oriented roughly parallel to the ridgeline, this will lead to no or very little 

additional ascent, and thus no or very little topographic enhancement of precipitation will 

occur.  Therefore, enhanced saturated ascent and maximum topographic enhancement of 
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precipitation will occur when IVT direction is from near 240°, parallel to the upslope 

terrain gradient. 

 The second location (42°N, 124°W) along the Coastal Range near the California-

Oregon border received as much as 800 mm of precipitation during February 2014 

(~40% of the total water year precipitation) and has an upslope flow direction from 

~250°.  The three days with the highest amount of precipitation (13–15 February) all had 

daily average IVT vectors oriented from ~240° (Figs. 4.9c–d).  Similar to the first 

location, the majority of the precipitation occurred during time periods with average IVT 

direction oriented between 210° and 260° (e.g. SSW–W), whereas any time periods with 

average IVT direction oriented outside of this range produced none, or very little 

precipitation.  Therefore, IVT direction oriented from ~250° is the ideal IVT orientation 

to force saturated ascent and topographically enhance precipitation over the Coastal 

Range. 

 The last location (45°N, 122°W) along the Cascade Mountains in Washington 

received as much as 600 mm of precipitation during February 2014 (~30% of the total 

water year precipitation) and has an upslope flow direction from ~270°.  Compared to the 

previous two locations high precipitation amounts should be favorable with a more 

westerly average IVT orientation due to the difference in ridgeline orientation.  During 

the days and time periods when the highest amounts of precipitation were produced, the 

average IVT orientation was between 245° and 260° (Fig. 4.9e–f).  This is not directly 

perpendicular to the ridgeline of the Cascade Range.  Precipitation was produced during 

time periods with an average IVT direction oriented between 215° and 305°, whereas no 

precipitation occurred during time periods where average IVT direction orientation was 
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outside this range.  The results of Figs. 4.9e–f suggests that the Cascade Range is 

susceptible to precipitation occurring from a larger range of average IVT direction 

orientation compared to the Coastal and Sierra Nevada Mountain Ranges (Figs. 4.9a–d), 

with the ideal IVT direction orientation being from the WSW. 

 Overall these results suggest that IVT direction relative to orography is just as 

important as IVT magnitude in producing precipitation.  If IVT vectors are oriented 

perpendicular or close to perpendicular to the upslope terrain gradient, little to no 

topographic enhancement of precipitation will occur.  ARs are not commonly oriented 

perpendicular to the terrain gradient due to the orography of the west coast and the 

orientation that ARs typically interact with the U.S. West Coast.  In most AR cases the 

IVT is oriented roughly parallel to the upslope terrain gradient and therefore causes 

forced saturated ascent which may result in topographic enhancement of precipitation.  

However, a change in several degrees of orientation can significantly impact the amount 

of precipitation that will occur over a given location.  Note, however, that an increase in 

IVT magnitude with an orientation that slightly deviates from the ideal orientation may 

produce similar precipitation amounts due to the projection of the IVT vector onto the 

ideal orientation vector.  In some cases the ideal IVT vector direction did occur at times 

where little to no precipitation was produced.  These deviations from the overall pattern 

are most likely attributed to differences in timing of the presence of IVT and precipitation 

production.  At the beginning of AR events it is possible to have AR conditions over a 

given location prior to the production of precipitation.  These conditions are also possible 

during events with the presence of mesoscale frontal waves during transitions between 

different “waves” of strong IVT.  These temporal differences are especially evident in the 



55 
 

six hour data which shows an IVT value valid at the time of the model run and total 

accumulated precipitation from the previous six hours.  If IVT conditions occurred over a 

location slightly before the valid model time, the results would show strong IVT with 

relatively low precipitation amounts.   

 IVT direction was investigated during six-hour periods where >10 mm of 

precipitation occurred in order to show the importance of IVT direction at multiple 

locations in proximity to one another (Fig. 4.11).  Along the Sierra Nevada Mountain 

Range, the average IVT orientation during six-hour periods with >10 mm of precipitation 

was southwest (230°–240°); along the Coastal Mountain Range, the average IVT 

orientation was oriented west southwest (235°–240°); lastly along the Cascade Range, the 

average IVT orientation was oriented westerly (250°–270°), all roughly parallel to the 

terrain gradient.  It is important to note the average IVT orientation necessary to produce 

significant precipitation over the Central Valley of California.  While precipitation was 

much lower in this region during February, a few occurrences of six-hour precipitation 

>10 mm did occur (Fig. 4.11a).  During these times, the average IVT direction was from 

the south (<180°–210°).  This southerly AR orientation produces weak upslope flow 

north through the valley which allows for weak saturated ascent and topographic 

enhancement of precipitation, but much less than that caused by near-by significant 

orography.  Southerly AR orientation produced very little precipitation in any other 

region along the U.S. West Coast.  These results agree with findings from earlier in this 

section as well as previous studies (e.g. Neiman et al. 2008a, b, Ralph et. al. 2003, 2012, 

among others) that suggest that the highest amount of precipitation will be produced 

when IVT orientation is parallel to the upslope terrain gradient. 
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 Average IVT magnitude was also calculated for all grid points during periods 

where the six-hour precipitation exceeded 10 mm (Fig. 4.11c).  The results illustrate that 

regions with the highest orography are associated with smaller IVT magnitudes.  The 

highest elevations where significant precipitation occurred along the U.S. West Coast 

(e.g. Sierra Nevada Range and Olympic Mountains) had lower average IVT magnitudes 

compared to locations with lower elevations (e.g. Central Valley of California and the 

Willamette Valley of Oregon).  Other regions of high precipitation, along the Coastal and 

Cascade Ranges, with lower altitude orography were associated with higher amounts of 

IVT magnitudes.  Lower elevations with little or no orography, the Central Valley for 

example, also were associated with high IVT magnitudes.  The results of Fig. 4.11c 

indicate that lower magnitudes of IVT are required for precipitation production over 

significant orography compared to regions with no significant orography.     

The results and analysis are particularly interesting; however, these analyses are 

created using only one month of data.  In most locations only a few AR events are 

included, and differences in individual AR magnitudes and orientations likely influenced 

the results.  For example, an AR with particularly high IVT over a certain area can affect 

the results of average IVT magnitude during a period of several lesser precipitation 

events.  To better illustrate the results shown in this section, an increase in data and cases 

are essential to mitigate the influence of small changes driven by individual AR events.  

The implications of an increase in data and case studies are described in the future work 

section of this thesis.  
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g. Chapter Tables and Figures 

Fig. 4.1. Number of hours with IWV >20 mm (shaded) during February 2014.  The data source is the 

NCEP GFS model. 

 

Fig. 4.2. As in fig. 4.1, except for IVT values >250 kg m−1 s−1. 
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Table 4.1. Summary of all landfalling ARs during February 2014 showing start date, end date, landfall date 

and landfall location as described in section b of this chapter. 

Number Start Date End Date Landfall Date 
Landfall 

Location 

1 0600 UTC 02/04/14 0600 UTC 02/06/14 0000 UTC 02/06/14 38°N 123°W 

2 1800 UTC 02/06/14 0000 UTC 02/11/14 0000 UTC 02/08/14 40°N 124°W 

3 0600 UTC 02/10/14 0600 UTC 02/13/14 1800 UTC 02/11/14 45°N 124°W 

4 1200 UTC 02/13/14 0600 UTC 02/15/14 0000 UTC 02/14/14 40°N 124°W 

5 0000 UTC 02/15/14 0000 UTC 02/16/14 1200 UTC 02/15/14 42°N 124°W 

6 0600 UTC 02/15/14 1200 UTC 02/17/14 0000 UTC 02/17/14 46°N 124°W 

7 1800 UTC 02/17/14 0000 UTC 02/19/14 1200 UTC 02/18/14 44°N 124°W 

8 1800 UTC 02/17/14 1200 UTC 02/20/14 0000 UTC 02/20/14 45°N 124°W 

9 0000 UTC 02/23/14 0000 UTC 02/25/14 0000 UTC 02/24/14 44°N 124°W 

10 0000 UTC 02/25/14 1800 UTC 02/26/14 0000 UTC 02/26/14 38°N 123°W 

11 0600 UTC 02/26/14 1200 UTC 02/27/14 1800 UTC 02/26/14 35°N 121°W 

12 1800 UTC 02/27/14 1200 UTC 03/01/14 0600 UTC 02/28/14 35°N 121°W 

 

Fig. 4.3. NCEP GFS 24-h average IVT (kg m−1 s−1; contoured every 100 kg m−1 s−1 beginning at 200 kg m−1 

s−1, vectors greater than 250 kg m−1 s−1 scaled relative to the reference vector) overlaid atop NCEP Stage IV 

24-h precipitation (mm; shaded according to scale) ending 1200 UTC 15 February 2014. 
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Fig. 4.4. NCEP GFS 24-h average IVT (kg m−1 s−1 ; blue line) and Stage IV 24-h precipitation (mm: yellow 

bars) for February 2014 at a) 42°N, 124°W and b) 45.5°N, 123.5°W.   

 

Fig. 4.5. As in Fig. 4.3, except for IWV (mm; contoured every 4 mm beginning at 12 mm). 
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Fig. 4.6. As in Fig. 4.4, except for IWV (mm; blue line).   

 

Fig. 4.7. Correlations coefficient between NCEP Stage IV 24-h precipitation and NCEP GFS daily average 

a) IVT b) IWV. 

a) b) 
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Fig. 4.8. Difference between Fig. 4.7a and Fig. 4.7b. 
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Fig. 4.9. NCEP GFS IVT magnitude (kg m−1 s−1) and direction (radial distance from center and radial arc 

location, respectively) and precipitation (mm; circles shaded according to scale) with day of the time 

period.  Note change in precipitation scale for left vs. right columns and magnitude on radii in panels.   
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Fig. 4.10. Locations and “ideal” IVT direction for orographic enhancement of precipitation for three 

locations show in Fig. 4.9.  Map courtesy of Google Maps. 
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Fig. 4.11 a) Number of six-hour periods during February 2014 with >10 mm of precipitaion, b) average 

IVT direction for six-hour time periods with precipitation >10 mm, and c) average IVT magnitude for six-

hour time periods with precipitation >10 mm during February 2014.  The data sources are the NCEP Stage 

IV Quantitavtive Precipitation Estimate in panel (a) and GFS model in panels (b) and (c).   
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CHAPTER 5 

5. Two Illustrative Case Studies 

This chapter illustrates two different AR events that made landfall along the U.S. 

West Coast during February 2014.  The two case studies are examples of two distinctly 

different ARs with respect to their locations, orientations, water vapor budget tendencies 

and associated precipitation amounts and locations.  The AR events took place on 8–10 

February 2014 and 19–21 February 2014 and are presented in sections a and b, 

respectively.  Section c will discuss comparisons between the water vapor budgets of 

each AR. 

a. 8–10 February 2014  

The landfall of a strong AR on 8–10 February 2014 coincided with a period of 

heavy precipitation along the U.S. West Coast.  The AR made landfall over northern 

California near 40°N, 124°W at ~0000 UTC 8 February 2014 (Fig. 5.1b) associated with 

heavy precipitation throughout central California..  The AR was oriented from the 

southwest towards the northeast and extended from near the Hawaiian Islands to northern 

California.  After making landfall the AR propagated south along the coast and decayed 

over southern California.  The AR was located in the warm sector of a low pressure 

system that made landfall over southern Oregon at approximately 0300 UTC 9 February 

2014 with a minimum sea level pressure of 1000 hPa. 

The exact time of AR formation is difficult to pinpoint due to the presence of 

broad AR conditions over the Hawaiian Islands on 5 February 2014.  The AR initially 

appears at ~1200 UTC 5 February 2014 within a region of IVT >250 kg m−1 s−1 near 
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23°N, 155°W (Fig. 5.1a).  The AR was located within the warm sector of a low pressure 

system located in the left entrance region of a 60–70 m s−1 North Pacific Jet Streak with 

minimum sea level pressure <1004 hPa (Fig. 5.2a).  Over the next 48 hours the AR 

propagated northeast across the eastern North Pacific and the parent low pressure system 

became located in the left exit region of the North Pacific Jet and deepened to ~1000 hPa 

prior to landfall (Fig. 5.2b).  The AR made initial landfall over northern California at 

~40°N, 124°W at ~0000 UTC 8 February 2014 with values of IVT at the coast of ~500 

kg m−1 s−1 (Fig. 5.1b).  For the next 36 hours, the location and intensity of the AR 

(defined by IVT) remained relatively constant over and along the coast (Fig. 5.1c).  The 

AR did penetrate inland during this time; IVT values of ~400 kg m−1 s−1 penetrated inland 

over the Sierra Nevada Mountains.  After 1200 UTC 9 February 2014, the AR translated 

south and dissipated (i.e., IVT and IWV decreased below 250 kg m−1 s−1 and 20 mm, 

respectively).  The dissipation time is defined as the first time when the area of IVT > 

250 kg m−1 s−1 was smaller than the area required to be considered an AR (defined in 

Chapter 2, Section e).  The duration of contiguous AR conditions was ~132 hours from 

1200 UTC 5 February 2014 (near Hawaii) to 0000 UTC 11 February 2014 and was over 

land for 60 hours (over California), from 0000 UTC 8 February 2014  to 1200 UTC 10 

February 2014.  For the 60 hour duration of AR landfall there were several different 

waves of moisture that were likely associated with mesoscale frontal waves (Ralph et al. 

2011).   A secondary low pressure system associated with this AR made landfall at ~1800 

UTC 8 February 2015 with sea level pressure <1000 hPa (Fig. 5.2c).  Herein this event is 

considered one AR because AR conditions were met through a contiguous area of 

IWV/IVT throughout the passage of each of these waves.   
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 The maximum IWV (48 mm) occurred early in the lifecycle of the AR near 33°N, 

145°W between 0000 UTC 7 February 2014  and 0000 UTC 8 February 2014 (Fig. 5.1).  

The maximum IWV value over land (34 mm) occurred shortly after landfall at 0000 UTC 

9 February 2014.  The maximum IVT value (~1000 kg m−1 s−1) occurred later in the 

lifecycle of the AR at 0000 UTC 8 February 2014 near 34°N, 140°W.  The maximum 

IVT value over land (700 kg m−1 s−1) occurred at 0000 UTC 9 February 2014 near 38°N, 

123°W.  IVT values >600 kg m−1 s−1 were located over the same area from 1200 UTC 8 

February 2014 until shortly after 0000 UTC 10 February 2014.   

The maximum 72-hour accumulated precipitation ending at 1200 UTC 10 

February 2014 associated with the landfall of this AR fell over the northern Sierra 

Nevada Mountain range (Fig. 5.3).  The maximum 72-h precipitation (350–400 mm) 

occurred over the west facing slopes of the Sierra Nevada ~40 kilometers west of Reno, 

NV near 39.5°N, 121°W; a relatively large area (~1000 km2) surrounding this region 

received >300 mm.  A larger area of ~15000 km2 received >200 mm of precipitation over 

this region.  A second precipitation maximum of 275–200 mm occurred along the 

California Coastal Range near 38°N, 123°W.  In the valley between these two mountain 

ranges, the 72-hour accumulated precipitation was <75 mm.  The low amounts of 

precipitation amounts in the valleys as compared to the flanking mountain ranges suggest 

a strong orographic enhancement of precipitation during this event.   

The 8–10 February 2014 AR event was the only AR to produce noteworthy 

precipitation over the Sierra Nevada during February 2014.  The western portion of the 

Sierra Nevada Range and nearby regions received 70–90% of their monthly precipitation 

during this three-day period (Fig. 5.4).  Nearly all of the area in California and Nevada 
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between 38°N and 41°N received 50% of their monthly precipitation from this three-day 

period.  In other words, although the monthly precipitation totals were high in these 

regions, the majority of that precipitation occurred in one three-day period associated 

with the landfall of one AR and several mesoscale frontal waves.   

The 72-hour precipitation from this AR event also represents a significant amount 

of the total water year precipitation (Fig. 5.5).  The region where maximum precipitation 

occurred (the Northern Sierra Nevada) received as much as 50% of their total water year 

precipitation from this three-day period.  Along the Coastal Range, north of San 

Francisco, the entire region received up to 60%, with a small region up to 70% of their 

total water year precipitation during this event.  The majority of central and northern 

California and southwestern Oregon received >30% of their total water year precipitation 

during these three days.  These results indicate that the landfall of this AR was a very 

significant precipitation event for California: it produced a quantifiably large amount of 

annual precipitation during only three days. These results agree with previous research 

that indicated that a large percentage of annual precipitation occurs during only a handful 

of AR events (e.g., Neiman et al. 2011; Dettinger 2013; Matrosov 2013).   

b. 19–21 February 2014   

Whereas many ARs contain water vapor that originate in the tropics, some ARs 

develop in the midlatitudes and may contain water vapor that does not originate in the 

tropics.  A few AR events did occur during February 2014 that originated in the 

midlatitudes, made landfall along the Pacific Northwest coast, and had an orientation 

from west-to-east or from northwest-to-southeast.  Such an AR made landfall on 20 
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February 2014 northwest of Portland, Oregon.  This AR developed in the midlatitudes 

and stretched west-east across the North Pacific Ocean (Fig. 5.6).   

 The AR formed out of a region of IVT > 250 kg m−1 s−1 near 40°N, 180°W that 

began to move east away from an existing AR at ~1800 UTC 17 February 2014 (Fig 

5.6a).  The AR was oriented southwest-northeast within the warm sector of a mid-latitude 

cyclone located in the right entrance region of a 60–70 m s−1 anticyclonically curved jet 

streak with sea level pressure <996 hPa (Fig. 5.7a). The IVT and IWV values associated 

with the AR increased as the AR moved east across the North Pacific.  The maximum 

IVT value observed within the AR (>800 kg m−1 s−1) occurred near 47°N, 155°W at 0600 

UTC 19 February 2014; IVT values decreased after this time as the AR continued to 

move eastward toward the U.S. West Coast.  The parent low pressure system became 

occluded and weakened to ~1004 hPa just prior to landfall (Fig. 5.7b).  The AR made 

landfall with an IVT magnitude of ~350 kg m−1 s−1 near 45°N, 124°W at 0000 UTC 20 

February 2014 (Fig. 5.6b).  The AR moved inland during the next 12 hours and IVT 

values decreased to 300 kg m−1 s−1 over the Coastal Range in northwestern Oregon and 

southwestern Washington (Fig. 5.6c).  The parent low continued to weaken and move 

north away from the AR as the North Pacific Jet weakened below 50 m s−1.  The AR 

dissipated quickly after 1200 UTC 20 February 2014 (Fig.5.6d) when it became 

disconnected with the parent low (Fig. 5.7d).  The duration of contiguous AR conditions 

was ~96 hours from 1800 UTC 17 February 2014 (southwest of the Aleutian Islands) to 

1800 UTC 20 February 2014 (near Oregon), and was over land for ~18 hours from 0000 

UTC 20 February 2014 to 1800 UTC 20 February 2014.   
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The maximum IWV value (~30 mm) occurred early in the lifecycle of the AR at 

1800 UTC 18 February 2014 IWV near 43°N, 168°W (Fig. 5.6).  The IWV values 

decreased as the AR moved eastward across the Pacific Ocean.  The maximum IWV 

values over land (~22 mm) occurred before AR dissipation near Portland, OR at 1200 

UTC 20 February 2014.  This area of high IWV values (>20 mm) remained in the region 

after AR dissipation (from 0000 UTC 20 February 2014 to 1200 UTC 21 February 2014), 

as quantified by IVT values decreasing below 250 kg m−1 s−1.  The maximum IVT value 

(>800 kg m−1 s−1) also occurred early in the lifecycle of the AR at 0000 UTC 19 February 

2014 near 47°N, 156°W; the duration of this area of high IVT values was approximately 

six hours.  Similar to the IWV values, IVT values decreased as the AR moved eastward 

across the North Pacific.  The maximum IVT values over land (300–400 kg m−1 s−1) 

occurred at 45°N, 124°W concurrent with landfall at 0000 UTC 20 February 2014.  The 

area of IVT values >300 kg m−1 s−1 moved eastward (inland) and decreased in size before 

dissipating at 1800 UTC 21 February 2014.   

 This 19–21 February 2014 AR event contained lower IWV and IVT values than 

the 8–10 February 2014 AR event and was associated similarly with lower 72-hour 

accumulated precipitation over the western U.S.  The duration of AR landfall was for a 

shorter period and was associated with <200 mm of precipitation over the Coastal, 

Olympic, and Cascade Mountain Ranges (Fig. 5.8).  The Olympic Mountains generally 

received >60 mm of precipitation, whereas the Coastal Range received as much as ~130 

mm of precipitation near the AR landfall location; an area ~2000 km2 received >100 mm 

of precipitation.  Inland locations along the Cascade Range also received >40 mm of 
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precipitation and three regions in Washington also received >100 mm of precipitation 

during the landfall of this AR event.   

 The fraction of the monthly precipitation that fell during the 19–21 February 2014 

period is low as compared to the 8–10 February 2014 event (Fig. 5.9).  The Pacific 

Northwest received <25% of their monthly precipitation from this event, whereas the 

Olympic Mountains and northern Coastal Mountains received 15–20% of their monthly 

precipitation during this 72-hour period.  The maximum percentage of monthly 

precipitation (30–35%) occurred north of Seattle, Washington.  The landfall of this AR 

was associated with <10% of the total water year precipitation for all areas (Fig. 5.10).  

The Coastal and Olympic Mountains received 3–5% of their total water year precipitation 

from this event, whereas most of western Washington and western Oregon received 2–

4% of their total water year precipitation from this event.   

The 19–21 February 2014 AR event produced a relatively large amount of 

precipitation over Washington and Oregon, but it was not nearly as significant as the 8–

10 February 2014 AR event over California.  The region that was mainly affected by the 

19–21 February 2014 event receives much higher amounts of precipitation annually than 

the Sierra Nevada region; the Washington/Oregon region received more than twice as 

much precipitation in February 2014 than the Sierra Nevada region.  This dichotomy 

results in the fraction of monthly precipitation and total water year precipitation from the 

19–21 February 2014 period to be lower than the 8–10 February 2014 period.  The 

orientation, apparent water vapor source regions, IVT magnitudes, and IWV values were 

also different for these two events.  The last section of this chapter will illustrate the 

differences in the water vapor budget and discuss how these differences may have 
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influenced the AR characteristics and their respective influence on precipitation across 

the western U.S.   

c. Water Vapor Budget Comparisons 

 In an effort to analyze the life cycles of ARs the IWV budget, IWV tendency 

(IWVT), and the processes that contribute to their propagation is calculated for each case 

study.  The IWVT is calculated as: 

IWVT = − ∇∙ IVT + Evaporation – Precipitation            (2) 

where all variables can be expressed in units of mm day−1 (Cordeira et al. 2013).  The 

IVT divergence is multiplied by negative one so that IVT convergence is used as a source 

of IWV in the IWVT equation.   Evaporation is also a source of IWV in the IWVT 

equation, whereas precipitation is a sink for IWV in the IWVT equation.  A three-day 

average of Eq. 1 is used to provide a summary of the contributions to “AR maintenance” 

as each AR propagated across the North Pacific (Fig. 5.11–10).   

Different ARs have been shown to develop and propagate mainly due to 

evaporation, IVT convergence, or the horizontal transport of IWV (IVT); the events 

shown in this chapter are such examples.  The horizontal transport of IWV can lead to 

regions of IVT convergence, but does not in all cases.  The 8–10 February 2014 event 

was primarily an example of transport of IWV out of the tropics with small sources of 

IWV throughout the lifecycle of the AR (Fig. 5.11).  The IWVT was mostly negative or 

neutral along the corridor of the 8–10 February 2014 AR (Fig. 5.11a), suggesting that the 

AR maintained itself (or weakened slowly) along its path rather than strengthening or 

gaining IWV.  The IVT convergence was the most influential maintenance mechanism as 
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it was positive along the front (east) side of the AR during the 8–10 February 2014 event, 

albeit with relatively low magnitudes (Fig. 5.11b).  The 19–21 February 2014 AR had a 

lower IWV values than the 8–10 February 2014 event, but was apparently able to 

maintain itself due to a low precipitation rate along the AR corridor prior to landfall (Fig. 

5.12d).   

 The patterns seen in Fig. 5.11–10 indicate that the location and orientation of the 

AR does affect how the AR propagates and develops.  Unlike the 8–10 February 2014 

event, the 19-21 February 2014 AR event was not connected to the tropics, which can 

produce high IWV and IVT values by association.  The 19–21 February 2014 event 

maintained high IWV values largely through IVT convergence and evaporation; shown 

by the positive IWVT over the entire AR region (Fig. 5.12). In contrast, the 8–10 

February 2014 event shows only small areas of positive IWVT in the AR region with the 

majority of the corridor showing negative IWVT.  This difference in IWVT pattern 

implies that although the 8–10 February 2013 was provided with small increases in IWV 

through evaporation and IVT convergence, a majority of the IWV in the AR was likely 

drawn and transported from the tropics.  The results of the IWVT for each AR event 

show that small differences in evaporation rate, precipitation rate or IVT convergence can 

play a large role in the IWVT, which can result in large differences in AR strength and 

precipitation.   

The similarity that binds both cases is that the IWVT was positive along the front 

(east/downstream) side of the AR near the landfall location, indicating that the ARs 

propagated towards regions of positive IWVT.  The positive IWVT near the terminus of 

the AR may help maintain the AR and in some cases allow for increases in IWV and IVT 
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values.  The second similarity between the two AR events in this study is the strong 

negative IWVT over land after AR landfall, which most likely leads to the quick 

dissipation of ARs.  Negative IWVT over land shows that once the AR makes landfall, 

high precipitation rates occur and cause a strong and quick reduction in moisture content 

resulting in the dissipation of the AR. 

d. Chapter Figures 

Fig. 5.1. NCEP GFS IVT (kg m−1 s−1; shaded according to scale and with vectors plotted with a magnitude 

>250 kg m−1 s−1) and IWV (mm; contoured every 10 mm beginning at 20 mm) for a) 1200 UTC 5 February 

2014  b) 0000 UTC 8 February 2014  c) 1800 UTC 8 February 2014  d) 0000 UTC 11 February 2014. 

NCEP GFS IVT (kg/m/s; shaded, vectors) and IWV (mm; contours)  
b 

d 

a 

c 
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Fig. 5.2. NCEP GFS sea level pressure (hPa; contoured every 4 hPa), IWV (mm; gray shading), 250-hPa 

winds (m/s; colored shading), and 1000–500-hPa thickness (dm; dashed contours every 6 dm) valid a) 0000 

UTC 6 February 2014, b) 0000 UTC 8 February 2014, c) 1800 UTC 8 February 2014 and d) 0000 UTC 10 

February 2014.  Images courtesy of Heather Archambault, University of Albany.   
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Fig. 5.3. NCEP Stage-IV 72-hour accumulated precipitation (mm) for 8–10 February 2014. 
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Fig. 5.4 Percentage of February 2014 monthly precipitation that occurred during 8–10 February 2014. 

 

Fig. 5.5. Percentage of total water year (Oct. 2013–Sep. 2014) precipitation that occurred during 8–10 

February 2014.  
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Fig. 5.6. As in Fig. 5.1, except for a) 1800 UTC 17 February 2014 b) 0000 UTC 20 February 2014 c) 1200 

UTC 20 February 2014 d) 1800 UTC 20 February 2014. 

NCEP GFS IVT (kg/m/s; shaded, vectors) and IWV (mm; contours)  
b 

d 

a 

c 
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Fig. 5.7. As in Fig. 5.2 except valid a) 1800 UTC 18 February 2014 b) 1200 UTC 19 February 2014 c) 

0600 UTC 20 February 2014 d) 0000 UTC 21 February 2014. 
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Fig. 5.8. As in Fig. 5.3, except for 19–21 February 2014.  
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Fig. 5.9. As in Fig. 5.4, except for 19–21 February 2014. 

 

Fig. 5.10. As in Fig. 5.5, except for 19–21 February 2014. 
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Fig. 5.11. Three-day time-mean calculations of the a) IWV tendency, b) IVT convergence, c) evaporation 

rate and, d) precipitation rate, (mm day-1; shaded according to scale) with IWV (mm; contoured every 10 

mm beginning at 20 mm) and IVT (vectors plotted with a magnitude >250 kgm-1s-1) for 7–9 February 2014.  

The data source is the NCEP GFS model. 
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Fig. 5.12. As in Fig. 5.11, except for 18–20 February 2014. 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 
 

CHAPTER 6 

Chapter 6. Concluding Discussion and Future Work 

a. Summary and Context of Results 

The main objectives of this study were to observe and investigate ARs that 

developed over the Pacific Ocean during February 2014 and to focus on a subset of these 

ARs that made landfall along the U.S. West Coast.  There were twelve AR events that 

made landfall along the U.S. West Coast during February 2014 that individually were 

associated with heavy precipitation, large fractions of monthly precipitation, and large 

fractions of total water year precipitation.  As much as 900 mm of precipitation fell 

during February 2014 during an anomalously dry winter throughout the western United 

States.  In most locations this precipitation occurred during only a few days and 

accounted for as much as 80% of total water year precipitation in parts of California.   

Many previous studies have investigated the lifecycles of ARs over the North 

Pacific and their resulting landfall impact along the U.S. West Coast, as discussed in 

Chapter 1. These studies have primarily investigated and illustrated one of the many 

characteristics of ARs related to their climatology, intensity, orientation, landfall, 

precipitation distribution, influence on droughts, influence on snow level, etc., whereas 

this study attempted to consolidate, represent, and expand upon most of these 

characteristics for one period during February 2014. A summary of these characteristics, 

including past studies, location in the current thesis, a characteristics not discussed by this 

thesis, are shown in Table 6.1. 

ARs have been proven to be associated with large amounts of precipitation that 

can account for large percentages of annual precipitation (Ralph et al. 2006; Dettinger et 
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al. 2011; Neiman et al. 2011).  An AR event that made landfall during 8–10 February 

2014 was associated with as much as 60% of total water year precipitation in California 

(Ch. 5a); total February 2014 precipitation accounted for as much as 80% of total water 

year precipitation in California (Ch. 3b).  ARs have also been associated with ending 

times of significant and extreme drought (Dettinger 2013).  The precipitation that 

occurred during February 2014, in association with multiple AR landfalls, ended 

moderate and severe drought throughout western Washington and northwestern Oregon 

and temporarily improved drought conditions across nearly the entire Western U.S 

(Ch.3d). 

The effect of orography on precipitation production and a strong relationship 

between orography and precipitation amount has also been illustrated in several AR 

events (e.g., Ralph et al. 2003, 2006; Neiman et al. 2008a, 2011; Smith et al. 2010).  All 

of these studies have shown that the majority of precipitation associated with landfalling 

ARs occurs over higher orography indicating that the terrain gradient can lead to 

enhanced saturated ascent and precipitation.  During February 2014 the maximum 

amounts of total monthly precipitation occurred in regions of high orography (Ch. 3a) 

agreeing with previous studies.  Maximum monthly precipitation (>800 mm) during 

February 2014, as well as maximum event total precipitation, occurred over the Coastal, 

Cascade, or Sierra Nevada Mountain Ranges (Fig. 3.1).   

This study found a strong statistical relationship among specific AR 

characteristics related to IVT magnitude and direction, observed precipitation amounts, 

and key topographic barriers across the U.S. West Coast.  For example correlation 

coefficient values between IVT/IWV magnitude and precipitation amounts were >0.70 
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and >0.50 respectively throughout most of the western U.S.  Whereas an increase in IVT 

magnitude showed an increase in precipitation in most locations, specific orography 

suggested that there exists an ideal IVT vector orientation that can produce high 

precipitation amounts (Ch. 4f).  The highest amounts of precipitation were produced 

when IVT vector orientation was parallel to the upslope terrain gradient of a mountain 

range, suggesting strong topographic enhancement of precipitation.   

The lifecycles (i.e., formation, propagation, and landfall) of two disparate 

landfalling AR events were analyzed, along with specific characteristics about the 

intensity and orientation at landfall associated with each. The first AR made landfall over 

northern California near 40°N, 124°W at ~0000 UTC 8 February 2014.  During the 72-h 

period associated with the landfall of this AR, >350 mm of precipitation was produced 

over the Sierra Nevada; accounting for up to 50% of total water year precipitation.  The 

second AR made landfall over northern Oregon near 45°N, 124°W at 0000 UTC 20 

February 2014. Only ~3–5% of total water year precipitation was associated with the 

landfall of this AR, as <200 mm of 72-h accumulated precipitation occurred over the 

Coastal Range of Washington and Oregon.  The analyses of these two AR events 

suggested that differences in AR location and orientation and concomitant differences in 

IWV/IVT magnitude and orientation resulted in differences in the amount and location of 

precipitation associated with the landfall of each AR.   

The formation and propagation of each of these ARs was explored further via the 

water vapor budget and the IWV tendency.  Few previous studies have investigated the 

IWVT of ARs (e.g., ; Smith et al. 2010; Cordeira et al. 2013; Neiman et al. 2014); the 

main findings of these studies were that ARs can develop and be maintained if any 
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decrease in IWV via precipitation can be offset by an increase in IWV through IVT 

convergence and evaporation.  The IWVT analysis indicated that the IWV within ARs 

can develop and be maintained through strong IVT convergence or evaporation, or can 

have low values of both and exist mainly due to strong IVT out of the tropics (Ch. 5c).  

The IWVT analysis also suggested that the location and orientation of the AR can play a 

large role in how the AR is maintained.  The IWVT analysis showed that if an AR is 

connected to the tropics it is possible to be maintained through strong IVT out of the 

tropics, whereas if an AR is located in the midlatitudes it is possible to be maintained 

through IVT convergence or evaporation.  Lastly, the IWVT analysis suggested that ARs 

propagate towards regions of strongly positive IWVT and dissipate rapidly over land due 

to an increase in precipitation processes.   

b. Application of Results 

The landfall of ARs along the U.S. West Coast influences the occurrence of 

floods, termination of droughts, and the total water year precipitation (e.g., Ralph et al. 

2006; Dettinger et al. 2011; Dettinger 2013; among others).  These impacts along the 

U.S. West Coast motivate research that seeks to improve understanding of the 

relationship between ARs and extreme precipitation, and to develop new forecasting 

techniques.  For example, there is a large amount of uncertainty and error in the location 

and amount of precipitation derived from numerical weather prediction models.  Because 

of these uncertainties, it is important to use past events as analogs to forecast future 

events, and to use derived “local” knowledge and new datasets in order to better predict 

the precipitation associated with the development, propagation, and landfall of ARs along 

the U.S. West Coast. 
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This study highlighted a strong relationship between the IVT magnitude and 

direction associated with landfalling ARs and the observed precipitation amount during 

February 2014 (Ch. 4). These results parallel those shown by recent studies on the impact 

of landfalling ARs by Dettinger (2013) and Rutz et al. (2014), among others.  The results 

contained herein, and those of recent studies, suggest that the use of historical 

relationships among IVT magnitude, IVT direction, terrain, and precipitation may be 

used to improve forecasts of precipitation during the landfall of AR events. For example, 

a forecast of IVT magnitude and direction during the landfall of a particular AR event 

may be combined with information about how much precipitation resulted from similar 

oriented ARs with equal magnitudes in the past in order to generate a more accurate or 

more informed precipitation forecast.   

The “radial” IVT magnitude and direction diagrams shown in Fig. 4.9 could serve 

as a useful tool in forecasting precipitation associated with landfalling ARs if the dataset 

were expanded from 1 month to (e.g.) 5 years or more.  If IVT magnitude and direction 

were forecasted for a location, these diagrams could be used to determine precipitation 

potential for that location based on previous events with similar IVT magnitudes and 

directions.  For example, based on the data from February 2014, if forecasted 24-h IVT 

values exceeded 400 kg m−1 s−1 from ~230° at location near 42°N 124°W (Fig. 4.9c), 

there would be the potential for >50 mm of precipitation during that 24-hour period.  A 

similar method could be applied to forecast precipitation with the use of Figure 4.10.  If a 

given set of AR conditions is forecasted (e.g., IVT magnitude and orientation over a 

given location), a precipitation forecast can be developed based on previous events.  For 

example, based on February 2014 data, if an AR is expected to make landfall along the 
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Oregon Coast with an IVT orientation of ~260° and IVT values > 350 kg m−1 s−1, high 

amounts of precipitation are most likely to occur inland along the Cascade Mountains 

throughout Oregon (Fig, 4.10).  This application can be applied to any other combination 

of IVT magnitude and orientation over any other location along the U.S. West Coast.  

The subtle changes in ideal IVT orientation with respect to orography agree with the 

findings of Neiman et al. (2011), which illustrated that different IVT conditions resulted 

in different watersheds being susceptible to high amounts of precipitation resulting in 

high streamflow.  The results of this analysis lead to the ability to forecast the potential of 

high amounts of precipitation and high streamflow in individual watersheds given the 

forecasted IVT conditions.  However, using only one month of data is not a large enough 

sample size for accurate or well informed analog predictions.  If these diagrams could be 

expanded to include multiple years of data, their trends and patterns would yield more 

information and be potentially much more useful in forecasting precipitation associated 

with a variety of landfalling ARs.   

As discussed in Chapter 5d, the water vapor budget tendency (IWVT) can provide 

information on the lifecycles of ARs by providing details about how and why ARs 

develop, maintain (e.g., gain IWV), and decay (e.g., lose IWV).  Whereas both ARs 

investigated in this study appeared to dissipate mainly due to precipitation, they also 

appeared to have developed and maintained through different mechanisms.  In order to 

better understand the lifecycle of ARs from the IWVT framework, a larger number of 

ARs need to be diagnosed and monitored.  

The different physical processes that influence the IWVT can help elucidate the 

developmental and maintenance properties of ARs prior to landfall; therefore, it is 
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important to accurately forecast IWVT in order to better predict the potential impact of 

individual landfalling ARs.  In order to monitor the IWVT associated with individual 

ARs and developing ARs, forecast products of the daily-mean IWVT, IVT convergence, 

evaporation and precipitation rate were developed from the 0.5° latitude × 0.5° longitude 

NCEP–GFS numerical weather prediction model over the Northeast Pacific Ocean.  An 

example of the day-two forecast of the IWVT over the Northeast Pacific Ocean and U.S. 

West Coast initialized on 8 February 2014 and valid on 10–11 February 2014 is shown in 

Fig. 6.1.  In this example forecast, the AR was forecasted very well as the AR landfall 

location and AR intensity (i.e., IVT and IWV magnitudes) were very close to reality 

(discussed in Chapter 5a).  The IWVT forecast agrees with the IWVT analysis of this AR 

in that is suggests that while IVT convergence played a role in the maintenance of the 

AR, its propagation was mainly associated to IWV being drawn and transported out of 

the tropics. The locations and amount of forecast precipitation maxima were also close to 

reality; the GFS accurately predicted the highest amounts of precipitation over the 

northern Sierra Nevada and Coastal Ranges in California.  As part of this thesis, real-time 

IWVT forecasts similar to this example have been created and are hosted online at 

Plymouth State University in order to monitor and predict the IWVT of developing and 

existing ARs over the Northeast Pacific Ocean for forecast days 1 through 5. The 

forecasts are located at http://vortex.plymouth.edu/~bkk1010/ThesisProducts/.  

c. Future Work 

The landfalling AR events during February 2014 allowed for exploratory 

conclusions on the development and maintenance of ARs; however, an increase in the 

number of landfalling AR events would lead to more comprehensive conclusions to be 
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made on the developing and maintenance of ARs.  An expansion of the IWVT analysis to 

include a larger number of AR events would likely lead to an improved understanding of 

the lifecycles of ARs and how their lifecycles may influence the precipitation associated 

with AR landfall.  For example, multiple cases may show different pathways for the 

development and maintenance of ARs, illustrate whether or not similar conditions are 

necessary for the development of ARs, and help illustrate the physical processes that lead 

to the strengthening or decay of an AR.   

 As discussed previously, an increase in the dataset from one month to five or 

more years will improve the relationships among IVT magnitude, IVT orientation, 

terrain, and precipitation, and lead to better analog predictions of precipitation associated 

with AR landfall (cf. Ch. 6c and Figs. 4.9 and 4.10). Because of the small sample size, 

applying the results from this thesis based on Figs. 4.9 and 4.10 to predict precipitation 

could potentially lead to large errors.  In most locations the data used is only 

representative of less than a handful of AR events and may not accurately portray the 

precipitation potential of future ARs.  If the increase in data were performed, it would 

most likely highlight favorable IVT magnitude and orientation (i.e., the signal) and help 

to eliminate spurious relationships associated with individual extreme cases (i.e., the 

noise).  In other words, the radial diagrams and diagrams in Fig. 4.10 do suggest ideal 

IVT magnitudes and orientations for best precipitation production; however, increasing 

the data used in the development of these figures would lead to a higher confidence and 

more accurate analog precipitation forecast associated with AR landfalls.   

 The IWVT analyses for individual ARs suggested that IWV source regions might 

have changed during the development and maintenance phases.  Performing an air parcel 
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trajectory analysis within the AR at different periods in the AR lifecycle (similar to 

Cordeira et al. 2013) would lead to a more comprehensive conclusion on the origination 

and termination locations of moist air parcels that comprise the AR.  The air parcel 

trajectory analysis could also explicitly show the source region or regions of moist air 

parcels at different levels that constitute the IWV located along the AR corridor.  

Analysis of these air parcel trajectories in regions where the IWVT is driven by different 

processes (i.e., the IVT convergence, evaporation, or precipitation) would yield unique 

and critical information on the development, maintenance (i.e., propagation) and decay of 

ARs.  Any conclusions derived from these analyses would highlight the moisture source 

region of an AR and the IWV magnitude along the AR corridor, and therefore improve 

the prediction and understanding of the resulting precipitation over inland locations 

during the landfall of the AR. 

 A critical connection not explored in this thesis is the relationship between 

extreme precipitation associated with the landfall of an AR and high streamflow across 

the western U.S. similar to the relationships explored by Ralph et al. (2006), Neiman et 

al. (2011), and Dettinger (2011), among others.  For example, the time of high 

streamflow over the western U.S. is influenced by the landfall of an AR and resulting 

precipitation.  This study focused on the locations and amounts of total precipitation 

associated with landfalling ARs during February 2014, but did not show the resulting 

influence of precipitation on river levels or streamflow.  Analyses of streamflow data 

would allow for a better understanding of how ARs impact individual watersheds and 

cause flooding.  Further, analyses of IVT magnitude and direction in this study suggested 

that different watersheds might be highly susceptible to high amounts of precipitation for 
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a small range of IVT magnitudes and orientations.  The relationships among IVT 

magnitude, orientation, terrain, and precipitation could be applied to individual 

watersheds in order to identify which AR conditions make a particular watershed most 

susceptible to high streamflow and flooding.   

 A second connection not explored in this thesis is the relationship among 

landfalling ARs, precipitation and hydrometeor characteristics (e.g. Neiman et al. 2011; 

Matrosov 2013; among others).  This study explicitly investigated and analyzed 

precipitation amount and distribution and did not investigate any differences between 

hydrometeor types.  Due to the time of year when ARs typically occur and the 

topography of the western U.S. there is most likely frozen precipitation associated with 

some landfalling ARs at high altitudes and elevations.  Rain and frozen precipitation will 

cause differences in how susceptible a region is to high streamflow and flooding, and 

therefore how individual water resource managers and emergency managers may prepare 

for any given event.  The factors that may influence this streamflow and flooding 

response include the altitude of the rain/snow line and the presence of a melting 

snowpack. These factors should be considered in any future work.  

 A final connection not explored in this thesis (that is related to the second) is the 

relationship between the vertical structure of a landfalling AR and the resulting 

precipitation.  This study explicitly analyzed the horizontal structure of ARs and did not 

investigate the vertical structure of ARs.  Analyzing vertical cross sections can give more 

information about the AR and show the height in the atmosphere where the majority of 

the IWV and water vapor flux is contained, which can ultimately influence how the AR 

interacts with orography.  If the majority of the IWV and water vapor flux within an AR 
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is located at an altitude higher than the terrain across the western U.S. it is likely to 

produce less precipitation along the U.S. West Coast and penetrate farther inland than 

when the IWV and water vapor flux within an AR is located at lower altitudes.  Vertical 

cross sections of the IWVT may also provide information on the mechanisms responsible 

for AR development, maintenance and decay at multiple levels throughout the 

atmosphere.  This information can supplement knowledge on the horizontal conditions 

necessary for AR development and maintenance.  

d. Final Conclusions 

This study investigated twelve ARs that made landfall along the U.S. West Coast 

during February 2014 and the high amounts precipitation that occurred with their 

landfall.  The high amounts of precipitation associated with the landfall of these ARs 

accounted for a significant amount of total water year precipitation across the western 

U.S.; as much as 80% of total water year precipitation fell over portions of California 

associated with the landfall of one AR during the 72-h period ending on 10 February 

2014.  The precipitation during these events mainly occurred over regions of significant 

orography.  The Coastal, Cascade, and Sierra Nevada Mountain Ranges all received the 

highest amounts of precipitation throughout the western U.S. during February 2014.  The 

daily IVT and IWV values associated with the landfall of these ARs during February 

2014 had high correlation coefficient values (>0.7 and >0.5 respectively) with 

precipitation.  Similarly, both IVT magnitude and orientation strongly influenced the 

location and amount of precipitation associated with individual ARs at different 

locations.  For example, an IVT orientation parallel to the upslope terrain gradient 

enhanced saturated ascent and resulted in the highest amounts of precipitation across 



95 
 

individual watersheds in the Coastal, Cascade, and Sierra Nevada Mountain Ranges.   

Lastly, the analyses of the IWVT of two distinctly different ARs showed that ARs can 

exhibit different IWVT patterns and these differences can lead to large differences in the 

precipitation associated with their landfall.   

Overall the results and conclusions from this study agree with the results and 

conclusions from previous studies of ARs and their influence on precipitation along the 

U.S. West Coast. This study also serves to generate new conclusions and diagnostics that 

help to better illustrate the relationships among IVT magnitude, orientation, terrain, and 

precipitation along the U.S. West Coast.  The goal of showing how many of the major 

findings discussed by previous AR-related studies were present during the February 2014 

period has been validated.  The IWVT analysis provided scientifically interesting results 

in regard to the mechanisms responsible for the development, maintenance, and decay of 

ARs.  The further development of diagnostics and forecasts suggested by this thesis shall 

lead to better understanding of the lifecycles of ARs and better forecasts of precipitation 

during the landfall of ARs along the U.S. West Coast.    
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e. Chapter Tables and Figures 

 

 

Fig. 6.1. Forecasted day two daily mean calculations of the a) IWV tendency, b) IVT convergence, c) 

evaporation rate and, d) precipitation rate, (mm day–1; shaded according to scale) with IWV (mm; 

contoured every 10 mm beginning at 20 mm) and IVT (vectors plotted with a magnitude >250 kg m–1 s–1) 

for 7–9 February 2014.  The data source is the NCEP–GFS model. 
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Table 6.1. Summary of select previous research on ARs with locations of topics in this thesis.   

AR Topic Select References Location in Thesis 
Amount of AR-related 

precipitation; fraction of 

annual precipitation 

Ralph et al. (2006) 

Dettinger et al. (2011) 

Neiman et al. (2011) 

Ch. 3b 

Ch. 5a,b,c 

Orographic effects of 

precipitation during AR 

landfall 

Ralph et al. (2003) 

Ralph et al. (2006) 

Neiman et al. (2008a) 

Smith et al. (2010) 

Neiman et al. (2011) 

Ch. 3a,b,c 

Ch. 5a,b,c 

Relationship between AR 

orientation and intensity and 

precipitation  

Ralph et al. (2004) 

Neiman et al. (2008b) 

Neiman et al. (2011) 

Ch. 4e,f 

Ch. 5a,b,c 

ARs as drought busters Dettinger (2013) Ch. 3d 

IVT/IWV correlation with 

precipitation 

Rutz et al. (2014) Ch. 4c,d,e,f 

Ch6a 

Use of IVT in AR definition Cordeira et al. (2013) 

Rutz et al. (2014) 

 

Ch. 2e 

Dynamics of atmospheric 

river formation and evolution 

Bao et al. (2006) 

Ralph et al. (2011) 

Cordeira et al. (2013) 

Neiman et al. (2013) 

Not discussed in this 

thesis. 

AR water vapor budget 

analyses 

Smith et al. (2010) 

Cordeira et al. (2013) 

Neiman et al. (2013) 

Neiman et al. (2014) 

Ch. 5.d 

Ch.6.b  

Vertical structures of ARs Ralph et al. (2005) 

Neiman et al. (2008a) 

Not discussed in this 

thesis. 

Relationship between ARs 

and streamflow 

Ralph et al. (2006) 

Neiman et al. (2011) 

Not discussed in this 

thesis. 

ARs and hydrometeor 

characteristics 

Neiman et a. (2011) 

Matrosov (2013) 

Not discussed in this 

thesis. 

Water vapor budget forecasts  Ch. 6 
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