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ABSTRACT 
 

ATMOSPHERIC RIVERS, FLOODS, AND FLASH FLOODS IN CALIFORNIA  

By 
Klint T Skelly 

Plymouth State University, May 2016 
 
 

Atmospheric Rivers (ARs) are long (>2000 km), narrow (<1000 km) corridors of 

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

The landfall of ARs along the U.S. West Coast have been linked to extreme precipitation 

and flooding/flash flooding in regions of complex topography.  The objective of this 

study is to investigate the relationship between a 10 water–year (2005–2014) climatology 

of floods, flash floods, and landfalling ARs. The ARs in this study are defined using IVT 

following the Rutz et al. (2013) methodology, whereas floods and flash floods are 

identified by the National Centers for Environmental Information (NCEI) Storm Events 

Database. The results of this study indicate that landfalling ARs are present on a majority 

of days that there are floods in northern California. Landfalling ARs are predominantly 

present on a majority of days that there are flash flood reports during the cold-season 

(November–March); however, the North American monsoon is present on days that there 

are flash flood reports during the warm-season (April–October). Two exemplary case 

studies are provided to illustrate the hydrologic impact of landfalling ARs. The first case 

study illustrated a flood event that occurred in associated with three landfalling ARs that 

produced ~800 mm in regions over the Russian River watershed in northern California 

and the second case study illustrated a flash flood event that occurred in association with 

a landfalling AR that produced ~225 mm of precipitation in regions over the Santa Ynez 
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watershed in which produced a flash flood over the southern portions of Santa Barbara 

County in southern California.
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Chapter 1: Introduction 

 a. Motivation and Objective 

 Floods and flash floods can have a large effect on agriculture, wild life, human 

life, and the economy across the world.  In the U.S., ~75% of all presidential disaster 

declarations are associated with flooding (NOAA 2016).  The National Weather Service 

(NWS) mission statement is to “Provide weather, water, and climate data, forecasts and 

warnings for the protection of life and property and enhancement of the national 

economy” (NOAA 2016).  The NWS mission statement encompasses the importance for 

understanding floods and flash floods, since these hydrologic extremes can harm life, 

such as human life, wildlife (e.g. the endangered Coho salmon located in the Russian 

River in California) and destroy property.  The economic impacts that can result from 

floods and flash floods also include ruining crops in a vineyard or even washing out a 

well-traveled road important for freight trucks (Morss 2009).  

The ingredients necessary for floods and flash floods can be expressed by the 

duration of precipitation and the rate (or intensity) of precipitation (Doswell 1996).   

Elevated river heights, saturated soil conditions, and other antecedent conditions also 

produce favorable conditions for floods and flash floods.  In California, intense long-

duration precipitation events have been linked to a process known as atmospheric rivers 

(ARs; e.g., Ralph 2004 and previous references therein).  ARs have been linked to 

extreme precipitation events (Ralph and Dettinger 2012) as well as linked to flooding in 

the central U.S. (Lavers et al. 2013), Pacific Northwest (Neiman et al. 2010), and the 

Russian River in California (Ralph et al. 2006); however, limited previous research 

investigates the linkages between ARs and flash floods.  This thesis will use data 
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collected from the National Centers for Environmental Information (NCEI) storm 

database in order to identify the relationship among ARs, floods, and flash floods over 

the ten water years (WYs) during 2005–2014. 

 b. Causes of Floods and Flash Floods 

The American Meteorological Society (AMS) defines a flood as: “The 

overflowing of the normal confines of a stream or other body of water, or the 

accumulation of water over areas that are not normally submerged” and defines a flash 

flood as: “A flood that rises and falls quite rapidly with little or no advance warning, 

usually as the result of intense rainfall over a relatively small area. Some possible causes 

are ice jams, dam failure, and topography” (AMS Glossary 2016).  The NCEI (2016) 

additionally states that flash floods are shorter duration events with stream height 

increasing and receding within six hours of the start of the event.  

The AMS and NCEI definitions for floods and flash floods qualify well with the 

precipitation accumulation equation by Doswell (1996): 

                                                             ,                (1) 

where P is the accumulated precipitation, R is the precipitation rate, and D is the duration 

of the precipitation. If the magnitudes of R and D are both large, the accumulated 

precipitation amount will likely be high.  Floods are dependent on both the rate and 

duration of precipitation, whereas flash floods are most likely dependent only on the rate 

of precipitation. 

 Approaching floods and flash floods from an ingredient-based methodology, the 

atmospheric conditions favorable for floods and flash floods are related to a conditionally 

unstable environment, abundant moisture such that a rising air parcel can attain a level of 
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free convections (LFC), and a process that lifts an air parcel to the point of LFC (Doswell 

1996).  Storm systems that are associated with flooding can encompass both terms of eq. 

(1), since there are no temporal restrictions on the duration of precipitation events, 

whereas flash floods are likely more reliant on the precipitation rate in order to increase 

precipitation amount.  An example of an atmospheric process that produces favorable 

ingredients for flash flooding following the Doswell (1996) recipe is a mesoscale 

convective system (MCS; e.g., Houze 2004, Schumacher 2006).  Other processes that 

produce favorable ingredients for floods and flash floods include tropical cyclones 

(Rappaport 2000), predecessor rain events (Galarneau et al. 2010), and the North 

American monsoon (Adams 1997). 

 A less common way to initiate flooding and flash flooding is through synoptic-

scale cyclones (Doswell 1996). Mesoscale circulations can occur that are embedded in 

these larger-scale midlatitude cyclones and aid in enhanced precipitation.  Complex 

topography exists along the U.S. West Coast (Fig. 1.1) and the interactions between the 

circulations of these cyclones (and their ARs) and the topography provide a stationary 

lifting mechanism for enhanced precipitation.  The interaction between that AR and the 

complex topography is necessary for ascent, because the AR is associated with moist 

neutral stability (Neiman 2011) and abundant moisture (~75% of water vapor flux occurs 

in the lowest 2.25 km; Ralph et al. 2006), which differs from Doswell’s (1996) ingredient 

definition of being conditionally unstable.  The water vapor flux along the AR can be 

directed towards the complex topography over California where it may be lifted over the 

mountains in order to produce long-duration and intense precipitation events.  The 
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antecedent elevated river height and saturated soil condition can enable floods and flash 

floods to occur.   

 c. What is an Atmospheric River? 

ARs are long (>2000 km) and narrow (<1000 km) corridors of enhanced 

vertically integrated water vapor (IWV) and IWV transport (IVT) that are responsible for 

~90% of the extratropical poleward water vapor transport despite covering only 10% of 

the hemispheric circumference of the Earth (Newell et al. 1992; Newell and Zhu 1994; 

Zhu and Newell 1998).  ARs are often located ahead of cold fronts in the warm sector of 

extratropical cyclones and contain high water vapor concentrations through transport 

from the tropics (Ralph et al. 2004; Bao et al. 2006; Stohl et al. 2008).  A portion of ARs 

can be associated with warm, troposphere deep ascending air parcels within the warm 

sector of the midlatitude cyclone (Cordeira et al. 2013; Sodemann and Stohl 2013), which 

is often called the warm conveyor belt (Browning 1971; Carlson 1980; Eckhardt et al. 

2004). The majority of water vapor in the AR is located below 2.25 km altitude and is 

present along a low-level jet (LLJ), which aids in enhanced IVT.  When the corridor of 

highly concentrated water vapor is directed towards areas of high topography, heavy 

precipitation can be produced (Ralph et al. 2005).  

In the Northern Hemisphere, ARs are typically associated with midlatitude 

cyclones that develop over the North Pacific and North Atlantic Oceans and propagate 

towards the west coast of large landmasses (Wallace et al. 1988).  The west coast of these 

large land masses have a landfalling AR frequency maximum, such as along the western 

coast of Europe (Lavers et al. 2013) and the western coast of North America (Rutz et al. 

2014).  The frequency of landfalling ARs decreases inland from the coast because of the 
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deleterious effect of precipitation as the water vapor is depleted over the mountains 

located in coastal regions (Rutz et al. 2013).  ARs are not exclusive to the west coasts of 

large landmasses; for example, ARs have also been identified over the central U.S. 

(Moore et al. 2012; Lavers 2013).   

ARs tend to occur at more northerly latitudes during the warm-season (defined as 

April–October) in locations such as British Columbia, Canada and the Pacific Northwest 

of the U.S. following typical warm-season cyclone tracks (Wu et al. 2010).  ARs evolve 

with storms in the midlatitude.  The storm tracks associated with these cyclones can 

direct tropical water vapor and heat into the midlatitudes (Ralph et al. 2011) which occur 

in more southerly latitudes during the cold-season (defined as November–March) in 

locations such as central and southern California (Wu et al. 2010), since the synoptic 

wave activity is stronger due to the stronger baroclinicity in the atmosphere. 

Previous studies have defined ARs using the threshold values of IVT magnitude 

≥250 kg m–1 s–1 and IWV ≥20 mm (Ralph et al. 2012).  Similar studies have shown that 

higher magnitudes of these parameters along landfalling ARs can also produce greater 

precipitation (Gimeno 2014).  Another parameter that influences precipitation amounts in 

conjunction with landfalling ARs is the direction of the IVT vector relative to the terrain 

gradient vector (Ralph et al. 2006). The preferential direction of the IVT vector for 

highest precipitation is parallel to the upslope terrain gradient vector.  Ralph et al. (2013) 

illustrated that the most intense precipitation and elevated streamflow events in North–

Coastal California occur in conjunction with enhanced upslope water vapor flux. The 

correlation between upslope water vapor flux and storm total rainfall had an R2 value of 

0.75, whereas the correlation between upslope water vapor flux and storm total stream 
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volume had an R2 value of 0.62 (Fig. 1.3).  Although, ARs occur during all seasons, WS 

ARs are associated with weaker winds, which produce less precipitation than cold-season 

ARs, even though the overall IWV in warm-season ARs were 10% greater than the cold-

season ARs (Ralph et al. 2013). 

d. ARs and Extreme Precipitation 

Ralph and Dettinger (2012) studied historical cooperative observer program rain 

gauges that have been active ≥30 years across the contiguous U.S.  The study found that 

California and the South–Southeastern U.S. had the most frequent 72-h precipitation 

events that produced of >400 mm (Fig. 1.2).  The regional maximum of >400 mm in 

California implied that landfalling ARs have the capability of producing precipitation 

amounts similar to severe thunderstorms or landfalling tropical cyclones.  In California, 

44 of 46 of these extreme precipitation events were associated with a landfalling AR.  An 

example of one of these extreme precipitation events occurred on 6–7 November 2006; a 

long duration AR made landfall along the West Coast of California produced 200–500 

mm of precipitation (Neiman et al. 2008). 

The large precipitation amounts associated with ARs can be very influential in the 

annual WY budget across many regions, especially in California.  For WY 1998–2008, 

landfalling ARs located on the U.S. West Coast contributed 30–45% of all precipitation 

in central and northern California (Dettinger 2011).  A recent study by Kawzenuk (2015) 

showed that in parts of California, 80% of the total WY precipitation in 2014 resulted 

from ARs (Fig. 1.4).  ARs can be associated with the term “drought buster” given that 

ARs are associated with extreme precipitation events.  In the Pacific Northwest, 60–74% 
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of all persisting droughts were “busted” by an AR, whereas in California, 33–40% of all 

persistent droughts were “busted” by an AR (Dettinger 2013).   

e. ARs, Flooding, and Flash Flooding 

The Russian River watershed is located in Marin and Sonoma Counties in 

California and is the main source of irrigation for the agriculture and vineyards.  During 

16–18 February 2004, a landfalling AR produced >250 mm of rain over a 60-h period 

over the Coastal Ranges and ~100–175 mm in the vicinity of northern California (Ralph 

et al. 2006).  As a result, the Russian River exceeded flood stage (32 ft) at Guerneville, 

California on 18–19 February 2004.  The 16–18 February 2004 flood event was included 

in a study by Ralph et al. (2006) that investigated the link between flood events that 

occurred in the Russian River watershed and landfalling ARs.  The study determined that 

all seven flood events that occurred between 1997–2006 were in association with a 

landfalling AR. 

ARs and flooding extend to more regions than just California.  The annual peak 

daily flow was studied across the Queets, Sastop, Sauk, and Green river watersheds 

located in the Pacific Northwest of the U.S. during WY 1980–2009 (Neiman et al. 2010).  

46 of the 48 annual peak daily flow events were associated with landfalling ARs, whereas 

the other two annual peak daily flow events were associated with the annual snowmelt. 

Lavers et al. (2013) studied the period 1979–2011 and found that 40% of the basins in the 

central U.S. had 50% of the basin’s annual maxima floods occurred when an AR was 

detected.  In a similar study, Lavers et al. (2013) used the same methodology over Europe 

and found that on the west coast of the Iberian Peninsula, United Kingdom, and 
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Scandinavia that eight of the ten annual maxima events occurred when an AR was 

detected. 

f. Thesis Goals and Outline 

The main objective of this study is to link a WY 2005–2014 climatology of floods 

and flash floods from the NCEI Storm Database for California to landfalling ARs.  The 

remainder of this thesis is organized as follows: Chapter 2 discusses the data and 

methodology used, Chapter 3 presents a climatology of floods and their association with 

landfalling ARs, Chapter 4 presents a climatology of flash floods and their association 

with landfalling ARs, Chapter 5 highlights a flood event associated with a three 

landfalling ARs that occurred during 26 December 2005–3 January 2006 in the Russian 

River watershed, Chapter 6 highlights a flash flood event associated with a landfalling 

AR that occurred during 8–10 January 2005 in the Santa Ynez watershed, and Chapter 7 

provides concluding discussions. 
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g. Chapter Figures 

 

 

Fig. 1.1. A shaded relief topographic map of California.  Notable mountain ranges 
include the Northern Coast Ranges (which house the Russian River watershed), the 
Transverse Ranges (which house the Santa Ynez River watershed), and the Sierra 
Nevada.  The image is adapted from its source at 
http://fermi.jhuapl.edu/states/states.html. 
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Fig. 1.2. Maximum 72-h rainfall accumulation in COOP rain gauges that have existed 
≥30 years.  The dots are shaded by rainfall categories (R-CAT) levels 1–4 as defined 
by and presented in Ralph and Dettinger (2013). 
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Fig. 1.3. (a) Scatter plot of storm total rainfall (mm) at Cazedero, California vs. total 
upslope flux (cm m s–1) at Bodega Bay (BBY), California; shaded according to AR 
duration (hours). (b) As in (a), except for storm total stream volume (m3) and shaded by 
soil moisture before an AR event.  The original source is Ralph et al. (2013). 
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Fig. 1.4. Total percentage of WY-to-date (October 2013–February 2014) precipitation 
that occurred during February 2014. The original source is Kawzenuk (2015). 
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Chapter 2: Data and Methodology 

 a. Model Analysis Data 

 The kinematic fields used for this thesis are from the National Centers for 

Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) (Saha 

2010) for the years 2004–2010 and Global Forecast System (GFS) reanalysis for the 

years 2011–2014.  The vertical resolution of the GFS is 26 isobaric levels ranging 

from 1000 to 100hPa and the CFSR has 37 isobaric levels ranging from 1000 to 1 

hPa.  The temporal resolution of both datasets is in intervals of 6 hours for 0000–1800 

UTC. These data are archived and available from the National Oceanic and 

Atmospheric Administration (NOAA) National Operational Archive and Distribution 

System (NOMADS) and were downloaded through file transfer protocol (FTP) in 

gridded binary (GRIB) format.  

 There were several different parameters from the NCEP–GFS and the NCEP–

CFSR datasets used for this study to make mean composite analyses and graphics for 

case studies, such as the mean sea level pressure (SLP) and zonal and meridional 

wind components on isobaric surfaces.  The two derived products used in this study 

were IWV and IVT.  The IWV is a column-integrated precipitable water, whereas 

IVT is calculated following the methodology of Neiman et al. (2008) as: 

                                       	
	
	 ,                                                      (2) 

where g is the gravitational acceleration [m s–1], q is the specific humidity [g kg–1], 

and V is the total vector wind [m s–1], and the IVT has units of kg m–1 s–1.  The 

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

and 100 hPa isobaric layers from 800 to 200 hPa.   
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 b. Precipitation Data 

 In order to monitor AR-related precipitation in this study, 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 U.S.  The data represent a multi-sensor 

combination of individual rain gauges and radar estimates with manual quality 

control performed by each RFC.  The data are available through FTP in GRIB format 

from the National Center for Atmospheric Research (NCAR) Earth Observing 

Laboratory (EOL). 

c. NCEI Storm Reports Database 

 The NCEI Storm Events Database contains storm reports from a variety of 

sources “such as the media, law enforcement and/or other government agencies, 

private companies, individuals, etc. An effort is made to use the best available 

information, but because of time and resource constraints, information from these 

sources may be unverified by the NWS” (NCEI 2007).  This thesis used these reports 

in order to determine the flood and flash flood days in California.  There were 

initially 895 flash flood reports and 395 flood reports for the entire state of California 

that included several reports of the same event in the same CWA.  The “uniq” bash 

command was used on the CSV file of reports in order to remove duplicated dates, 

which resulted in 260 unique flash flood days and 126 unique flood days. The flood 

data were further split into northern California CWAs at Monterey, California 
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(MTR), Sacramento, California (STO), Eureka, California (EKA), Reno, Nevada 

(REV), and Medford, Oregon (MFR) and southern California CWAs Phoenix, 

Arizona (PSR), Riverside, California (SGX), Los Angeles, California (LOX), Las 

Vegas, Nevada (VEF), and Hanford, California (HNX).  The flash flood data were 

also split into northern CWA zones and southern CWA zones and further split into a 

warm-season (April–October) and a cold-season (November–March). 

 d. Rutz AR Catalog 

AR conditions at a specific latitude and longitude locations are identified from 

a catalog created by Rutz et al. (2013).  The identification methodology searched a 

global 2.5° latitude × 2.5° longitude resolution grid for (1) IVT magnitudes ≥250 kg 

m–1 s–1 and (2) a ≥2000 km corridor of IVT magnitude for the time period 1948–2015 

from the NCEP–NCAR Reanalysis dataset.  The “Rutz catalog” data were used to 

verify if there was an AR present on the day of a flood or flash flood report at 5 

locations: 40.0°N, 235.0°E; 42.5°N, 235.0°E; 37.5°N, 237.5°E; 35.0°N, 240.0°E; and 

32.5°N, 242.5°E.  The northern CWAs span the latitudes 37.5°N–42.5°N and the 

southern CWAs span the latitudes 32.5°N–37.5°N. 

e. USGS Streamgage data 

United States Geological Survey (USGS) national streamflow information 

program (NSIP) data were used to illustrate the river response from precipitation 

associated with landfalling ARs, floods, and flash floods. Streamflow (cfs) is 

measured in 15-minute intervals at most USGS streamgages (60-minute interval at 

others) and are stored in an electronic data recorder.  In intervals between every one 

to four hours, the data are transmitted to the USGS using satellite, phone, or radio.  
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Post-2007 streamflow data can be accessed via the internet at 

http://ida.water.usgs.gov/ida and pre-2007 streamflow data can be found via the 

internet at http://nwis.waterdata.usgs.gov/nwis. 

f. Data Manipulations 

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

NCAR Command Language (NCL) Version 6.3.0 (NCAR 2016). NCL has the ability to 

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

shapefiles, grib, CSV, and many others.  NCL can also be run interactively or in batch 

mode as an interpreter of complete scripts. NCL was used to make two major data 

manipulations in order to temporally and spatially compare data.  The first adjustment 

involved creating daily average NCEP–GFS/CFSR data from the six-hourly dataset in 

order to directly compare meteorological data with NCEP Stage-IV daily-accumulated 

precipitation data.  The daily average NCEP–GFS/CFSR data were computed from the 

1200–1200 UTC data in order to best represent the atmospheric conditions during the 24-

h period ending at 1200 UTC. Note that the composite analyses made from these data 

illustrate synoptic patterns that imply where quasi-geostrophic forcing for ascent and 

descent are located.  The composite cyclone actually does not exist but is just an average 

of all of the events to illustrate where the most favorable locations for the parameters that 

are plotted. The second adjustment involved subsequently downscaling the ~0.5° latitude 

× ~0.5° longitude NCEP–GFS/CFSR data to match that of the ~4-km horizontal 

resolution re-mapped NCEP Stage-IV precipitation data. 

ESRIs ArcGIS, particularly ArcMap version 10.3.1, was used to spatially 

illustrate the frequencies of flooding and flash flooding statistics, spatially, over 
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California.  ArcMap can interpret many data types, such as netCDF, shapefiles, CSV, 

KML, and many others.  ArcMap can be manipulated using the computer language 

Python automate large data sets. Python, version 2.6.6, was used to compile the economic 

impact from floods and flash floods in California counties. Python is an interpreted, 

interactive, object-oriented programming language (Python Software Foundation 2016).  

Various libraries can be imported into Python so that the language can manipulate and 

visualize data such as netCDF, grib, shapefiles, and many others. 
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3. Climatology of Floods in California 

The following chapter will analyze a 10-WY climatology of floods in California 

and flood days associated with landfalling ARs. An in-depth analysis of flood days across 

northern versus southern regions and an analysis of events over warm-season versus cold-

season will be discussed.  

 a) Floods in California (both AR and non-AR Days) 

 The NCEI storm events database was used to determine when and where flood 

reports occurred over California during WY 2005–2014.  Overall, there were 160 unique 

flood days that occurred during the study period (Fig. 3.1).  The spatial analysis 

illustrated an overall low frequency of floods over inland California across the PSR, 

VEF, REV, and MFR CWA zones (N≤7).  The lowest flood frequency is located in the 

southern Sierra Nevada and low-populated desert regions of California, which may 

indicate that the flood reports were not readily reported or observed.  Flood days were 

most frequent in the HNX CWA (N=76).  The region encompassed by the HNX CWA 

spans most of the Central Valley and includes both the foothills and the largest peaks of 

the Sierra Nevada Mountain Range.  The region encompassed by the HNX CWA also 

contains the largest peak in the contiguous U.S., Mount Whitney, measuring at 4,421 m 

ASL.  The SGX CWA had the second most frequent number of flood days (N=35) during 

the study period.  The Peninsular Mountain Range spans across SGX and contains the 

city of San Diego, the second most populous city in California with a population of 

1,381,069 (Census 2014).  The MTR CWA had 22 flood days and contains the Petaluma 

and San Francisco Bay Gaps, the Northern Coastal Range, and California’s prominent 

wine country.  In each of the most frequently flooded CWA zones, the geography 
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included the foothills of a major mountain range.  The mountain ranges may lead to 

enhanced precipitation on or prior to flood days in the presence of upslope water vapor 

flux (Ralph et al. 2006).  Floods occur in every month of the year (Fig. 3.2) but there is 

seasonal variability; there was a maximum in flood frequency in the cold-season 

(December) and a minimum in flood frequency during the warm-season (July).  

 All composite analyses were a snapshot of 1200 UTC on the day of the flood 

report and include an analysis of (1) SLP, IVT, and IWV, and (2) 250-hPa wind speed 

and geopotential height (Fig. 3.3).  All flood days in California occur in association with 

a ~1004-hPa cyclone located near the Aleutian Islands, a trough of a low pressure 

extending southeasterly toward the Pacific Northwest, and a ~1016-hPa anticyclone 

located over the south–central Pacific (Fig. 3.3a).  There was a corridor of westerly water 

vapor flux with IVT magnitudes of ~200 kg m–1 s–1 directed towards the U.S. West 

Coast, and two regions of enhanced IWV with values >22.5 mm that were located over 

the central North Pacific at 30°N and over the eastern North Pacific near southern 

California.  The upper-tropospheric flow was characterized by a zonal ~38 m s–1 jet 

streak at 250-hPa along the 38°N latitude over the central Pacific and a weak trough 

along the U.S. West Coast (Fig. 3.3b). 

 b) Floods and ARs in California 

 There were 112 of 160 (70.0%) flood days that occurred on the day of or the day 

after a landfalling AR (Fig. 3.1).  The largest AR fraction, or the fraction of days that had 

a flood on the day of or the day after a landfalling AR compared to all flood days, was 

observed over the MTR CWA (21 of 22; 95.5%).  The most frequently flooded CWA 

(HNX) had an AR fraction of 69.7% and SGX had an AR fraction of 48.8%.  Overall, the 
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northern-most CWA zones had the highest number of floods associated with a landfalling 

ARs.  At first glance, these high AR fractions were impressive, except note there were 

less than seven flood days across each CWA. The highest AR fractions occur in the cold-

season (Fig. 3.2) with >80.0% associated with ARs.  The bar chart also illustrates that 

floods that occur in the warm-season are more frequent on non-AR days.  There is an AR 

fraction minimum of 0.0% that occurred in July.   

Flood days associated with ARs (N=112) occur in association with a broad 

~1004-hPa cyclone located over the Gulf of Alaska, a trough of lower pressure that 

extends down along the U.S. West Coast, and a ~1016-hPa anticyclone over the 

subtropical central and eastern North Pacific (Fig. 3.3c).  There was a wide swath of 

westerly water vapor flux IVT magnitudes ~250 kg m–1 s–1 directed toward the U.S. West 

Coast and two regions of enhanced IWV with values >22.5 mm of IWV located over the 

central North Pacific at ~30°N and over the southeastern North Pacific near southern 

California.  The upper tropospheric flow was characterized by a zonal ~46 m s–1 jet streak 

at 250-hPa along the 38°N latitude over the central Pacific and a weak trough along the 

U.S. West Coast (Fig. 3.3d).  There was a secondary jet streak located over the coast of 

southern California that placed a region of suggested favorable quasi-geostrophic 

synoptic-scale ascent associated with the poleward exit region of the jet streak over 

central California.  The cold-season AR days have stronger wind speeds and have 

stranger landfalling IVT than warm-season AR days.  

c) Floods and ARs across Regions and Seasons 

 38 of 42 (90.5%) total flood days over the northern CWA zones occurred on the 

day of or the day after a landfalling AR.  In contrast, 74 of 118 (62.7%) of total flood 
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days over southern CWA zones occurred on the day of or the day after a landfalling AR.  

These numbers represent total flood days aggregated across CWA zones, but not unique 

flood days as some may overlap.  The composite analyses are subsequently constructed 

from unique flood days with ARs.   

 Unique flood days in northern California associated with ARs (N=27) occur in 

conjunction with a sub-1000-hPa cyclone centered over the Gulf of Alaska and a ~1016-

hPa anticyclone located over the subtropical central and eastern North Pacific (Fig. 3.4a).  

There was a strong corridor of westerly water vapor flux with IVT magnitudes ~500 kg 

m–1 s–1 and IVW >22.5 mm located in the region with the highest pressure gradient 

between the cyclone and anticyclone.  The upper-tropospheric flow was characterized by 

a ~50 m s–1 zonal jet streak at 250-hPa along the 38°N latitude over the central North 

Pacific and a weak trough along the 135°W meridian.  The poleward exit region of the 

previously described jet streak was located over northern California implying quasi-

geostrophic synoptic-scale forcing for ascent was present.   

Flood days in southern California associated with ARs (N=57) occur in 

conjunction with a ~1004-hPa cyclone located over the Aleutian Islands, a trough 

extending southeastward toward central California, and a ~1020-hPa anticyclone located 

northeast of Hawaii (Fig. 3.4c).  The corridor of water vapor flux along the composite AR 

contained IVT magnitudes of ~300 kg m–1 s–1 and IWV values >22.5 mm located in the 

region with the highest pressure gradient between the cyclone and anticyclone. The upper 

tropospheric flow was characterized by a ~46 m s–1 zonal jet streak along the 35°N 

latitude and a weak trough along the U.S. West Coast (Fig. 3.4d).  Though the southern 

California composite jet streak is weaker than the northern California composite, the 
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poleward exit region of the jet streak is located over southern California which implies 

quasi-geostrophic synoptic-scale forcing for ascent.  The composite analysis illustrated 

ideal conditions associated with a landfalling AR (IVT ≥250 kg m–1 s–1 and IWV ≥20 

mm; Ralph et al. 2012) known to produce heavy orographic precipitation, elevated 

streamflow, and flooding. 

 Flood days during the warm-season over California associated with ARs (N=25; 

Fig. 3.5a) and during the cold-season associated with ARs (N=57; Fig. 3.5b) occur in 

conjunction with a cyclone located over the Gulf of Alaska, westerly water vapor flux 

over the eastern North Pacific, and IWV >20 mm at the California coast.  The warm-

season composite contains west-southwesterly oriented water vapor flux with IVT 

magnitudes of ~100 kg m–1 s–1.  Given that these events were all identified as having an 

AR according to the Rutz et al. (2013) methodology and that IVT magnitudes were <250 

kg m–1 s–1, the composite is likely over dispersing IVT magnitudes among the 25 warm-

seaon members.  The cold-season composite, however, highlights a corridor of westerly 

water vapor flux with IVT magnitudes >250 kg m–1 s–1 along a narrow corridor of IWV 

>20 mm that extended from west to east across the eastern North Pacific. 

 Only three flood days occurred during the warm-season in northern California 

(Fig. 3.5c).  The composite is included for completeness, but the low population number 

does not warrant further discussion beyond the apparent fact that floods in northern 

California in the warm-season seldom occur in association with ARs.  Flood days in 

northern California are more common with ARs during the cold-season (N=24; Fig. 

3.5d).  These flood days are characterized by a strong corridor of southwesterly water 
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vapor flux along a composite AR over the eastern North Pacific with IVT magnitudes of 

~500 kg m–1 s–1 along a narrow corridor of IWV >20 mm. 

 Half as many flood days occur in southern California with ARs in the warm-

season (N=17; Fig. 3.5e) as compared to the cold-season (N=35; Fig. 3.5f).  Both 

composites contain west-southwest water vapor flux and IWV >22.5 mm.  The cold-

season composite contains IVT >250 kg m–1 s–1.  The warm-season composite likely 

suffers from the same over dispersion issues as Fig. 3.5a.  Overall, cold-season flood days 

with ARs in southern California have higher values of IWV and lower magnitudes of IVT 

compared to the cold-season flood days with ARs in northern California.  Though the 

overall IWV is lower in the northern California composite, the IVT magnitudes remain 

higher than that of the southern California composite.  The increased magnitude of IVT 

was in response to the stronger pressure gradient between the cyclone and anticyclone.   

d) Flood Days in California without an AR 

There were 42 flood days in California that were not associated with a landfalling 

AR (Fig. 3.6).  These days were characterized by both a strong ~1020-hPa anticyclone 

located over the central Pacific and a weak~1012-hPa cyclone located over the Aleutian 

Islands (not shown). A weak ~1012-hPa inverted trough was located over central 

California and western North America.  The pattern is similar to the synoptic-scale 

circulation that develops across northwest Mexico and southern California in association 

with the North American monsoon each summer (e.g., Means 2013) that is described as 

the type-IV monsoon synoptic pattern for flash floods by Maddox et al. (1980). This 

pattern is typically associated with a high-pressure system building from the east and an 

offshore trough that retreats to the northwest. The offshore trough is often seen in 
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conjunction with a “gulf surge” of poleward moisture transport into southern California 

from the Gulf of California.  The enhanced regions of IWV establish an environment that 

is conducive to convection by increasing surface dewpoint temperatures and lowering the 

LFC (Means 2013). These common ingredients during the monsoon produce regular 

thunderstorms during July, August, and early September in southern California 

(Campbell 1906; Tubbs 1972) and can lead to flooding. 

e) Chapter Discussion and Summary 

 The overall synoptic-scale differences between all flood days and flood days that 

occurred in association with a landfalling AR was that the latter were characterized by a 

stronger jet streak and higher IVT magnitudes that primarily occur in the cold-season.  

The 250-hPa analyses indicate regions of favorable quasi-geostrophic synoptic-scale 

ascent in the poleward exit region of the jet streak over central and northern California.  

The general synoptic-scale flow illustrates a stronger pressure dipole pattern on flood 

days that occurred with a landfalling AR which contributed to an overall increased 

pressure gradient, stronger winds, and an increase in IVT.  The regional analysis 

comparing northern and southern California flood days that occurred in association with a 

landfalling AR illustrated that 1) both analyses contained a distinct plume of IWV and 

IVT directed towards the California coast, 2) the northern analyses contained a stronger 

jet streak and contained higher IVT magnitudes, and 3) southern California analyses 

contained higher values of IWV and overall less IVT than the northern California 

analyses.  The non-AR flood days have a synoptic pattern that is reminiscent of the North 

American monsoon with an inverted trough that is able to transport water vapor from the 

Gulf of California into southern California. 
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There was an increase in IWV values on floods days that were associated with 

landfalling ARs in the warm-season compared to the cold-season.  Even though the IWV 

was higher in the warm-season, the cold-season analyses featured higher IVT 

magnitudes, implying the wind speeds were higher in the cold-season.  The implied wind 

speed increase can be attributed to the strengthened pressure gradient between the 

cyclone and anticyclone in the cold-season.  The cold-season flood days in northern 

California showed much lower IWV (~22.5 mm) values compared to the warm-season 

analysis, even though the cold-season had larger IVT magnitudes, again implying the 

wind speeds were higher in the cold-season.  The low IWV–high IVT pattern is also 

apparent on southern California flood days associated with AR. 

The composite analyses all highlighted the importance of water vapor flux along 

ARs in the presence of a corridor of IWV making landfall in California on days with 

floods.  The large-scale features related to quasi-geostrophic synoptic-scale forcing for 

ascent are related to the upstream upper-level trough, in the favorable poleward exit 

region of the jet streak, and low-level trough offshore all highlight a favorable 

environment for broad precipitation.  The magnitudes of water vapor flux also highlight 

the likely additional role of orographic enhanced precipitation, which is modulated by the 

IVT direction relative to the upslope terrain gradient (Ralph et al. 2006).  The 

connections among ARs, water vapor flux magnitude, IVT duration and direction, 

precipitation, streamflow, and flooding in the Russian River watershed are subsequently 

discussed in Chapter 5.  
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f) Chapter Figures

 

Fig. 3.1. Ratio of flood events in California for AR and non-AR days for each NWS 
CWA.  The blue shade depicts flood days that were associated with a landfalling AR and 
the orange shade depicts flood days that were not associated with a landfalling AR. The 
number on top, bottom, and the right of the pie chart indicate the number of flood days 
associated with a landfalling ARs, the number of flood days not associated with a 
landfalling AR, and the total number of flood days, respectively. 



 

  27

 

 

Fig. 3.2. Monthly frequency of flood days during the WYs 2005–2014 in  California 
(total bar height), the number of flood days associated with ARs (height of the blue bars), 
the number of flood days not associated with ARs (orange shading). The number above 
the bars represents the AR fraction for each month. 
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Fig. 3.3. Composite (a) SLP (hPa; contours), IWV (mm; shaded according to scale), and 
IVT (kg m–1 s–1; vectors plotted with a magnitude >100 kg m–1s–1) and (b) 250-hPa wind 
speed (m s–1; shaded according to scale) and geopotential height (m; contoured) for all 
flood days in California. (c) and (d), As in (a) and (b), respectively, except for all flood 
days associated with a landfalling AR. 



 

  29

 

Fig. 3.4. As in Fig. 3.3, except for flood days in (a–b) northern California and (c–d) 
southern California associated with landfalling AR. 
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Fig. 3.5. As in Figs. 3.3a,c, except for flood days during (a) the warm-season in 
California, (b) the cold-season in California, (c) warm-season in northern California, (d) 
cold-season in northern California, (e) warm-season in southern California, and (f) cold-
season in southern California, all in association with a landfalling AR.
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Fig. 3.6. As in Figs. 3.3a,c, except for flood days in California without an AR. 
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Chapter 4: Climatology of Flash Floods in California 

 The following chapter will analyze a 10-WY climatology of flash floods in 

California and flash flood days associated with landfalling ARs.  An in-depth analysis of 

flash flood days across northern versus southern regions will be discussed followed by a 

seasonality analysis.  It is important to note that there is no known research linking ARs 

to flash floods.  While there have been case studies linking ARs to major precipitation 

events that have produced flash floods (Moore 2012), no study has systematically linked 

a climatology of flash floods to landfalling ARs. 

 a) Flash Floods in California (both AR and non-AR Days) 

 The NCEI storm events database was used to determine when and where flash 

flood reports occurred in California during WY 2005–2014.  Overall, there were 405 

unique flash flood days that occurred during the study period (Fig. 4.1).  The spatial 

analysis illustrates that there was a high frequency of flash floods days over the southern 

CWA zones and a low frequency in the northern CWA zones.  The lowest flash flood 

frequency is located over the northern Sierra Nevada, which may indicate that the flash 

floods did not occur, or that many were not readily reported or observed.  There were no 

flash flood reports during the study period in the EKA CWA.  The SGX CWA had the 

highest number of flash flood days during the study period (N=128).   The region 

encompassed by the SGX CWA also contains the Peninsular Mountain Range and the 

city of San Diego.  The VEF CWA had the second highest number of flash flood days 

(N=119) during the study period.  The VEF CWA encompasses the Mojave National 

Preserve, a dry region of the U.S. that incidentally received 127 mm (5.0 in.) of rain at 

the OX Ranch during WY 2014–2015 (NPS 2016).  The Mojave Desert is an arid 
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ecoregion with a surplus of physical soil crusts that inhibit water infiltration (DMG 2006) 

and enables high run-off, a key ingredient for flash floods.  The LOX CWA had the third 

highest number of flash flood days during the study period (N=69).  The LOX CWA 

includes the city of Los Angeles which is the most populated city in California 

(3,928,864; Census 2014) and the Transverse Mountain Range.  There were many more 

flash floods in LOX than there were floods (N=69 versus N=2, respectively), which 

suggests that the increase in flash floods may be due to the vastly urbanized area.  

Urbanization prohibits infiltration that results in escalated run-off values.  Major 

mountain ranges are in each of the most frequently flash flooded CWAs.  These mountain 

ranges may lead to enhanced precipitation on or prior to flash floods in the presence of 

upslope water vapor flux (Ralph 2006).  In addition to mountain-enhanced precipitation, 

urbanization and arid ecosystems can prohibit water infiltrating into the soil, aiding in 

run-off.   

Flash floods occur in every month of the year, except June (Fig. 4.2). Fig. 4.2 

illustrates that there was an overall maximum in flash flood frequency in the warm-

season (July) and an overall minimum in flash flood frequency during the cold-season 

and transition between the cold-season and warm-season.  The late maximum in warm-

season flash flood frequency agrees with Campbell (1906) and Tubbs (1972), whom state 

that there is maximum of thunderstorms in southern California in the months of July, 

August, and September, which is likely related to the North American monsoon.  

 All composite analyses were a snapshot at 1200 UTC on the day of the flash flood 

report and include an analysis of (1) SLP, IVT, and IWV, and (2) 250-hPa wind speed 

and geopotential height (Fig. 4.3).  All flash flood days in California occur in association 
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with a weak area of lower pressure ~1012-hPa located over the Gulf of Alaska, a broad 

~1020-hPa anticyclone located over the central North Pacific (Fig. 4.3a), and a weak 

inverted trough located over central California and western North America.  The 

composite pattern resembled the pressure and moisture pattern associated with the North 

American monsoon (Means 2013), previously discussed in Chapter 3 section (d).  The 

upper-tropospheric flow was characterized by a weak trough along the U.S. west coast. 

(Fig. 4.3b).  There was no notable jet streak in this composite analysis. 

 b) Flash Floods and ARs in California 

 There were 154 of 405 (38.0%) flash flood days that occurred on the day of or the 

day after a landfalling AR (Fig. 4.1).  The largest AR fraction was observed over the 

MTR CWA (11 of 12; 91.7%).  The most frequently flash flooded CWAs (SGX, VEF, 

and LOX) had an AR fraction of 37.5%, 26.1%, and 53.6%, respectively.  Overall, with 

the exception of STO, MTR, and LOX CWAs, flash floods were more frequently 

associated with non-AR processes.  The highest AR fractions occur in the cold-season 

(Fig. 4.2) with each cold-season month having >60% of flash flood days associated with 

an AR.  December has the highest AR fraction of 100%.  The smallest AR fraction, with 

the exception of June which had zero identified flash floods, occurred in July at 10%.  

Note that July also had the highest number of flash floods (N=60). 

 Flash flood days associated with ARs (N=154) occur in conjunction with a 

~1008-hPa trough located along the U.S. West Coast and a ~1016-hPa anticyclone 

located in the south central North Pacific (Fig. 4.3c).  There was a wide swath of 

southwesterly water vapor flux with IVT magnitudes of ~200 kg m–1 s–1 directed toward 

the southern California coast and a region of enhanced IWV with values >25 mm located 
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over the southeastern North Pacific near southern California.  The upper-tropospheric 

flow was characterized by a quasi-zonal ~38 m s–1 jet streak oriented from the southwest 

to northeast downstream of a weak trough along the U.S. West Coast (Fig. 4.3d).  The 

poleward exit region of the jet streak illustrated in Fig. 4.3d is located over southern 

California implying quasi-geostrophic synoptic-scale forcing for ascent.  The more robust 

synoptic-scale pattern on AR days likely highlights the preference for cold-season events, 

stronger wind speeds, and stronger landfalling IVT along ARs. 

 c) Flash Floods and ARs across Regions and Seasons 

 20 of 29 (68.9%) total flash flood days over the northern CWAs occurred on the 

day of or the day after a landfalling AR, whereas 134 of 376 (35.6%) total flash flood 

days over southern CWAs were associated with a landfalling AR.  These numbers 

represent total flash flood days aggregated across CWA zones, but not unique flash flood 

days as some may overlap.  The composite analyses are subsequently constructed from 

unique flash flood days with ARs. 

 Unique flash flood days in northern California associated with ARs (N=12) occur 

in conjunction with a sub-1004-hPa cyclone centered over the Gulf of Alaska, and a 

~1016-hPa anticyclone located over the subtropical central and eastern North Pacific 

(Fig. 4.4a).  There was a strong corridor of westerly water vapor flux IVT magnitudes 

~500 kg m–1 s–1 and IWV >32.5 mm located in the region with the highest pressure 

gradient between the cyclone and the anticyclone near 140°W.  The upper-tropospheric 

flow was characterized by a ~42 m s–1 jet streak at 250-hPa along the 40°N latitude over 

the central North Pacific upstream of a weak trough along the U.S. West Coast.  The 

poleward exit region of the jet streak illustrated in Fig. 4.4d is located over southern 
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California implying quasi-geostrophic synoptic-scale forcing for ascent.  Flash flood days 

in southern California associated with ARs (N=66) occur in conjunction with a ~1008-

hPa trough located along the U.S. West Coast and a ~1016-hPa anticyclone located in the 

central North Pacific (Fig. 4.4c).  The corridor of water vapor flux along the composite 

AR contained IVT magnitudes ~300 kg m–1 s–1 and IWV values >22.5 mm located near 

southern California.  The upper-tropospheric flow was characterized by a ~42 m s–1 jet 

streak along the 32°N latitude over southern California, and weak trough along the U.S. 

West Coast (Fig. 4.4d).  The composite analyses illustrated ideal conditions associated 

with a landfalling ARs (IVT ≥250 kg m–1 s–1 and IWV ≥20 mm; Ralph et al. 2012) 

known to produce heavy orographic precipitation. 

 The subsequent seasonal analyses were constructed from flash flood days with 

ARs and only focused on SLP, IWV, and IVT analyses; 250-hPa analyses have been 

emitted for succinctness.  Flash flood days during the warm-season over California with 

ARs (N=40; Fig. 4.5a) occur in association with a ~1008-hPa broad area of low pressure 

located over the Aleutian Islands and a ~1020-hPa anticyclone located over the central 

North Pacific. In contrast, flash flood days during the cold-season over California with 

ARs (Fig. 4.5b) occurred in conjunction with ~1004-hPa cyclone located over the coast 

of southern British Columbia and Washington and a ~1016-hPa anticyclone located 

across the southern North Pacific.  The warm-season composite contains IVT magnitudes 

~100 kg m–1 s–1.  Given that these events were all identified as having an AR according to 

the Rutz et al. (2013) methodology and that they had westerly water vapor flux with IVT 

magnitudes <250 kg m–1 s–1, the composite likely over disperses IVT amongst the 40 

composite members.  The cold-season composite, however, highlights a corridor of 
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southwesterly water vapor flux with IVT magnitudes >250 kg m–1 s–1 along a narrow 

corridor of IWV >22.5 mm that extended from southwest to northeast across the 

southeastern North Pacific.   

 Only two flash flood days occurred during the warm-season in northern California 

with ARs (Fig. 4.5c).  The composite was included for completeness, but the low 

population number does not warrant further discussion beyond the apparent fact that flash 

floods in northern California seldom occur in association with ARs.  Flash flood days in 

northern California were slightly more common with ARs during the cold-season (N=10; 

Fig. 4.5d).  These flash flood days were characterized by a strong corridor of west-

southwesterly water vapor flux along a composite AR over the east-central North Pacific 

with IVT magnitudes of ~500 kg m–1 s–1 along a narrow corridor of IWV >25 mm. 

 The flash flood days in the warm-season in southern California with ARs 

increased to 18 in comparison to the northern flash flood days with ARs in California.  

The population number of the composite is still small but it is clear that the synoptic 

pattern resembles the North American monsoon.  There is a~1008-hPa cyclone located 

over the Aleutian Islands and a ~1020-hPa anticyclone located in the central North 

Pacific (Fig. 4.5e).  The events in the composite analysis were identified as having an AR 

according to the Rutz (2013) methodology but the IVT magnitudes were <250 kg m–1 s–1, 

the composite is likely over dispersing the IVT amongst the 18 members. The cold-

season flash flood days with an AR in southern California (N=48; Fig. 4.5f) occurred in 

conjunction with a ~1004-hPa cyclone located over the coast of the U.S. Pacific 

Northwest and a ~1016-hPa anticyclone located over the south-central and southeastern 

North Pacific.  Unlike the warm-season composite, the cold-season composite 
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highlighted a corridor of water vapor flux along a composite AR with IVT magnitudes 

~300 kg m–1 s–1 along a region of enhanced IWV with values ~22.5 mm. 

 d) Flash Flood Days in California without an AR 

There were 172 flash flood days in California that were not associated with a 

landfalling AR (Fig. 4.6).  These days were characterized by a ~1020-hPa anticyclone 

located over the central North Pacific and a weak ~1012-hPa trough located over the 

Aleutian Islands.  A weak ~1012-hPa inverted trough was located over central California 

and western North American.  The pattern is similar to the synoptic-scale circulation that 

develops across northwest Mexico and southern California in association with the North 

American monsoon each summer (e.g., Means 2013) that resembles the type-IV monsoon 

synoptic pattern described by Maddox et al. (1980) for flash floods over the western U.S. 

that was also previously discussed in Chapter 3.  

e) Chapter Discussion and Summary 

 The overall synoptic-scale difference between all flash flood days and flash flood 

days that occurred in association with a landfalling AR was that the latter were 

characterized by a stronger jet streak and higher IVT magnitudes that primarily occur in 

the cold-season suggesting that the quasi-geostrophic synoptic-scale forcing for ascent 

was enhanced in the equatorward entrance region and poleward exit region of the jet 

streak.  The main difference between the two analyses was that the composite containing 

all flash flood days contained a synoptic-scale pattern that resembled the North American 

monsoon circulation and the composite with only AR-related flash flood days contained a 

corridor of water vapor flux along an AR that was oriented from southwest to northeast 

over the Northeast Pacific that made landfall in California. 
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 The regional analysis comparing northern and southern California flash flood 

days that occurred in association with a landfalling AR illustrated that 1) both analyses 

contained a distinct plume of IWV and IVT directed towards the California coast, 2) the 

northern analyses contained higher IVT magnitudes, and 3) northern California analyses 

contained lower values of IWV than southern California analyses.  The non-AR flood 

days resembled the synoptic pattern of the North American monsoon.   

 There were major synoptic-scale differences between all of the warm-season and 

cold-season analyses.  With the exception of warm-season flash floods in northern 

California with ARs, which was excluded from the analysis but was included for 

completeness, the warm-season analyses illustrate an anticyclone located in the central 

North Pacific and an inverted monsoon trough located over California.  All of the cold-

season analyses illustrated a corridor of water vapor flux with IVT magnitudes >250 kg 

m–1 s–1 along an AR in conjunction with a corridor of ~22.5 mm corridor of enhanced 

IWV directed toward the coast of California. 

 The composite analyses highlighted the importance of water vapor flux along 

ARs in the presence of a corridor of a west or southwest IWV making landfall in 

California on 38% of days with flash floods.  The large-scale features related to synoptic-

scale forcing for ascent related to the upstream upper-level trough, favorable poleward 

exit region of the jet streak, and low-level trough or cyclone offshore, all highlight a 

favorable environment for forcing for ascent and broad precipitation.  The magnitude of 

water vapor flux also highlights the likely additional role of orographic enhanced 

precipitation, which is modulated by the IVT direction relative to the upslope terrain 

gradient (Ralph et al. 2006).  The connections among ARs, water vapor flux magnitude, 
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IVT duration and direction, precipitation, streamflows, and flash flooding in the Santa 

Ynez watershed (located in southern California) are subsequently discussed in Chapter 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  41

f) Chapter Figures 

 

 
Fig. 4.1. Ratio of flash flood events in California for AR and non-AR days for each NWS 
CWA.  The blue shade depicts flash flood days that were associated with an AR and the 
orange shad depicts flash flood days that were not associated with an AR. The number on 
top, bottom, and the right of the pie charts indicate the number of flash flood days 
associated with landfalling AR, the number of flash flood days not associated with a 
landfalling AR, and the total number of flash floods, respectively. 
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Fig. 4.2. Monthly frequency of flash flood days during the WYs 2005–2014 in California 
(total bar height), the number of flash flood days associated with ARs (height of the blue 
bars), and The number of flash flood days not associated with ARs (height of the orange 
bars). The number above the bars represents the AR fraction for each month. 
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Fig. 4.3. Composite (a) SLP (hPa; contours), IWV (mm; shaded according to scale), and 
IVT (kg m–1 s–1; vectors plotted with a magnitude >100 kg m–1s–1) and (b) 250-hPa wind 
speed (m s–1; shaded according to scale) and geopotential height (m; contoured) for all 
flash flood days in California. (c) and (d), As in (a) and (b), respectively, except for all 
flash flood days associated with a landfalling AR. 
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Fig. 4.4. As in Fig. 4.3, except for flash flood days in (a–b) northern California and (c–d) 
southern California associated with landfalling AR. 
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Fig. 4.5. As in Figs. 4.3a,c, except for flash flood days during (a) the warm-season in 
California, (b) the cold-season in California, (c) warm-season in northern California, (d) 
cold-season in northern California, (e) warm-season in southern California, and (f) cold-
season in southern California, all in association with a landfalling AR. 
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Fig. 4.6. As in Figs. 4.3a,c, except for flash flood days in California without an AR. 
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Chapter 5:  A Flood in the Russian River 

 Chapter 5 will discuss a case study of a flood that occurred along the Russian 

River in associated with multiple landfalling ARs during the dates 26 December 2005–3 

January 2006; hereafter this flood event will be referred to as the New Year’s Day Flood, 

or NYDF.  The case study will discuss (1) the Russian River’s impacts on agriculture, 

wildlife, and human life; (2) a brief description of the Russian River watershed; (3) an 

overview of the NYDF that presents a summary of the meteorology of the landfalling AR 

and flood event; (4) river response; and (5) a composite analysis that compares 

precipitation, IVT, and discharge of 13 flood events that occurred in Sonoma County. 

 a) The Russian River 

 The Russian River watershed (Fig. 5.1) straddles Mendocino and Sonoma 

Counties and is ~129 km long and has an average annual discharge of 1.6 million acre-

feet (Langridge 2006).  The seasonal variability of water availability leads to competition 

among different communities for water including the Russian River watershed region’s 

world-renowned vineyards and wine-making industry, which is an integral part of the 

local economy (Beller-Simms et al. 2014).  Wine grapes are generally a low water-use 

crop; however, when sub-freezing temperatures affect the region, the best mitigation 

tactic for crop loss is to spray the vines with water, coating them with an ice shield 

(Beller-Simms et al. 2014).  Mitigating crop loss requires copious amounts of water that 

lowers the overall discharge of the Russian River, which introduces a secondary problem 

of low streamflow and resulting impacts on wildlife.  In spring 2008, there were 

anomalously low temperatures causing intense frosts during the overnight hours.  The 

local vineyards sprayed the vines to mitigate crop loss which then lowered the 
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streamflow of the Russian River to 168 cfs, normally ~500–1000 cfs (Beller-Simms et al. 

2014).  The NOAA National Marine Fisheries Service discovered dead juvenile Coho 

salmon and Steelhead trout in the Russian River; both fish are on the endangered species 

list in the watershed (Beller-Simms et al. 2014).  In general, there is a fine balance 

between economic use of the Russian River and the conservation for wildlife that live in 

the Russian River that inspires political conversation. 

On the other end of the streamflow spectrum, floods have been linked to 

damaging residential and corporate properties (Beller-Simms et al. 2014).  Ralph et al. 

(2006) studied seven floods that occurred during 1997–2005 in the Russian River.  There 

have been a total of 45 flood events on the Russian River since 1940 that have reached a 

flood stage of 32 ft.  As previously discussed in Chapter 3, the CWA MTR (the CWA in 

which the Russian River watershed is located in) experienced 22 flood days; 21 of these 

days were associated with landfalling ARs. 

 b) The New Year’s Day Flood 

 The NYDF in the Russian River was a multi-day flood event.  Three days before 

the NYDF, Ralph et al. (2006) illustrated that one-day flood events also occurred on 29 

December 2005.  The maximum stage-height of 41.81 ft that occurred on 1 January 2006 

is classified as a “major flood” (NWS 2016) that can flood many roads in Guerneville, 

Monte Rio, and Rio Nido (CNRFC 2016).  The precipitation and flooding on 29 

December 2005 enabled the NYDF to reach near-historic levels by providing proper 

antecedent saturated soil conditions and anomalously high discharge in the watershed.  

The resulting impact of the NYDF was a Federal Emergency Management Agency 

(FEMA) declared major disaster.  More than 100 roadways were blocked due to a 
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combination of flooding and landslides, 2,100 business and residential properties were 

inundated, and 50,000 residents were without power.  Sonoma County business and 

residential damages were estimated at ~$104 million (CPO 2013).  The succeeding 

paragraphs discuss the synoptic-scale meteorological set-up and the river response to the 

precipitation.  For the sake of brevity over the case study, only analyses on 1200 UTC 

over intervals of 24 h will be discussed.  The subsequent plots show 250-hPa wind speeds 

and geopotential heights; 500-hPa absolute vorticity, geopotential heights, and wind 

vectors; SLP, IWV, and IVT vectors; a cross-section of water vapor flux and wind barbs 

along 38°N; 24-h precipitation (1200 UTC–1200 UTC) and 24-h average IVT (1200 

UTC–1200 UTC); and 15-minute discharge from a gage located in the Russian River 

near Guerneville, California, hereby referred to as Guerneville.  All of the plots are 

contained in section (e) of this chapter, but note that not all of the figures are discussed 

but are included for a complete view of the entire flooding event. 

 At 1200 UTC 26 December 2005 there was a landfalling AR located over 

southern California (Fig. 5.2c) that brought ~75 mm of precipitation to the Russian River 

watershed during the previous 24-h period (Fig. 5.2e).  The precipitation resulted in the 

first peak of discharge at Guerneville of ~10,000 cfs (Fig. 5.2f). There was not a flood 

reported with the increase in discharge. 

 At 1200 UTC 27 December 2005 there was a ~960-hPa cyclone over the Gulf of 

Alaska and a ~1020-hPa anticyclone over the West Coast of the U.S (Fig. 5.3c).  The 

strongest corridor of water vapor flux with IVT magnitudes ~800 kg m–1 s–1 was located 

along an AR in conjunction with the highest values of enhanced IWV >40 mm over the 

east-central North Pacific near the shore of central California.  The main corridor of the 
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AR and highest water vapor flux values were located west of Guerneville as illustrated in 

Fig. 5.3.d.  Guerneville is located underneath the equatorward exit region of the quasi-

zonal jet streak at 250-hPa (Fig. 5.3a).  There was no analyzed region of differential 

cyclonic vorticity advection over Guerneville at 500-hPa (Fig. 5.3b).  Since the maximum 

water vapor flux had not reached Guerneville and there was no implied quasi-geostrophic 

synoptic-scale ascent, there was no precipitation in the 24-h period over Guerneville; the 

precipitation remains in the mountain ranges across northern California where orographic 

forcing for ascent was present (Fig. 5.3e).  The discharge increase analyzed in Fig. 5.3f 

was due to the precipitation in the Russian River watershed analyzed in Fig. 5.2e.  There 

is a ~24-h lag between the precipitation and the increase of discharge at Guerneville, 

which will be frequently observed in succeeding analyses. 

 At 1200 UTC 28 December 2005 the strongest southwesterly water vapor flux 

with IVT magnitudes >900 kg m–1 s–1 were collocated along the AR (Fig. 5.4c) with the 

strongest corridor of enhanced IWV >37.5 mm. Guerneville received ~25 mm of rain 

during the previous 24-h period and the Northern Coastal Range received ~200 mm in the 

presence of strong orographic forcing for ascent (Fig. 5.4e). The precipitation north of 

Guerneville caused the discharge to increase to ~35,000 cfs at 1200 UTC 28 December 

2005 (Fig. 5.4f) and reach the second maximum of ~45,000 cfs on 29 December 2015 

(Fig. 5.5f), a day that both Ralph et al. (2013) and the NCEI storm events database 

considered a flood day.  Precipitation amounts decreased over the proceeding 48 h.  At 

1200 UTC 29 December 2005 Guerneville received only 25 mm of precipitation and 

regions upstream of Guerneville on the Russian River received ~30 mm of precipitation 
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(Figs. 5.5e and 5.6e).  The discharge decreased to ~20,000 cfs at 1200 UTC 30 December 

2005 (Fig. 5.6f). 

 Between 1200 UTC 30 December 2005 and 1200 UTC 1 January 2006, a third 

long-duration plume of southwesterly water vapor flux with IVT magnitudes ~1000 kg 

m–1 s–1 along an AR made landfall over northern and central California (Figs. 5.6c, 5.7c, 

and 5.8c).  The primary cyclone remained stationary in the Gulf of Alaska during the 72-

h period with a SLP <972-hPa, and an anticyclone remained stationary over the south-

central North Pacific with a SLP >1016-hPa (Figs. 5.6a, 5.7a, and 5.8a).  There was 

implied quasi-geostrophic synoptic-scale forcing for ascent at 250-hPa during the 72-h 

period in association with a coupled jet streak circulation located over northern California 

for two of the three dates (Uccellini and Kocin 1987).  The western jet streak was located 

over the central North Pacific which positioned the poleward exit region of the jet streak 

over northern California, whereas the eastern jet streak was located over northeastern 

California which located the equatorward entrance region was over northern California 

during 1200 UTC 30 and 31 December 2005 (Figs. 5.6a and 5.7a).  At 1200 UTC 1 

January 2006 there was a zonal jet streak located such that the poleward exit region was 

located over northern California (Fig. 5.8a).  At the time 1200 UTC 31 December 2005 

was the only time where differential cyclonic absolute vorticity advection was analyzed 

in conjunction with possible quasi-geostrophic synoptic-scale ascent during the 72-h 

period (Figs. 5.6b, 5.7b, and 5.8b).   The 72-h period featured ~200 mm of precipitation 

over Guerneville and over locations upstream on the Russian River (Figs. 5.6f, 5.7f, and 

5.8f.).  The large amount of precipitation, as well as the antecedent soil moisture (not 
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shown) and elevated discharge ~22,000 cfs, enabled the discharge to subsequently peak 

at ~90,000 cfs on 1 January 2006. 

 The subsequent time periods 1200 UTC 2 January 2006 and 1200 UTC 3 January 

2006 were associated with less precipitation than the previously analyzed 72-h period 

over northern California (Figs. 5.9e and 5.10e).  The precipitation shifted farther south as 

the cyclone and accompanying AR propagated toward southern California (Figs. 5.9c and 

5.10c), and the discharge decreased as the precipitation amounts decreased (Figs. 5.9f 

and. 5.10f). 

 c) Case Study Summary 

   The NYDF occurred in association with three landfalling ARs, the first during 

25–26 December 2005 which saturated the soils in the Russian River watershed which 

led to an initial increase in discharge of ~10,000 cfs at Guerneville, the second during 

27–28 December 2005 that led to a secondary maximum in discharge of ~45,000 cfs, and 

the third during 30–31 December 2005 which increased the discharge to ~90,000 cfs.  

The water vapor flux IVT magnitudes and enhanced IWV values were ≥250 kg m–1 s–1 

and ≥20 mm in both of the analyses, respectively, exceeding the threshold to be 

considered an AR under the methodology of Ralph et al. (2012) and Rutz et al. (2013).  

There is agreement with the case study analyses and the composite SLP, IVT, and IWV 

analyses in Chapter 3, with a cyclone located over the northern North Pacific and an 

anticyclone located over the central North Pacific.  The duration of the first AR lasted 

~24 h and resulted in ~100 mm of rain upstream of Guerneville over the Russian River 

watershed.  The duration of the second AR lasted ~24 h and resulted in ~200 mm 

upstream of Guerneville over the Russian River watershed.  The duration of the third AR 
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lasted ~24 h and resulted in ~225 mm upstream of Guerneville over the Russian River 

watershed.  The antecedent river conditions prior to each event enabled the discharge to 

greatly increase after each landfalling AR with the latter two ARs causing flooding. The 

difference between the first and second flood event was that the first flood event started 

with a discharge of ~5,000 cfs at Guerneville (resulting in a peak discharge of ~45,000 

cfs) whereas the second flood event started with a discharge of ~22,000 cfs at 

Guerneville (resulting in ~90,000 cfs).  There was a 24-h lag identified between when the 

precipitation event occurred and when the discharge values increased in the Russian 

River near Guerneville, which is understandable since Guerneville is near the end of the 

Russian River and the river is ~129 km long. The three ARs were associated with ~800 

mm of precipitation in regions of the Russian River watershed.  The 144-h time-

integrated IVT during 26 December 2005–3 January 2006 was oriented west-southwest 

to east-northeast and favored orographic forcing for ascent over the Northern Coastal 

Ranges, which visually correlated well the highest precipitation amounts over the 

geographic domain (Fig. 5.11).  The precipitation associated with the three landfalling 

ARs resulted in 1.03 km3 of accumulated volume that passed through Guerneville, which 

is about half of the mean annual discharge of 2.0 km3.  

 d) Composite Analysis of Streamflow during Flood events in Sonoma County 

 To supplement the case study, a composite precipitation, IVT, and discharge box-

and-whisker plot analyses were created for the 13 flood events that occurred in Sonoma 

County.  The composite analyses illustrate the 24-h precipitation, daily average IVT, and 

daily average discharge at 72 h (t= 3), 48 h (t= 2), and 24 h (t= 1) before the flood 

report, the day of the flood report (t=0), and 24 h (t=+1) and 48 h (t=+2) after the flood 
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report.  The box-and-whisker plots analyze the median value, upper and lower quartile 

values, the maximum value (excluding outliers), the minimum value (excluding outliers), 

and outlier values.  The first time step (t=−3) illustrates the median daily precipitation ~5 

mm, which subsequently increased to ~45 mm the day of the flash flood report (t=0), the 

largest median precipitation time of this analysis (Fig. 5.12a).   The day after the flood 

report (t=+1) the median precipitation values dropped and remained for the succeeding 

time periods (t=+2 and t=+3) to ~5 mm.  There was a visual correlation between the 

magnitude of IVT at Guerneville and the amount of precipitation that fell in the 

watershed (Fig. 5.12b).  The median values of daily average IVT magnitudes were only 

classified having AR conditions (≥250 kg m–1 s–1) at t= 1 and t=0.  The median average 

discharge values reached the maximum of ~25,000 cfs at t=+1 and dropped to ~10,000 

cfs at t=+2 after the flood report (Fig. 5.12c).  
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 e) Chapter Figures

 

Fig. 5.1. The Russian River watershed in California.  The red line depicts the path of the 
Russian River, whereas the polygon represents the entire watershed. 
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Fig. 5.2. Description on following page to maximize space. 
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Fig. 5.2. For 1200 UTC 26 December 2005: (a) 250-hPa wind speed (m s–1; shaded 
according to scale) and geopotential height (m; contoured), (c) 500-hPa absolute vorticity 
(s–1*104; shaded according to scale), geopotential heights (m; contoured), and wind speed 
(m s–1; vectors plotted with a magnitude >20 m s–1), (c) SLP (hPa; contours), IWV (mm; 
shaded according to scale), IVT (kg m–1 s–1; vector plotted with magnitude >100 kg m–1 
s–1), and 38°N latitude (black line; depicts location of vertical cross-section in Fig. 5.2d), 
(d) vertical cross section at 38°N, spanning 160°W–110°W water vapor flux (g kg–1*m s–

1; shaded according to scale) and wind speed (m s–1; wind barb), (e) 24-h precipitation 
(mm, shaded according to scale) ending at the analysis time, 24-h average IVT (kg m–1 s–

1; vectors plotted with a magnitude >100 kg m–1 s–1) ending at the analysis time, and the 
star indicated where the stream gage is located near Guerneville, California, and (f) 15-
minute discharge at Guerneville, California along the Russian River for the entire study 
period (cfs; line) and arrow depicts the time the figure illustrates. 
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Fig. 5.3. As in Fig. 5.2, except for 1200 UTC 27 December 2005. 
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Fig. 5.4. As in Fig. 5.2, except for 1200 UTC 28 December 2005. 
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Fig. 5.5. As in Fig. 5.2, except for 1200 UTC 29 December 2005. 
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Fig. 5.6. As in Fig. 5.2, except for 1200 UTC 30 December 2005. 
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Fig. 5.7. As in Fig. 5.2, except for 1200 UTC 31 December 2005. 
 



 

  63

 

Fig. 5.8. As in Fig. 5.2, except for 1200 UTC 1 January 2006. 
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Fig. 5.9. As in Fig. 5.2, except for 1200 UTC 2 January 2006. 
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Fig. 5.10. As in Fig. 5.2, except for 1200 UTC 3 January 2006. 
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Fig. 5.11 For the entire NYDF event (26 December 2005–3 January 2006) (a) storm total 
precipitation (mm, shaded according to scale), 144-h time-integrated IVT (kg m–1; 
vectors plotted with a magnitude >1000 kg m–1. 
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Fig. 5.12 Box-and-whisker diagram for times 72 h (t=−3), 48 h (t=−2), and 24 h (t=−1) 
before the flood report at 1200 UTC, the day of the flood report (t=0), and 24 h (t=1) and 
48 h (t=2) after the flood report for (a) average precipitation upstream of Guerneville, 
California (mm), (b) daily average IVT at Guerneville, California (kg m–1 s–1), and (c) 
daily average discharge at Guerneville, California (cfs) for 13 flood events that occurred 
in Sonoma County California. 
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Chapter 6: A Flash Flood in the Santa Ynez Watershed 
 
 Chapter 6 will overview a case study of a flash flood that occurred along the 

Santa Ynez River in association with a landfalling AR during 8–10 January 2005.  The 

case study will overview (1) the Santa Ynez River’s (SYR) impact on agriculture, 

wildlife, and human life; (2) a brief description of the SYR watershed; (3) an overview of 

the flash flood event that presents a summary of the meteorology of the landfalling AR 

flash flood event; (4) the river response; and (5) a composite analysis that compares 

precipitation, IVT, and discharge of 13 flash flood events that occurred in Santa Barbara 

County. 

 a) The Santa Ynez River 

 The SYR watershed (Fig. 6.1) flows through Ventura and Santa Barbara Counties 

from east to west and is ~148 km long (http://coastalwatersheds.ca.gov).  The SYR 

watershed, like the Russian River, is responsible for irrigating famous vineyards in Santa 

Barbara County.  These vineyards are located in southern California, so it is likely that 

the vineyards do not have to use ice shields over their crop to mitigate freeze damage.  

Instead of worrying about using water to protect vineyards in the watershed, the SYR 

watershed is concerned about maintaining enough water for the human population.  The 

SYR has three reservoirs in the watershed:  The Jameson Reservoir (capacity: 3,600,000 

m3), the Gibraltar Reservoir (capacity: 2,130,000 m3) that provides water to the city of 

Santa Barbara, and the Cachuma Reservoir (capacity: 253,000,000 m3), which is the 

largest of the Reservoirs.  Reservoirs introduce politically complex situations because the 

Bureau of Reclamation determines how much water can flow into a city.  For example, 

the Bureau of Reclamation ceased the flow of water to the city of Cachuma on 16 April 
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2014 since there was not enough precipitation to maintain the Cachuma Reservoir water 

levels.  The SYR is also the home of the Steelhead trout; however, the introduction of 

dams and reservoirs have made it difficult for the steelhead trout to spawn 

(http://westcoast.fisheries.noaa.gov).  The steelhead trout was introduced in 1997 under 

the U.S. Endangered Species Act (http://westcoast.fisheries.noaa.gov).  Flash flooding is 

more common than flooding in the SYR watershed, as seen in Chapters 3 and 4.  Since 

1938 there have been 6 crests >15.0 ft. (flood stage) at the Narrows streamgage, showing 

the overall rarity of any kind of flooding in this watershed (http://water.weather.gov).  

There was only one date in that recent crests list that was during this thesis study period; 

that date is included in this case study.  The subsequent chapter demonstrates that there 

was a landfalling AR associated with the flash flooding.  

 b) The 9 January 2005 Flash Flood 

 A flash flood occurred in the “southern portion” (NCEI 2016) from 1247 UTC to 

1700 UTC in the smaller catchments of the SYR and lasted ~6 hours.  The flash flood 

occurred during the landfall of an AR that took place during the 72-h period from 8 

January 2005 to 10 January 2005. For the sake of brevity, only analyses on 1200 UTC 

over intervals of 24 h will be discussed.  The subsequent plots show (a) 250-hPa wind 

speeds and geopotential heights; (b) 500-hPa absolute vorticity, geopotential heights, and 

wind vectors; (c) SLP, IWV, and IVT vectors; a cross-section of water vapor flux and 

wind barbs along 35°N; (d) 24-h precipitation (1200 UTC–1200 UTC) and 24-h average 

IVT (1200 UTC–1200 UTC); and (e) 15-minute discharge from a gage located in the 

Narrows on the SYR located west of Lompoc, California.  All of the plots will be 
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provided in section (e) of this chapter, but note that not all of the figures are discussed but 

are included for a complete view of the entire flash flooding event. 

 At 1200 UTC January 8 2005 there was an AR making landfall over southern 

California.  The AR was associated with a ~984-hPa cyclone over the east–central North 

Pacific off of the coast of northern California.  There was also a ~1028-hPa anticyclone 

located over the northern North Pacific and a ~1016-hPa anticyclone located over Baja 

California (Fig. 6.2c).  The strongest corridor of water vapor flux contained IVT 

magnitudes of ~900 kg m–1 s–1 and was located along the AR in conjunction with the 

highest values of enhanced IWV ~40 mm located between the near-coastal cyclone and 

anticyclone.  At 1200 UTC 8 January 2005, the Narrows streamgage was located beneath 

deep saturation and southwest water vapor flux reaching altitudes >500-hPa (Fig. 6.2d). 

The Narrows streamgage was also located beneath the poleward exit region of a sub-

tropical jet streak at 250 hPa and the equatorward exit region of the polar jet streak, 

suggesting the additional presence of quasi-geostrophic synoptic-scale ascent (Fig. 6.2a).  

The 500-hPa analysis illustrates that the SYR watershed was under weak differential 

cyclonic absolute vorticity advection that also suggests the presence of quasi-geostrophic 

synoptic-scale ascent (Fig. 6.2b).  The IVT is directed from the southwest, which is 

perpendicular to the Transverse Mountains (Fig. 6.2e) and enabled orographic forcing to 

also contribute to forcing for ascent.  The landfalling AR produced ~75 mm of 

precipitation over regions of the SYR watershed in the 24-h period ending at 1200 UTC 8 

January 2005. 

 On the 1200 UTC January 9 2005 analyses, the AR continued to make landfall 

over southern California (Fig. 6.3c).  The AR was associated with a ~1000-hPa cyclone 
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over the coast of north–central California.  There was a ~1024-hPa anticyclone located 

over the northern North Pacific and a ~1016-hPa anticyclone located over Baja 

California.  The strongest corridor of water vapor flux contained IVT magnitudes ~1000 

kg m–1 s–1 located along the AR in conjunction with the highest values of enhanced IWV 

~37.5 mm on the leading edge of the cold front; Fig. 6.3d illustrated a distinct wind shift 

directly behind the vertical plume of moisture flux, extending south from the cyclone 

located over north–central California. The Narrows was located beneath the poleward 

exit region of a sub-tropical jet streak at 250 hPa and the equatorward exit region of the 

polar jet streak, suggesting the additional presence of quasi-geostrophic synoptic-scale 

ascent (Fig. 6.3a).  The 500-hPa analysis shows little to no differential cyclonic vorticity 

advection over the SYR watershed (Fig. 6.3b).  The combination of quasi-geostrophic 

synoptic-scale ascent and forced orographic ascent produced a maximum of ~250 mm 

located along the Transverse Mountain Ranges and over the Santa Ynez watershed during 

the 24-h period ending at 1200 UTC 9 January 2005 (Fig. 6.3e).  The radar volume scan 

over the “southern portions” of Santa Barbara County illustrated pockets heavy 

precipitation with radar reflectivity 55 dBZ (Fig. 6.4).  From 0000–1100 UTC 9 

January 2005, the discharge at the Narrows streamgage rose from ~9,000 cfs to ~15,000 

cfs (NCEI 2016; Fig. 6.3f). The duration of discharge increase and decrease does not 

follow the definition of a flash flood as defined in Chapter 1, but does indicate that run 

off from the flash floods in the “southern portions” of Santa Barbara County was flowing 

into the SYR on 9 January 2005. 

 The AR continued making landfall over southern California at 1200 UTC 

January 2005.  The AR was associated with a ~1005-hPa cyclone over the east–central 
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North Pacific just off the coast of northern California.  There were weaker ~1020-hPa 

anticyclones located over the northern North Pacific and over the southeastern North 

Pacific, just off of the coast of Baja California (Fig. 6.5c).  The strongest corridor of 

water vapor flux contained IVT magnitudes of ~900 kg m–1 s–1 and was located along the 

AR in conjunction with the highest values of enhanced IWV ~32.5 mm in between the 

near-coastal cyclone and anticyclone.  The Narrows streamgage was located beneath deep 

saturation and southwest water vapor flux, reaching >500-hPa (Fig. 6.5d). The Narrows 

streamgage is also located beneath the poleward exit region of a sub-tropical jet streak at 

250 hPa, suggesting the additional presence of quasi-geostrophic synoptic-scale forcing 

for ascent (Fig. 6.5a).  The 500-hPa analysis illustrated that the SYR watershed was 

beneath a region of weak differential cyclonic absolute vorticity advection, which also 

suggested the presence of quasi-geostrophic synoptic-scale forcing for ascent (Fig. 6.5b).  

The IVT was directed from the southwest and was perpendicular to the Transverse 

Mountains (Fig. 6.5e), which enabled orographic forcing to also contribute to forcing for 

ascent. 

 c) Case Study Summary 

 A flash flood occurred in the “southern portion” (NCEI 2016) from 1247 UTC to 

1700 UTC in the smaller catchments of the SYR and lasted ~6 hours. The flash flood 

occurred during the landfall of an AR that took place during the 72-h period from 8 

January 2005 to 10 January 2005.   The water vapor flux IVT magnitudes and enhanced 

IWV values were ≥250 kg m–1 s–1 and ≥20 mm in both of the analyses, respectively, 

exceeding the threshold to be considered an AR under the methodology of Ralph et al. 

(2012) and Rutz et al. (2013).  There is agreement between the case study analyses and 
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the composite SLP, IVT, and IWV analyses in Chapter 4, with a cyclone located near the 

coast of central California and an anticyclone located over the south–central North 

Pacific.  The fast-moving cyclone, quasi-geostrophic synoptic-scale forcing for ascent, 

landfalling AR, and 72-h precipitation of ~325 mm resulted in a flash flood that occurred 

during 1227–1700 UTC on 9 February 2005 over the “southern portion” of Santa Barbara 

County in the SYR watershed.  From 0000–1100 UTC 9 January 2005, the discharge at 

the Narrows streamgage rose from ~9,000 cfs to ~15,000 cfs (NCEI 2016; Fig. 6.3f).  

The duration of discharge increase and decrease does not follow the definition of a flash 

flood as defined in Chapter 1, but does indicate that run off from the flash floods in the 

“southern portions” of Santa Barbara County was flowing into the SYR on 9 January 

2005.  The 72-h time-integrated IVT during 8–10 January 2005 was oriented from west-

southwest to east-northeast and favored orographic forcing for ascent in the Transverse 

Mountain Range, which visually correlated well with the highest precipitation amounts 

over the geographic domain (Fig. 6.6a).  

 d) Composite analysis of Streamflow during Flash Flood events in Santa Barbara 

County 

 To supplement the case study, composite precipitation, IVT, and discharge box-

and-whisker plot analyses were created for the days that contained the 13 flash flood 

events that occurred in Santa Barbara County.  The box-and-whisker analyses illustrate 

the 24-h precipitation, daily average IVT magnitude, and daily average discharge for the 

24-h periods 48 h (t=−2), and 24 h (t=−1) before the day of the flash flood report, the day 

of the flash flood report (t=0), and 24 h (t=+1) after the day of the flash flood report.  The 

box-and-whisker plots analyze the median value, upper and lower quartile values, the 
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maximum value (excluding outliers), the minimum value (excluding outliers), and outlier 

values. The first time step (t=−2) illustrates that the median daily precipitation was <5 

mm, which subsequently increased to ~20 mm the day before the flash flood report 

(t=−1; Fig. 6.7.a).  The day of the flash flood report (t=0) contained the highest values of 

median daily precipitation of ~40 mm.  The median daily precipitation decreased to ~5 

mm on the day after the flash flood report (t=+1).  There was no definitive visual 

correlation or trend between the daily average IVT magnitude and the median daily 

precipitation; however, the date of the flash flood report contained median daily average 

IVT magnitudes ~310 kg m–1 s–1, which satisfies the characteristics of a landfalling AR.  

The median daily average discharge was <100 cfs at t=−1and t=0 time steps before the 

flash flood event and at the t=+1 time step after the flood event.  The upper inner quartile 

range increased to ~1,500 cfs on the day of the flash flood event.  The increase in 

discharge the day of the flash flood reports illustrates the rapid increase in flow along the 

SYR and the short duration of the hydrologic event (see definition of flash flood in 

Chapter 1). 
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e) Chapter Figures 

 

Fig. 6.1. The Santa Ynez River watershed in California.  The red line depicts the path of 
the Santa Ynez, the polygon represents the entire watershed, and the star depicts the 
Narrows streamgage location. 
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Fig. 6.2. Description on following page to maximize space. 
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Fig. 6.2. For 1200 UTC 8 January 2005: (a) 250-hPa wind speed (m s–1; shaded according 
to scale) and geopotential height (m; contoured), (c) 500-hPa absolute vorticity (104 s–1 ; 
shaded according to scale), geopotential heights (m; contoured), and wind speed (m s–1; 
vectors plotted with a magnitude >20 m s–1), (c) SLP (hPa; contours), IWV (mm; shaded 
according to scale), IVT (kg m–1 s–1; vector plotted with magnitude >100 kg m–1 s–1), and 
35°N latitude (black line; depicts location of vertical cross-section in Fig. 5.2d), (d) 
vertical cross section at 35°N, spanning 160°W–110°W water vapor flux (g kg–1*m s–1; 
shaded according to scale) and wind speed (m s–1; wind barb), (e) 24-h total precipitation 
(mm, shaded according to scale) ending at the analysis time, 24-h average IVT (kg m–1 s–

1; vectors plotted with a magnitude >100 kg m–1 s–1) ending at the analysis time, and the 
star indicated where the Narrows streamgage is located,  and (f) 15-minute discharge at 
the Narrows streamgage along the Santa Ynez River for the case study period (cfs; line) 
and arrow depicts the analysis time. 
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Fig. 6.3. As in Fig. 6.2, except for 1200 UTC 9 January 2005.
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Fig. 6.4. For 1445 UTC 9 January 2005, RCM radar summary over the southwest U.S. 
Shaded values are radar reflectivity (Dbz), arrow depicts where the “southern portions” 
of Santa Barbara County are located.  Image can be found at 
http://vortex.plymouth.edu/cgi-bin/rad/gen-rcm-
a.cgi?re=sw&var=comp&yy=05&mm=01&dd=09&hh=1430&county=no&ge=640x480
&pg=web&id=&zoom=.6. 
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Fig. 6.5. As in Fig. 6.2, except for 1200 UTC 10 January 2005. 
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Fig. 6.6. For the 9 January 2005 flash flood event that occurred during 8–10 January 
2005: (a) storm total precipitation (mm, shaded according to scale) and 72-h time-
integrated IVT (kg m–1; vectors plotted with a magnitude >500 kg m–1). 
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Fig. 6.7. Box-and-whisker diagram for times 72 h (t=−3), 48 h (t=−2), and 24 h (t=−1) 
before the flash flood report at 1200 UTC, the day of the flash flood report (t=0), and 24 
h (t=+1) and 48 h (t=+2) after the flash flood report for (a) average precipitation upstream 
of the Narrows streamgage (mm), (b) daily average IVT at the Narrows, California (kg 
m–1 s–1), and (c) daily average discharge at the Narrows streamgage (cfs) for 13 flood 
events that occurred in Santa Barbara County. 
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Chapter 7: Concluding Discussion 

 The main objective of this thesis was to illustrate that landfalling ARs are 

associated with flood and flash floods across California.  This concluding chapter will 

overview why ARs are capable of producing floods and flash floods through an 

ingredient-based methodology, the economic impact resulting from floods and flash 

floods, a summary of key results and statistics, avenues for future work that would be 

beneficial, and concluding remarks. 

a) ARs and the Ingredients for Floods and Flash Floods 

  Following the Doswell (1996) ingredients for flash floods as described in eq. (1), 

floods are dependent on both the duration of precipitation and the rate of precipitation.  

Chapter 5 illustrated a flood event that satisfied the precipitation duration and 

precipitation rate parameters of eq. (1). The NYDF event spanned the dates 26 December 

2005–3 January 2006 in which three ARs made landfall over the Russian River 

watershed that produced of ~800 mm of precipitation in regions across the watershed.  

The three landfalling ARs were responsible for two separate flood events, the first on 29 

December 2005 and the second on 1 January 2006.  Both flooding events were noted to 

be associated with a landfalling ARs in a study by Ralph et al. (2006).  During the 24-h 

period prior to 1200 UTC 31 December 2005 the third landfalling AR produced ~225 

mm of precipitation which increased the discharge of the Russian River at Guerneville to 

~90,000 cfs.  The case study can be used as an example that a landfalling AR can be a 

long duration event and produce high amounts of precipitation in a relatively short period 

of time. 
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Chapter 6 illustrated the importance of precipitation rates in association with AR-

related flash floods. During 8–10 January 2005 there was an AR that made landfall over 

the SYR watershed that produced ~600 mm of precipitation.  The landfalling AR was 

responsible for the flash flood that occurred during 1247– 1700 UTC on 9 January 2005 

in the “southern portions” of Santa Barbara County (NCEI 2016).  This case study is an 

example of a shorter duration event that produced a large amount of precipitation.   

The atmospheric conditions that are favorable for floods and flash floods are 

related to a conditionally unstable environment, abundant moisture such that a rising air 

parcel can attain a level of free convections (LFC), and a process that lifts a parcel to the 

point of LFC (Doswell 1996).  ARs are typically located in environments characterized 

by moist neutral stability (Neiman 2011) such that they may not have a LFC; however, 

strong lower-tropospheric water vapor flux along landfalling ARs in regions of complex 

terrain (Figs. 5.2d, 5.4d, 5.6d, 5.7d, 5.8d, 5.9d, 6.2d, 6.3d, and 6.5d) can provide the 

necessary orographic forcing for ascent needed for long duration and intense 

precipitation.   

The atmospheric conditions associated with ARs were illustrated in many 

composite analyses in Chapter 3 and Chapter 4 for floods and flash floods, respectively, 

in California.  There was either a cyclone or a region of lower pressure of varying 

strengths located over the northern North Pacific and an anticyclone of various strengths 

located in the southern North Pacific in each of the composite analyses for flood days 

associated with a landfalling AR.  Every composite analysis for flood days associated 

with a landfalling AR, with the exception of the warm-season analyses, illustrated a 

corridor of water vapor flux with IVT magnitudes ≥250 kg m–1 s–1 along an AR in 
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conjunction with a corridor of enhanced IWV values ≥20 mm directed towards the coast 

of California (Figs. 3.4a, c and 3.5b, d, f).  The warm-season flood events were associated 

with a landfalling AR along a corridor of enhanced IWV with values ≥20 mm, but failed 

to meet the 250 kg m1 s–1 IVT threshold to be considered a “true” AR (Figs. 3.5a, c, e).  

The lower IVT magnitudes (~100 kg m–1 s–1) were possibly due to over dispersion 

amongst the composite members. 

There was either a cyclone or a region of lower pressure of varying strengths 

located over the northern North Pacific and an anticyclone of varying strengths located in 

the southern North Pacific for each of the composite analyses for flash flood days 

associated with a landfalling AR, with the exception of the warm-season composite 

analyses.  The warm-season analyses illustrated an area of lower pressure >1008-hPa 

near the Aleutian Islands and a >1016-hPa anticyclone located over the central North 

Pacific.  The flash flood days associated with a landfalling AR that did not occur in the 

warm-season illustrated a corridor of water vapor flux with IVT magnitudes ≥250 kg m–1 

s–1 along an AR in conjunction with a corridor of enhanced IWV values ≥20 mm directed 

towards the coast of California (Figs. 4.4a,c and 4.5b, d, f), whereas for the warm-season 

flash flood events associated with a landfalling AR did not illustrate either a corridor of 

water vapor flux with IVT magnitudes ≥250 kg m–1 s–1 or a corridor of enhanced IWV 

values ≥20 mm.  Instead the synoptic pattern resembled the type-IV North American 

monsoon pattern from Maddox et al. (1980).  It is also notable that the synoptic pattern 

on floods and flash flood days that occur without a landfalling AR (Figs. 3.6 and 4.6) also 

resemble the type-IV North American monsoon illustrated by Maddox et al. (1980).   

 b) Economic Impact of Floods and Flash Floods 
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 Flooding and flash flooding are responsible ~75% of all the presidential disaster 

declarations in the U.S. (NOAA 2016). An assessment of how costly these potentially 

disastrous floods and flash floods are, and their relationship to ARs, is contained in the 

subsequent paragraphs. 

 Fig. 7.1 illustrates the cost of flood damage in each of the counties (not CWAs) of 

California; note that the figure takes into consideration all flood reports.  The four of the 

five highest damage amounts accumulated during the 10-WY climatology were located in 

the MTR CWA.  Marin and Sonoma Counties sustained the most damage from flooding 

events at $216,183,100 and $208,102,400, respectively.  MTR had the highest AR 

fraction (21 of 22; 95%), implying that floods associated with landfalling ARs in Sonoma 

and Marin likely caused >$200 million in damage.  In fact, the cost of damage sustained 

for each flood event associated with a landfalling AR that occurred with in Marin and 

Sonoma Counties were $10,294,333 and $9,909,638, respectively.  These counties are 

known for vineyards and wine; an AR-related flood in the Russian River watershed could 

be very costly.  

 Fig. 7.2 illustrates the cost of flash flood damage in each of the counties of 

California; note that the figure takes into consideration all flash flood reports. Santa 

Barbara County, where the SYR watershed is located, is in the LOX CWA that had an 

AR fraction of 53.6% (37 of 69).  Santa Barbara County sustained $20,200,000 in total 

flash flood damages, which equates to ~$545,945 is damages per flash flood associated a 

landfalling AR.   

 c) Summary of Key Results and Statistics 



 

  87

 Over the WY 2005–2014 climatology of floods in California the key results were 

as follows: (1) 112 of 161 flood events in California are associated with a landfalling AR; 

(2) floods occur every month of the year but are more frequent in the cold-season (Fig. 

3.2); (3) the cold-season AR fraction is always >75.0%, illustrating a seasonal variation 

of AR frequency in California; (4) AR conditions (IVT magnitude ≥250 kg m–1 s–1 and 

enhanced IWV values ≥20 mm) are located in each variation of seasonal and regional 

composite analyses (Figs. 3.4a,b and 3.5a–f); and (5) the composite analysis of flood 

days not associated with a landfalling AR (Fig. 3.6) resembles the type-IV North 

American monsoon synoptic pattern (Maddox 1980).   

 Over the WY 2005–2014 climatology of flash floods in California the key results 

were as follows: (1) 154 of 405 flash flood days in California are associated with a 

landfalling AR; (2) flash flood days occur in every month (besides June which reports no 

flash floods) but are more frequent during the second half of the warm-season; (3) flash 

floods days are more frequently associated with ARs during the cold-season than the 

warm-season (AR fraction >60%); however, flash floods are more frequent during the 

warm-season (Fig. 4.2); (4) AR conditions (IVT magnitude ≥250 kg m–1 s–1 and 

enhanced IWV values ≥20 mm) are present in all of the cold-season composite analyses 

of flash flood days associated with a landfalling AR (Figs. 4.5b, d, f); (5) the warm-

season composite analyses for flash floods illustrate a synoptic pattern that resemble the 

type-IV North American monsoon (Maddox 1980); and (6) the composite analysis of 

flash flood days not associated with a landfalling AR (Fig. 4.6) also resembles the type-

IV North American monsoon synoptic pattern (Maddox 1980). 
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 The 1 January 2006 NYDF flood event occurred in association with three 

landfalling ARs, the first during 25–26 December 2005, the second during 27–28 

December 2005, and the third during 30–31 December 2005. The maximum discharge of 

the Russian River at Guerneville was ~90,000 cfs and occurred following ~400 mm of 

precipitation in regions over the watershed and antecedent river discharges of ~22,000 cfs 

on 30 December 2005 and the saturated soil conditions from the precipitation associated 

with the first two landfalling ARs.  The 144-h time-integrated IVT illustrated that there 

was southwesterly directed water vapor flux with time-integrated IVT magnitudes ~9,000 

kg m–1 directed towards the Northern Coastal Ranges.  The storm total precipitation was 

visually correlated with the nose of the largest time-integrated IVT magnitudes, in which 

the maximum precipitation amount was >800 mm located in the Sierra Nevada and a 

Russian River watershed maximum of ~800 mm. The streamgage at Guerneville 

observed ~1.03 km3 of total discharge during the duration of the three landfalling ARs, 

which is about half of the mean annual discharge of the Russian River (2.0 km3).   

 The 9 January 2005 flash flood event was the result of a landfalling AR that lasted 

>72 h and produced ~600 mm of precipitation over regions of the SYR watershed.  The 

flash flood event started at 1227 UTC and lasted until 1700 UTC on 9 January 2005 in 

“southern portions” of Santa Barbara County (NCEI 2016). The 72-h time-integrated IVT 

(Fig. 6.6a) illustrated southwestern water vapor flux with time-integrated IVT magnitudes 

of ~2000 kg m–1 directed towards the Transverse Mountain Range.  The storm total 

precipitation was visually correlated with the nose of the time-integrated IVT (Fig. 6.6a). 

 d) Future Work 
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The same methodology used in this thesis can be expanded to different regions of 

the U.S since this thesis borrowed the methodology from Rutz et al. (2013), which has a 

methodology that covers the entire globe.  This thesis could also be applied for a longer 

period of time, perhaps an extended climatology in which the landfalling AR sample size 

is increased could help forecasters recognize signals of a potential flood or flash flood 

event.  Understanding what causes floods in northern California when the flood report 

was not associated with a landfalling AR would be beneficial.  Debris flows and 

landslides could also be used with the methodology adapted with this thesis. 

There was no consideration for flash floods in southern California that were in 

association with Northeast Pacific tropical cyclones (TCs).  There were 35 Northeast 

Pacific TCs that brought significant rainfall to the southwest U.S. between 1958 and 2003 

(Corbosiero et al. 2006).  For this study, there were 51 flash flood days that were visually 

associated with a TC located somewhere over the Northeast Pacific near Baja California. 

(Fig. 7.3).  A composite analysis of these 51 days illustrates the type-IV synoptic pattern 

of Maddox (1980), except that the surge of moisture from the Gulf of California is not 

from the North American monsoon, but is within the southerly flow east of the TC 

located to the west of Mexico.  Further investigating the relationship between tropical 

cyclones and flash flooding in southern California can improve our understanding of all 

phenomena that can cause flash flooding. 

Variability among members within the composite analyses was not discussed in 

this study and could be expanded on.  The standard deviation (SD) of IWV within 

northern and southern flood and flash flood composites associated ARs (Fig. 7.4a–d) 

illustrates an example of this variability.  The composite analysis of northern California 
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flood days associated with a landfalling ARs contains a maximum of SD of >8 mm 

located along the isolated plume of enhanced IWV which suggests variability of IWV 

values over that location (Fig. 7.4a).  A region of SD >6 mm spans over all of California 

and suggests that the location, inland penetration, and orientation of enhanced IWV along 

landfalling ARs that produce floods may also exist.  The composite analysis of southern 

California flood days associated with landfalling ARs contains a region of SD >6 mm 

across California that suggests that both the location and orientation of enhanced IWV 

along the landfall in AR is also variable (Fig. 7.4c).  The composite analysis of northern 

California flash flood days associated with a landfalling AR contains a broad region of 

SD >6 mm along the coast that suggests the distribution of IWV in the domain is highly 

variable in both location and magnitude (Fig. 7.4b).  The composite analysis for southern 

California flash flood days associated with a landfalling AR contains a maximum of SD 

>8 mm located over southern California that suggests that the value of enhanced IWV is 

highly variable (Fig. 7.4d).  The plots illustrate that the highest SD values were 

collocated along the enhanced IWV plume, which suggests that the strength of the AR 

throughout the composite members are variable.  These SD plots are an example of 

the kind of plots that can be constructed in order to illustrate the variability among 

members within the composite analyses of this thesis. 

 e) Concluding Remarks 

 The overarching goal of this thesis was to link a WY 2005–2014 climatology of 

floods and flash floods to landfalling ARs.  There have been studies in the past that have 

linked landfalling ARs to floods in California and along the U.S. West Coast (Ralph et al. 

2006; Neiman 2012; Rutz et al. 2013; among others), but there has not been any research 



 

  91

that connected landfalling ARs to flash floods along the U.S. West Coast.  Understanding 

the characteristics of ARs is instrumental in forecasting potentially dangerous or 

damaging floods and flash floods.  Flash flooding is particularly dangerous since the 

temporal longevity of the event is so short.  This thesis provides critical information for 

forecasters in California who forecast for floods and flash flood events.  The 

methodology can be transferred over different regions of the U.S. to provide ingredient-

based forecasting for hyrdometeorological events. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  92

f) Chapter Figures 

 

Fig. 7.1. Counties in California shaded according to scale for total cost of damage in 
results by flooding (dollars) and frequency of floods scaled by quantity and illustrated 
with a symbol. 
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Fig. 7.2. Counties in California shaded according to scale flash flood frequency and total 
cost of damage in result of flash flooding (dollars) scaled by quantity and illustrated with 
a symbol. 
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Fig. 7.3. Composite SLP (hPa; contours), IWV (mm; shaded according to scale), and IVT 
(kg m–1 s–1; vectors plotted with a magnitude >100 kg m–1s–1) for flash flood days 
associated with a subjectively indicated tropical cyclone. 
 

 



 

  95

 

Fig. 7.4. Standard deviation of IWV (mm; contours), composite IWV (mm; shaded 
according to scale), and composite IVT (kg m–1 s–1; vectors plotted with a magnitude 
>100 kg m–1s–1) for (a) flood days with an AR in northern California, (b) flash flood days 
with an AR in northern California, (c) flood days with an AR in southern California, and 
(d) flash flood days with an AR in southern California. 
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