Heavy Precipitation over the West Coast of North America:  Climatology, Synoptic/Mesoscale Forcing, and Long-Term Trends 

Introduction


Flooding and slope failures due to heavy precipitation are the most serious weather-related threats for the U.S. west coast.  Between 1980 and 2008, four flooding events in California, Oregon, and Washington caused losses of more than eleven billion dollars.  Flooding and slope failures associated with heavy precipitation have led to twenty-five of the thirty-seven presidential disaster declarations since 1955 in Washington State, fourteen of twenty-one presidential declarations in Oregon, and thirty five of one hundred-ninety-two declarations in California.   One recent California flooding event (January-March 1995) brought 20-70 inches of rain and multiple floods to the state, causing 4.1 billion (2007) dollars in damage and 27 deaths.  During December 1996 and January 1997 heavy rain (10-40 inches in 2 weeks) produced severe flooding over portions of California, Washington, and Oregon with 3.9 billion dollars in losses and 36 deaths.  More recently, heavy rainfall during January 2009 cut off Interstate 5 and other major routes in Washington State, flooded major river drainages throughout the Northwest, and heavily damaged the Howard Hansen Dam in the Washington Cascades, putting 10-20 billion dollars of assets and infrastructure at risk, as well as tens of thousand of people.

As described below, although a great deal has been learned about the nature of West Coast heavy precipitation events and the resulting flooding and slope failures, major scientific questions are still outstanding about their climatology, antecedents, mesoscale and synoptic environments, and trends in frequency.  Such unresolved issues impact the ability of the meteorological and hydrological communities to provide timely and accurate warnings of upcoming events as well as the information required for infrastructure and regional planning.  Another unanswered scientific question of great societal interest deals with future trends in heavy West Coast precipitation under anthropogenic global warming.  All of these interrelated questions will be considered in the proposed research.  This study will mainly examine heavy precipitation issues for the region encompassing the coastal area from northern California through the Canadian border, one of the wettest regions of the U.S.  This orographic coastal zone currently experiences large numbers of flooding events and some studies have suggested increased precipitation under global warming (IPCC 2007).

Previous Research


A series of major floods over the western U.S. during the 1980s and 1990s stimulated research on the nature of heavy precipitation events stretching from the coast and coastal mountains, across the inland valleys (interior California, Willamette Valley, Puget Sound basin) to the higher barriers to the east, including the Sierra Range of California and the Klamath and Cascade Ranges of the Pacific Northwest.  Lackman and Gyakum (1999) examined the composite synoptic evolution associated with forty-six heavy precipitation events over the Pacific Northwest in which each of four observing sites received at least 12.5 mm of daily precipitation.  Their composites of 500 hPa geopotential heights indicated a positive anomaly over the Bering Sea prior to the precipitation events, with heavy Northwest precipitation synchronous with a negative height anomaly over the Gulf of Alaska and ridging over the southwest U.S., with strong southwesterly flow approaching the Northwest.  Using a piecewise potential vorticity (PV) analysis for one event, this paper found that the dominant contribution to moisture transport was by mobile cyclonic disturbances rather than planetary-scale flow.  

A number of studies have noted that many heavy precipitation events over the western U.S. are associated with narrow plumes of enhanced moisture content, often referred to as atmospheric rivers.  In a seminal paper on the topic, Zhu and Newell (1998) found that greater than 90% of the hemispherical meridional moisture flux is transported by such features, with 4-5 evident at any given time. Ralph et al. (2004) used aircraft dropsonde observations during the California Land-falling Jets (CALJET) Experiment to demonstrate the relatively narrow, shallow nature of atmospheric river moisture plumes and their close association with the low-level jets in the warm sector preceding cold fronts. These findings were confirmed by their compositing of satellite microwave data.  Dettinger (2004) used NCEP reanalysis data from 1948 to 1990 to identify 206 days with moisture signatures similar to those found during atmospheric river events.  He found that all events occurred between October and April, with a peak in January and February, and that they were associated with warmer and wetter conditions than normal.  Ralph et al. (2005) used a combination of dropsonde observations from CALJET-1998 and the Pacific Land-falling Jets Experiment (PACJET-2001) to study the structure of eastern Pacific atmospheric river events and to examine their inter-annual variability for two different phases of ENSO.   Neiman et al. (2002) studied the relationship of the speed and height of the low-level jet and coastal mountain precipitation, while Neiman et al. (2005) examined the relative importance of bright band and non-bright band precipitation for coastal terrain. 

Ralph et al. (2006) found that atmospheric rivers (ARs) were associated with seven identified floods on California’s Russian River.  They suggested that not all atmospheric rivers produce flooding, with flooding requiring antecedent soil saturation, sufficiently intense precipitation, and for the atmospheric river to be over the watershed in question for an extended period.  Bao et al. (2006) used model output to determine the relative importance of local moisture convergence and long-distance moisture advection in creating the extended moisture plumes associated with atmospheric rivers.  Neiman et al. (2008a) established a climatology of West Coast atmospheric rivers using satellite-based integrated water vapor imagery for 1997 through 2005. They found atmospheric rivers in all seasons, with warm season events bringing little precipitation.  AR water vapor signatures greatly outnumbered heavy precipitation and flooding events, suggesting that ARs are necessary, but not sufficient, for extreme precipitation situations.  Summertime water vapor plumes were relatively zonal, in contrast to winter AR signatures that generally extended deep into the tropics and subtropics. Neiman et al. (2008b) used the Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) to examine the three-dimensional structure of the November 2006 atmospheric river event that devastated areas of coastal Washington and Oregon, revealing similar structures to past events studied using dropsonde and reanalysis data.  Roberge et al. (2009), studying large integrated water vapor events for the west coast of Canada, found a range of possible air trajectories, with southwest trajectories associated with the largest precipitation events.  


An essential aspect of West Coast heavy precipitation and flooding events is the importance of orographic uplift in enhancing precipitation, with some studies suggesting that synoptic uplift is sometimes of relatively minor importance (Galewsky and Sobel 2005, Ralph et al., 2006).  Several studies have found that the three-dimensionality of mesoscale orography can greatly modify West Coast precipitation distributions by producing barrier jets, convergent flows, and complex rain shadowing (e.g., Galawsky and Sobel, 2005, Ferretti et al., 2000, Ralph et al. 2003). Smith et al. (2009) used high-resolution simulations of the 29-31 December California heavy precipitation event to demonstrate the importance of three-dimensional structures such as gap flows and barrier jets.  A number of studies have explored the modulation of rainfall on coastal mountains by varying horizontal moisture fluxes, low-level jet altitude and strength, and vertical stability, as well as the relative importance of bright band and non-bright band precipitation (e.g., Neiman et al., 2002, 2005).  Other studies have suggested that the inertial/symmetric stability of incoming flow can greatly influence orographic precipitation (e.g., Mann 1997, Leach and Kong 1997).  

The fact that all atmospheric river events are not associated with extreme orographic precipitation indicates a more complex dependency of heavy precipitation on the nature of the approaching flow, an issue to be explored in the proposed research.  For example, it is clear that there can be substantial changes in precipitation in mountainous watersheds as the direction and speed of the flow changes or as the stability of the incoming air is altered.   Precipitation is greatly enhanced by a strong low-level wind component normal to terrain and both upslope flow and rain shadowing can be altered substantially by varying flow direction (Garvert et al 2006).  Changes in stability alter the magnitude and location of heavy precipitation, with lower stabilities and associated convection often producing heavy showers over foothills and lower slopes, rather than the higher terrain favored under more stratiform flows.


Several papers have considered the trends of extreme precipitation and flooding over the western U.S., both for the past and the future.  For example, Kunkel et al (1999) examined extreme (greater than one year return time) 1, 3, and 7-day precipitation totals over the entire U.S. for 1931-1996 and found that West Coast sites generally evince little trend, except for declines over coastal Oregon.  Duliere et al. (2009) found modest increases in one-day extreme precipitation over Washington State, lesser declines over Oregon, and generally non-significant increases in California.   Linn and Slack (1999), looking at the trends of annual streamflow between 1914 and 1993, found little trend during the period except over southern Oregon, where a significant downward trend was observed. 

Looking at future trends in heavy precipitation, some studies have considered general circulation model forecasts that are dynamically downscaled using high-resolution mesoscale or regional climate models.  However, such studies have either been too coarse to simulate realistically the mesoscale orographic precipitation structures of the western U.S. (Leung and Qian, 2009; 50 km grid spacing) or have used only one driving General Circulation Model (GCM) (Salathe et al., 2008).  This study will include the examination of heavy precipitation events simulated by high-resolution regional climate models for the next 90 years, forced by multiple GCMs.
Major Questions


Although the research cited above provides a foundation of knowledge regarding West Coast heavy precipitation events, there are still major questions that are unresolved or require further study.  Some examples include:

(1) What is the climatology of heavy precipitation events along the West Coast?

(2) Although many West Coast heavy precipitation events are associated with the composite synoptic structures described by Lackmann and Gyakum (1999), Neiman et al. (2008) and others, are there other evolutions than can produce damaging heavy precipitation events?  How does the synoptic evolution and associated flow configurations bringing extreme precipitation change from California to Washington State?

(3) Although many heavy precipitation events are associated with atmospheric rivers, with plumes of moisture from the tropics and subtropics, can major events occur without an atmospheric river signature in integrated water vapor or water vapor flux?  There are a number of atmospheric river events apparent in water vapor imagery that are not associated with heavy precipitation or flooding.  How can this occur? 

(4) What are the essential conditions required to produce a heavy precipitation event?  What combinations of moisture availability, moisture flux, synoptic and/or orographic uplift, and other factors are required?  How important is conditional symmetric instability for producing major events?
(5)  What is the temporal distributions of precipitation associated with major west coast precipitation events?  How long are these events?  Are they made of single pulses of heavy precipitation, complex multiple periods of heavy rain, or some other temporal modulation? To what degree are damaging, heavy precipitation events associated with short periods of heavy precipitation, extended periods of moderate precipitation, or a combination of both? What is the typical north-south extent of the heavy precipitation associated with major events and how does it vary along the coast?
(6)  What is the relative importance of synoptic versus orographic uplift and how does this vary among events?   How important are waves on relatively stationary fronts for producing extreme precipitation events?
(7) To what degree can high-resolution mesoscale models duplicate the observed precipitation distributions of major events?  What is the current objectively measured skill of the models for these events and the predictability of major precipitation occurrences using current numerical weather prediction approaches?   What horizontal and vertical resolutions, as well as physical paramerizations, are required to secure maximum realism?  For example, what is the value of double moment microphysical parameterizations and the influences of difference boundary layer parameterizations for the large events?
(8) Has there been a trend in heavy precipitation events along the U.S. west coast during the past fifty years?  How do such trends vary spatially?

(9) Using the output from general circulation models (GCMs) and dynamically downscaling them using high-resolution regional mesoscale model simulations, how well can we duplicate the observed trend in heavy precipitation events?   What do these downscaled GCM forecasts tell us regarding trends in heavy precipitation during the next century under global warming?  How does the frequency of atmospheric river events change in time for the GCMs and the regional climate models over the western U.S.?
Proposed Research

Task 1:  Determining the climatological, temporal and spatial characteristics of heavy precipitation events for the U.S. West Coast.

An initial question that must be answered for this project is: what precipitation period is relevant for a study of extreme precipitation events that produce serious flooding or economic impacts along the west coast of the U.S.?  The answer, of course, depends on watershed size and slope, soil conditions, and other factors.   For moderate to large watersheds of the mountainous west, rainfall over roughly one to two days has been suggested to be the most hydrologically relevant for major flooding events (Dennis Lettenmaier, Jessica Lundquist, University of Washington, Department of Civil Engineering, private communications) and this time scale approximately matches the period of heavy precipitation (.2 inches an hour and more) for western U.S. major precipitation events associated with major atmospheric river events (Larry Schick, U.S. Army Corps of Engineers, Northwest region, lead forecaster, private communication).  As described below, this research will explore this question.
 
An associated issue is the availability of precipitation data.  In general, hourly data from NOAA COOP sites, the Historical Climate Network (HCN) subset, or airport locations are unavailable or incomplete, with substantial gaps in availability for most sites.  Daily (calendar day) data is much more complete in general, but heavy precipitation events can straddle the boundaries between days.  For this task, a first step will be the identification of a subset of West Coast stations with maximally complete daily and hourly precipitation data.  The period from 1950 through 2009 will be considered, since before that time the availability of daily and hourly data is considerable reduced.  Rigorous quality control will be applied to all precipitation data.  For example, sometimes precipitation measurements are not made for one or more days and then the total precipitation for several days is reported as a daily amount, erroneously giving the impression of a major event.  All such circumstances will be removed before analysis.  
A sample of potential stations that are nearly or entirely complete are shown in Figure 1. 
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Figure 1:  Locations of some West Coast stations with few precipitation data gaps.


This research will begin by identifying West Coast locations, from northern California to the Canadian border, with particularly complete daily precipitation records in the Historical Climate Network (HCN) database, and then finding the subset of those locations with the most complete hourly records.  At each of approximately ten of these sites from northern California to Washington State, the top fifty events for one, two and three (calendar) days will be determined.  At each site, these dates will be compared to major flooding/precipitation events identified in the NOAA publication “Storm Data” for the surrounding area. The dates will also be compared to high streamflow events from nearby unregulated rivers. From an initial examination of precipitation records, known flooding events, and available streamflow data completed as part of the preparation of this proposal, and discussions with a number of Northwest hydrologists, we believe two-day (calendar-day) rainfall will prove to be an excellent tool for determining major flood-producing events, but that hypothesis will be tested by the above research.  If not, a better period will be determined and used.


The next step will be an examination of the hourly precipitation data at the two or three sites with the most complete hourly data.   First, we will confirm that using hourly data produces a similar collection of top fifty dates to that found with daily data.  Specifically, we select the fifty periods with maximum 24h, 48, and 72 h precipitation, irrespective of the midnight boundary.  Second, we will use the hourly data to answer an important question that no existing study has examined previously:  what is the temporal distribution of precipitation for the major events?  Does the heavy rain come during one intense period, several periods of heavy rain, an extended period of modest precipitation, or a collection of all them? Another unanswered question is: what is the average (and variance) in the length of time for these events using hourly data?  This question will be studied using various approaches, such as: 

(1)  by producing plots of hourly rainfall data for each event.

(2) by temporal compositing the hourly data for each event, using the start of moderate rain (.2 inches per hour) or the center time of the event (say the midpoint of the period in which 75% of the event’s precipitation fell).

(3) Calculating histograms of hourly precipitation amounts for each site, to determine the frequency of various precipitation intensities during major events.

Since this analysis will be completed for several sites, this research will also explore whether there are meridional differences in the nature of the temporal variation for major precipitation events along the West Coast.  


A final part of this task will be to study the north-south spatial scale of major precipitation events.  Do heavy precipitation events influence a broad area of the coast simultaneously, or is precipitation limited to narrow swaths, controlled by the limited extent of atmospheric river moisture plumes.  One approach would be to create spatial scatterplots, in which the abscissa is relative to the location of a precipitation site, and the ordinate is the precipitation amount, with the values at other sites to the north and south plotted at the correct relative positions.  Other approaches might include plotting precipitation correlations between various sites for heavy precipitation events.


In summary, by the end of this task, an appropriate event definition will be determined, a collection of maximally complete stations along the northern West Coast will be identified and quality controlled, a list of 50 top precipitation events at each of roughly 10 sites will be determined, and the temporal and spatial characteristics of the heavy precipitation events will be studied.

Task 2:  Determining Synoptic Conditions Associated with Heavy Precipitation Events over the West Coast of the U.S.


With dates of heavy precipitation events in hand from task 1, five or six sites from central California to Washington State will be used to study the synoptic evolution associated with the largest events (top 20 and 50 storms at each site).  This will be done in several ways.  The first will make use of compositing, averaging the synoptic structures at several levels (e.g., surface, 925 hPa, 850 hPa, 500 hPa, 300 hPa, vertical integrated moisture) for several key parameters (e.g., geopotential height, surface pressure, mixing ratio) during events and the 72-h period before and after. NCEP reanalysis grids, available at 2.5° grid spacing, will be used for this work.  The compositing will be done separately for the various sites, allowing for the possibility that precipitation/flooding events could occur with different synoptic configurations at different locations.  The compositing will also be done separately for the warm and cold seasons to determine any seasonal variability. 

The next task will be to inspect the individual synoptic evolutions for the top 50 events at each site to evaluate the diversity of possible synoptic configurations associated with heavy precipitation at these locations.  This will serve as a check on the generality of the composites at each site and whether the types of events vary geographically.  If there are clear clusters of synoptic evolutions, separate composites for these clusters will be made.  This work will provide an important extension of previous research in which synoptic composites have been made for all heavy precipitation or atmospheric river events.  A quick look at synoptic evolutions at several sites, made in preparation for this proposal, suggests that the overwhelming majority of heavy precipitation/flooding events in northern Oregon and Washington are associated with atmospheric rivers and strong, warm, southwesterly flow.   However, an examination of the synoptic evolutions at sites over southern Oregon and California suggests that another synoptic evolution associated with heavy precipitation is possible, one in which a trough, associated with unstable, northwesterly or westerly flow, makes landfall.
Task 3:  Determine the Incoming Flow Characteristics of Major Precipitation Events


A number of the studies cited above have shown that the existence of an atmospheric river is not a sufficient condition for producing extreme precipitation and flooding.  A more comprehensive view of the necessary and sufficient conditions for heavy precipitation is required.   To help provide such information, this study will examine the flow characteristics of the incoming vertical air column for 4-6 of the West Coast precipitation sites selected as part of this project.  At all sites, North American Regional Reanalysis (NARR) data is available since 1979, and at some (e.g., Forks) long-term coastal radiosonde data is available as well.  At these sites, the correlation of key incoming flow parameters (e.g., integrated water vapor flux, wind speed, low-level jet height, stability, symmetric stability, synoptic vertical motion, mesoscale upward motion on terrain, and others) will be compared to precipitation, both as individual parameters and together using multiple linear regression. The conditions of the above flow parameters for the top 10, 25, and 50 precipitation events at each site will be evaluated for each of the above parameters.  The goal will be to determine whether heavy precipitation events can be identified by the characteristics of the incoming flow.  Another task will be compare the top precipitation events identified in this study with atmospheric river events using either the definition of Dettinger (2005) or Bao et al. (2006).  Particular attention will be given to non-AR heavy precipitation events and AR events without heavy precipitation, including an examination of the incoming soundings, synoptic fields, model output and satellite imagery.  As noted in the next task, and examination of realistic model simulations will also be used to examining the nature of the flows producing heavy precipitation.

Task 4:  Examination of a Collection of Heavy Precipitation/Flooding Events Using High-Resolution WRF Simulations


A potentially invaluable tool for studying West Coast flooding events is high-resolution simulation using mesoscale numerical prediction models. To do so requires establishing whether such models can produce realistic simulations of heavy precipitation events and the determination of which physics parameterizations and initialization approaches result in the greatest fidelity with observations. Operational high-resolution (4-km grid spacing) simulations for the northwest U.S. have been run twice daily at the University of Washington since 1996 using MM5 and WRF ARW mesoscale models.  Several major flood events have occurred during the period, and many appear to have been simulated with great realism by these models.  There have been a few modeling studies of major precipitation events (e.g., Colle and Mass 2000), which have found general skill for such events, but with some deficiencies, such as overprediction on windward slopes.


In this project, we will apply the latest version of WRF and with the most updated microphysics (e.g., positive definite advection, new Thompson microphysics or Morrison microphysics) to explore the fidelity of the modeling system for heavy precipitation events.  These simulations will explore varying vertical and horizontal resolution (down to 4/3 km grid spacing and as high as 80 layers) and with differing physics options (e.g., microphysics and PBL schemes) to determine whether there is an optimal configuration for simulating these events.  At this point, we plan on simulating the top two precipitation events at three locations along the coast (probably Forks, WA, Astoria, Oregon, and Brookings, Oregon), several cases of heavy rainfall without AR signatures in temperature and water vapor, and a few cases of AR events without heavy precipitation.  If the precipitation and flow structures appear realistic for these events, the simulations will be examined carefully to study the nature of the incoming flow and the mesoscale structures accompanying heavy precipitation.  Realistic model simulations offers the opportunity to determine the offshore extent of the heavy precipitation and the amount of orographic enhancement.
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Figure 2.  MM5 simulation during the December 2-3, 2007 flooding event.  3-h precipitation ending 12 UTC 3 December 2007.

Task 5:  Historical Trends in Heavy Precipitation Events


For task 1 described above, the top 60 heavy precipitation events will be selected at each of approximately 10 observing sites along the U.S. West Coast from southern California to southwest Alaska.  Although the period of heavy precipitation will be selected as part of the research, it may well be the two-day precipitation amounts selected using daily precipitation data from the HCN dataset.  An important question is whether there is a trend in such major precipitation events during the past sixty years (1950-2009).  As noted above, some research has considered trends in seasonal and short-term (7-day and 1-day) totals.  Our work will take this analysis one step further, using a storm definition that more closely matches major heavy precipitation events over the U.S. west coast for an extended (60-year) period.  The analysis will consider approximately 10 coastal locations, applying highly complete and extensively quality controlled precipitation data.


At each site, we will start with the top 20, 40 and 60 events and will find the trends of each subset over the six decades considered, thus determining whether the top events have different trends from those observed on an annual basis.  At each site, we will use the statistical approach of Casola et al. (2009) to determine whether the linear trends over the full period and for specific temporal subsets (e.g., since the Pacific Decadal Oscillation (PDO) switch in the mid-1970s) are statistically significant.  Of particular interest is the determination of whether trends vary spatially as found in the study of Kunkel et al  (1999), with increasing heavy precipitation over Washington and California, and decreasing trends over Oregon.


An ancillary activity under this task will be to investigate whether trends in synoptic forcing (jet stream strength and location, changes in synoptic wave pattern) and incoming coastal flow characteristics (water vapor transport, low-level jet speed and elevation, symmetric and vertical stability, etc.) can explain the temporal changes in heavy precipitation frequency determined from the above analysis.  NCEP reanalysis grids (Kalnay et al., 1996) will be the main data source for Pacific and West Coast three-dimensional structures, supplemented by limited long-term coastal radiosonde data.  The coherent decline in heavy precipitation in Oregon is suggestive of a synoptic shift, but more research is required to determine whether the Oregon trend is maintained and whether a significant alteration in eastern Pacific flow has occurred.
Task 4:  Determining Future Trends in Heavy Precipitation Events


An important question both scientifically and for the protection of life and property is whether heavy precipitation events will become more or less frequent, or shift geographically, over the western U.S. during the upcoming century of global warming.  Several GCM studies have examined changes in mean precipitation and extremes, suggesting increases over western Canada and declines over the U.S. Southwest, with a nodal area over the southern Pacific Northwest (e.g., Meehl et al. 2005).  A major problem with these GCM-based studies is resolution (100-200 km grid spacing): the Cascades and coast mountains are not resolved, with the Rockies spreading out in an unrealistic fashion into Oregon and Washington.  Furthermore, the lack of these mountain barriers, and the coarse resolution of the Sierras, clearly produce substantial errors in the predicted precipitation fields.  To address this resolution issue, some studies have examined trends in heavy West Coast precipitation using dynamically downscaled general circulation forecasts, but such studies have either been too coarse to simulate many key orographic precipitation structures (Leung and Qian, 2009; 50 km grid spacing) or have used only one driving GCM or relatively simple physical parameterizations (Salathe et al., 2008).   Others have used statistical downscaling, but such an approach does not consider the complex feedbacks and three-dimensional terrain effects that are critically important in the western U.S. (e.g., Widmann et al., 2003, Salathe et al., 2004). 


At the University of Washington, under separate funding, a project to dynamically downscale a variety of GCM runs for the next century has been active for several years.  The approach is to use the 6-hour output from a variety of GCMs (e.g., ECHAM5, CCSM3) for initialization and boundary conditions for decadal simulations of the WRF ARW model.  Specifically, the WRF model is run nested within a GCM for a contemporary (1980-2000) and three decade forecast periods (2020-2030, 2045-2055, and 2090-2100.)  The WRF simulations are run in a triple nest mode (108-km outer nest, 36-km middle domain cover the eastern Pacific and western North America, and 12-km inner nest over the Northwest, see Figure 2).  There is a considerable literature regarding Northwest and western U.S. precipitation simulations demonstrating that grid spacings of 12-15 km are required in this region for a realistic simulation of mesoscale effects, and particularly for mesoscale precipitation distributions (Mass et al 2002, Colle et al 2005). 

The WRF downscaling experiments completed at the University of Washington have applied 28 full-sigma levels. Physics parameterizations include the Yonsei planetary boundary layer scheme, the Thompson bulk microphysical scheme, the Kain-Fritsch cumulus parameterization, CAM radiation, and the NOAH Land Surface Model (LSM).  This combination of physics parameterizations have been tested and verified over several years of regional numerical forecasts over the region. Detailed land-use information is derived from the 1-km USGS digital database, with some modifications using regional data sources. Six-hour output is saved aloft, with hourly output retained at the surface.  Thus, these runs store multiday, daily and hourly values of accumulated precipitation.

The GCM-driven WRF simulations will serve as a resource for the current project’s investigation of changes in extreme precipitation.  Specifically, 2-day, 1-day, 12-hr, 6-hr and 1-hr precipitation will be examined over the domain-3 (12-km) and domain-2 (36-km) nests, comparing the frequency of heavy amounts between the contemporary period and the forecast decades.  It is expected that between three and five WRF downscaled GCM runs, using different GCMs, will be available.
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Figure 2. Nested domains used for the WRF simulations; grid spacing is 108 km for Domain 1, 36 km for Domain 2, and 12 km for Domain 3.
Although several emission scenarios are available among the GCM runs, one (probably A1B) will be selected for this work.  This research will not only reveal differences in extreme values of precipitation in time, but also between the parent GCMs, the varying resolution WRF nests, and by location (offshore, lowland, windward and leeward slopes, etc.)  


In addition to studying the precipitation amounts directly, the research completed earlier in the project will provide other approaches for comparing contemporary and forecast periods.  For example, the large-scale synoptic conditions that best explain precipitation during past extreme events (perhaps horizontal moisture fluxes in the lower troposphere) can also be examined for the forecast periods to determine how their magnitude and duration alter under climate change (this method could also be applied to a large suite of global simulations to determine their implications for West Coast heavy precipitation events.). We can also determine whether atmospheric river signatures (using the definitions of Dettinger 2005 or Bao et al. 2006) change during the next century in these simulations. Although it is clear that a limited number of downscaled GCM simulations cannot provide a reliable probabilistic predictions regarding extreme precipitation under climate change, they can provide insights into the uncertainties of future precipitation extremes and the impact of varying model resolution.  


It is quite possible that the topographic configuration and synoptic patterns of the U.S. west coast could lead to interesting and perhaps counterintuitive changes in extreme precipitation amounts, which these simulations will hopefully reveal.   For example, a northward shift of the Pacific baroclinic zone, and the associated low-level jet, could result in a decreasing frequency of heavy precipitation south of the shifted jet core.  Is such a shift associated with the decline in heavy precipitation in Oregon?  Furthermore, relatively subtle changes in the direction, strength and stability of the low level flow, something only resolved with mesoscale models, could cause significant changes in extreme precipitation frequency. Such changes could have high spatial heterogeneity, with different responses on windward and lee slopes or along ridges of various orientation.

ADD:  Integrative aspect of this proposal

Societal benefits
Results from Prior NSF Support

 Clifford F. Mass

(a)  NSF Award Number 0504028, $ 596,133, 9/12/2005-8/31/2009

(b)  Evaluation and Improvement of Microphysical Parameterizations in Mesoscale Models

(c)  Summary


This project has continued a wide-ranging research program including research to improve microphysical parameterizations in mesoscale models, understanding the synoptic and mesoscale structures and evolution of landfalling windstorms, and investigating snowpack trends in the Cascades.


The research from this project has clarified the influence of varying scales of orographic features on the microphysical properties of orographic clouds and precipitation.  It has also further documented the strengths and weaknesses of current bulk microphysics parameterizations. For example, Garvert et al. (2007) utilized expansive airborne Doppler observations and detailed comparisons with high-resolution (1.33 km) MM5 simulations to study the role of orographically generated gravity waves (occurring on multiple, distinct scales) in modulating widespread stratiform pre-frontal precipitation. This paper is the first to clearly reveal the small-scale variations in microphysical properties produced by small terrain features (2-25 km).


An important task has been evaluation of the WRF model and comparison with MM5 simulations of orographic precipitation.  Graduate student Robert Hahn and Cliff Mass have examined the impact of mesoscale model numerics on microphysical quantities and precipitation using the IMPROVE-2 data set and long-term real-time simulations. Higher model resolution helps simulate sharp gradients in microphysicsal quantities more realistically, but can increase spuriously generated moisture in non-positive definite advection (PDA) schemes. It has also demonstrated that there is overprediction of moisture fluxes upstream of terrain, at least partially due to weaknesses in planetary boundary layer parameterizations.  Another effort has been the work with Dr. Mark Stoelinga on adding ice species type to MM5/WRF as well as the degree of rime icing. Graduate student Hafen McCormick, partially funded by this project, has taken the lead in this work, and a new bulk scheme was developed and tested.  This project has partially supported additional ice crystal type observations in the Washington Cascades. Over the course of the 2006-7 winter season, 30 study periods in which crystal type and size measurements took place and the data have been used to verify and improve the new BMPs coming out of the IMPROVE research. 


Graduate student Bri Dotson and Cliff Mass have studied the structure and dynamics of major Pacific cyclonic storms that have made landfall on the Pacific Northwest coast. This research has examined the climatology of such events and has completed synoptic studies of the major events. This research has also examined the dynamics of major events and how the storms have interacted with the coastal terrain of the Northwest U.S.  Another completed project under this award is an examination of snowpack trends of Northwest orography, using a water-balance approach that allowed consideration of a far longer time period than previous studies.


This NSF-sponsored grant has made considerable contributions to human resources in the atmospheric sciences, training five young scientists, four of which have already secured employment in the field.  Furthermore, the material from this research have been used in public lectures to secondary and university students, while other research material has been published in a popular book on Northwest weather by the PI.  A paper supported by this grant has examined the learning process of students taking the senior-level forecasting class at the University of Washington.
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