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ABSTRACT

Extreme precipitation events, and the quantitative precipitation forecasts (QPFs) associated with them, are
examined. The study uses data from the Hydrometeorology Testbed (HMT), which conducted its first field
study in California during the 2005/06 cool season. National Weather Service River Forecast Center (NWS
RFC) gridded QPFs for 24-h periods at 24-h (day 1), 48-h (day 2), and 72-h (day 3) forecast lead times plus 24-h
quantitative precipitation estimates (QPEs) from sites in California (CA) and Oregon—Washington (OR-WA)
are used. During the 172-day period studied, some sites received more than 254 cm (100 in.) of precipitation.
The winter season produced many extreme precipitation events, including 90 instances when a site received
more than 7.6 cm (3.0 in.) of precipitation in 24 h (i.e., an “event”) and 17 events that exceeded 12.7 cm
(24 h) ' [5.0 in. (24 h)""]. For the 90 extreme events {>7.6 cm (24 h) ' [3.0 in. (24 h) ']}, almost 90% of
all the 270 QPFs (days 1-3) were biased low, increasingly so with greater lead time. Of the 17 observed events
exceeding 12.7 cm (24 h) ' [5.0in. (24 h) '], only 1 of those events was predicted to be that extreme. Almost
all of the extreme events correlated with the presence of atmospheric river conditions. Total seasonal QPF
biases for all events {i.e., =0.025 cm (24 h) "' [0.01 in. (24 h) ']} were sensitive to local geography and were
generally biased low in the California-Nevada River Forecast Center (CNRFC) region and high in the
Northwest River Forecast Center (NWRFC) domain. The low bias in CA QPFs improved with shorter forecast
lead time and worsened for extreme events. Differences were also noted between the CNRFC and NWRFCin
terms of QPF and the frequency of extreme events. A key finding from this study is that there were more
precipitation events >7.6 cm (24 h) ' [3.0 in. (24 h)"'] in CA than in OR-WA. Examination of 422 Co-
operative Observer Program (COOP) sites in the NWRFC domain and 400 in the CNRFC domain found that
the thresholds for the top 1% and top 0.1% of precipitation events were 7.6 cm (24 h) "' [3.0in. (24 h) '] and
14.2 cm (24 h) "' [5.6 in. (24 h) "] or greater for the CNRFC and only 5.1 cm (24 h) ' [2.0 in. (24 h)"'] and
9.4 cm (24 h) "' [3.7 in. (24 h) "] for the NWRFC, respectively. Similar analyses for all NWS RFCs showed
that the threshold for the top 1% of events varies from ~3.8 cm (24 h) ! [1.5 in. (24 h) "] in the Colorado
Basin River Forecast Center (CBRFC) to ~5.1 cm (24 h) ™! [3.0in. (24 h) '] in the northern tier of RFCs and
~7.6 cm (24 h) ! [3.0 in. (24 h) '] in both the southern tier and the CNRFC. It is recommended that NWS
QPF performance in the future be assessed for extreme events using these thresholds.

1. Introduction

One of the greatest challenges in meteorology is the
prediction of precipitation, particularly the accurate
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prediction of extreme precipitation events (i.e., events
with large precipitation amounts). Recent surveys of
public use of forecast information (Lazo et al. 2009) have
documented that precipitation prediction (e.g., the loca-
tion, timing, and amount of precipitation) is the most
heavily utilized part of standard forecasts. This general
public demand for precipitation forecasts is echoed by the
needs of many specific forecast user communities, such as
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transportation, water resources and flood control, emer-
gency management, and many others. These needs were
highlighted in the U.S. Weather Research Program
(USWRP)-sponsored community planning report (Ralph
et al. 2005b), in which experts in hydrology, trans-
portation, and emergency management described the
linkages of quantitative precipitation forecasts (QPFs) to
their specific community’s needs. The major recommen-
dation of this report was to establish a Hydrometeorology
Testbed (HMT) to accelerate research and improvements
in QPFs—particularly extreme QPFs—through better
physical understanding, observations, numerical mod-
eling, and decision support systems—all of which are
critical elements of the operational forecast process for
QPFs and are important for future climate services re-
lated to extreme events (e.g., National Weather Service
1999; Antolik 2000; Morss and Ralph 2007). This paper
follows a long history of examining a particular period
and region to document QPF performance, including
the early paper by Bosart (1980) that documented errors
in the operational forecast model of that era.

A key driver of HMT is the recognition that the cur-
rent metric and precipitation threshold used to assess
forecast skill are inadequate for many users, particularly for
large precipitation events. Currently, the official National
Oceanic and Atmospheric Administration (NOAA)’s
National Weather Service (NWS) performance measure
for QPFs is the threat score [also known as the Critical
Success Index (CSI)] of 2.5 cm (1 in.) or greater in 24 h
{=2.5 cm (24 h) "' [L.0 in. (24 h)"']; Anthes 1983; Olson
et al. 1995}, where the threat score is a measure of the de-
gree of coincidence between forecast and observed events
for a specified accumulated precipitation threshold.

While NOAA’s NWS has tracked this measure for
more than 50 yr and the threat score does provide a
foundation for gauging related forecast improvements
(e.g., Reynolds 2003; Charba et al. 2003), the threat score
metric does not adequately address the user’s needs for
accurate forecasts of extreme precipitation events that
are the most critical to many key users. This limitation is
related to the fact that the threat score is highly sensitive
to correctly forecasted events and penalizes for missed
and falsely predicted events. Thus, for extreme events,
which tend to occur less frequently and over smaller areas
than weaker precipitation events, the threat score tends
to zero. In addition, the threat score does not distinguish
the source of forecast error, making it difficult to identify
causes of missed and/or falsely predicted events.

A leading example of the demand to address extreme
precipitation events comes from the hydrology-reservoir
operations, flood control, and emergency management
communities. Currently, all 13 of NOAA’s NWS River
Forecast Centers (RFCs) in the United States ingest
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precipitation (both observed and predicted) in their hy-
drologic models to predict streamflow and runoff in their
domains of responsibility. On the basis of these inputs
(and others), the RFCs’ hydrologic models calculate the
total volume runoff and timing over a basin area, such that
streamflow at certain points along the river can be pre-
dicted (Fread et al. 1995). Therefore, the QPFs directly
affect hydrologic-reservoir operations, flood control, and
emergency management communities. This is clearly il-
lustrated in the area around Sacramento, California,
where a major reservoir and levee system protect the city
from potentially catastrophic urban flood inundation
(National Research Council 1995, 1999). This risk is
analogous to that faced by New Orleans, Louisiana,
prior to the Hurricane Katrina disaster in 2005, although
the Sacramento meteorology, hydrology, and infrastruc-
ture differ substantially. Specifically, extreme precipitation
events in the Sacramento region consist of land-falling
extratropical cyclones with embedded atmospheric rivers
(ARs) that concentrate water vapor transport into
California’s Sierra Nevada, creating major orographic
precipitation (e.g., Pandey et al. 1999; Neiman et al. 2002;
Dettinger et al. 2004; Ralph et al. 2005a, 2006). When an
extratropical storm has strong water vapor transport and
stalls, it can produce more than 76.2 cm (30.0 in.) of pre-
cipitation in 3 days (Neiman et al. 2008a). While Folsom
Dam, just upstream of Sacramento, provides significant
flood protection, five storms since the dam was built in
1955 have exceeded its flood design, and a major winter
storm in 1997 threatened Sacramento with severe flooding
(National Research Council 1999). These risks, and the
recent Katrina disaster, have led to a major focus on re-
lated flood risks in California and have motivated the
passage of major bond issues to help mitigate those risks.
While most of the investment is in levees and dam im-
provements, an innovative approach of improving QPFs,
such that reservoir water can be released before the
landfall of major winter storms, is also under develop-
ment. A crucial step in the flood-control process in-
volves the reservoir operator at Folsom Dam (U.S.
Bureau of Reclamation) making decisions about how
much water to release from the dam. A major factor
compounding the risks is the potential that future cli-
mate conditions will reduce snowpack and move the
peak runoff season into the earlier part of the spring
season, when flooding events are more likely to occur
than they are today.

Since 2005, HMT has focused its efforts in the western
United States to address flood risks. Findings from HMT
will be implemented by the state of California’s De-
partment of Water Resources (DWR) through the En-
hanced Flood Response and Emergency Preparedness
(EFREP) program, a joint effort between the DWR,
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NOAA, and the Scripps Institution of Oceanography.
An important step is to evaluate forecast performance
for extreme precipitation events.

The key purpose of this article is to explore QPF veri-
fication for extreme precipitation events using information
from the very wet winter season studied in HMT-2006 and
from Cooperative Observer Program (COOP) daily pre-
cipitation observations. This paper analyzes 2005/06 cool-
season data from the California—Nevada River Forecast
Center (CNRFC) and the Northwest River Forecast
Center (NWRFC) for the HMT-California and Oregon—
Washington (OR-WA) regions, respectively, to assess QPF
performance of extreme precipitation events. Using not
only the threat score but also the probability of detection
(POD), false-alarm rate (FAR), mean absolute error
(MAE), and bias, QPF performance is analyzed for these
regions. Results of this QPF assessment indicate that ex-
treme events vary in magnitude by region; thus, this paper
expands upon these results to identify extreme daily pre-
cipitation thresholds that correspond to the same frequency
of occurrence in each NWS RFC nationally based on
~30 yr of rain gauge statistics. On the basis of the impor-
tance of extreme precipitation, the challenge of predicting
it accurately, and the regional variations of what defines
an “extreme’ precipitation event, this paper recommends
that unique regional precipitation thresholds be used in the
future to assess extreme precipitation QPF performance.
These regionally relevant QPF performance statistics can
then be combined to evaluate the forecast performance of
extreme precipitation events nationally.

2. Data and methodology overview

Data from the November 2005 to April 2006 cool season
were analyzed for 41 sites along the West Coast. Using
QPF and quantitative precipitation estimate (QPE) data
provided by the NWS CNRFC and NWRFC, 41 sites
spanning a study area from the Washington-Canada bor-
der through the Sacramento, California, region were ex-
amined (Fig. 1; Table 1). The 2005/06 cool season was
selected mainly because of significant precipitation events
that were observed in the CNRFC region and the generally
wet cool season on average. Overall, 17 sites were selected
and analyzed in the CNRFC region and 24 sites were
studied in the NWRFC region. All precipitation amounts
(observed and predicted) examined in this paper include
English units in parentheses, since precipitation forecasts
in the United States are commonly issued in units of inches.

a. QPF products

The NWS RFC QPF products verified in this study
are the result of a multistep process. Initially, the
Hydrometeorological Prediction Center (HPC) issues
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FIG. 1. Terrain base map of the West Coast with the 17 selected
CNRFC verification sites indicated by red triangles and the 24
selected NWRFC verification sites indicated by black circles. Sites
are identified by three letters (see Table 1 for abbreviations).

national QPFs of the total amount of liquid precipitation
expected during a specified period for given locations.
Isohyets of expected precipitation amounts of 0.025,
0.64,1.3,2.5,and 3.8 cm (0.01, 0.25, 0.50, 1, and 1.50 in.,
respectively) and greater are drawn for three consecu-
tive (days 1-3) 24-h intervals and then gridded at 32-km
resolution. These forecasts are issued twice daily and are
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TABLE 1. The 41 RFC verification sites.

Altitude Latitude Longitude Total precipitation Total precipitation Geographic
RFC Site name 1D (m) ®) ©) (cm) (in.) region
CN  Ben Lomand, CA BND 111 37.1 1222 1723 67.8 Coastal valley
CN  Rio Nido, CA RIO 30 38.5 122.9 147.8 58.2 Coastal valley
CN  Cazadero, CA CczC 475 38.6 123.2 187.2 73.7 Coastal mountains
CN  Honeydew, CA HON 110 40.2 124.1 304.9 120.1 Coastal mountains
CN  Three Peaks, CA TPK 1021 35.9 121.3 61.1 24.1 Coastal mountains
CN  Venado, CA VNO 384 38.6 123.0 197.5 77.8 Coastal mountains
CN  Folsom, CA FOL 129 38.7 121.2 63.2 24.9 Central Valley
CN  Oroville, CA ORO 274 39.5 121.6 113.4 44.7 Central Valley
CN  Sacramento, CA SMF 10 38.7 121.6 48.2 19.0 Central Valley
CN  Brush Creek, CA BRR 1085 39.7 121.4 265.0 104.3 Sierra foothills
CN  Georgetown, CA GEO 991 38.9 120.8 181.4 71.4 Sierra foothills
CN  Pacific House, CA PCH 1049 38.8 120.5 175.3 69.0 Sierra foothills
CN  Bucks Lake, CA BKL 1665 39.9 121.2 266.4 104.9 Sierra Mountains
CN  Blue Canyon, CA BLU 1609 39.3 120.7 247.1 97.3 Sierra Mountains
CN  Huysink, CA HYS 2073 39.3 120.5 229.6 90.4 Sierra Mountains
CN  Farad, CA FAR 1571 39.4 120.0 72.7 28.6 Sierra lee
CN  Truckee, CA TKE 1835 39.3 120.2 99.1 39.0 Sierra lee
NW  Brookings, OR 4BK 14 42.0 1243 197.4 71.7 Coast
NW  Astoria, OR AST 3 46.2 123.9 148.5 58.5 Coast
NW  Quillayute, WA UIL 59 47.9 124.6 169.3 66.7 Coast
NW  Frances, WA FRA 70 46.5 123.5 173.7 68.4 Coastal mountains
NW  Agness, OR ILH 106 42.6 124.1 229.4 90.3 Coastal mountains
NW  Lees Camp, OR LEE 200 45.6 123.5 247.4 97.4 Coastal mountains
NW  Summit, OR SMI 227 44.6 123.6 142.6 56.1 Coastal mountains
NW  Aberdeen, WA ABE 133 473 123.7 199.2 78.4 Inland valley
NW  Eugene, OR EUG 108 441 1232 94.8 37.3 Inland valley
NW  Portland, OR PDX 6 45.6 122.6 73.8 29.1 Inland valley
NW  Seattle, WA SEA 137 47.4 122.3 73.3 28.8 Inland valley
NW  Cougar Dam, OR CGR 377 441 122.3 162.3 63.9 Cascade foothills
NW  Cinebar, WA CIN 317 46.6 122.5 124.8 49.1 Cascade foothills
NW  Cougar, WA CUG 165 46.1 122.3 175.5 69.1 Cascade foothills
NW  Detroit Dam, OR DET 479 44.7 122.3 189.0 74.4 Cascade foothills
NW  Enumclaw, WA ENU 399 47.1 121.9 102.4 40.3 Cascade foothills
NW  Glacier, WA GLA 285 48.9 121.9 103.6 40.8 Cascade foothills
NW  Marblemount, WA  MAR 106 48.5 121.5 135.8 53.5 Cascade foothills
NW  Packwood, WA OHA 594 46.7 121.6 147.8 58.2 Cascade foothills
NW  Skykomish, WA SKY 314 47.7 121.3 143.9 56.7 Cascade foothills
NW  Verlot, WA VER 297 48.1 121.8 208.5 82.1 Cascade foothills
NW  Crater Lake, OR CRL 1974 429 122.1 161.8 63.7 Cascades
NW  Stampede Pass, WA SMP 1207 47.3 121.3 136.6 53.8 Cascades
NW  Sexton Summit, OR SXT 1168 42.6 123.4 125.8 49.5 Cascades

based upon current surface observations and upper-
air analyses, radar data, satellite estimates, and guid-
ance from the NWS Global Forecast System (GFS),
North American Mesoscale model (NAM), European
Centre for Medium-Range Weather Forecasts (ECMWF),
Met Office (UKMO), and the Meteorological Service of
Canada.

The HPC gridded-point QPF values are forwarded to
the NWS RFCs, where the Hydrometeorological Anal-
ysis and Support (HAS) meteorologist reviews the RFC
regional gridded-point values for a specified number of
sites throughout the RFC region and modifies these points
when appropriate to the local terrain, regional climate,

and sensitivity of hydrologic models to precipitation.
The adjusted QPF point values are then input into the
Parameter-elevation Regressions on Independent Slopes
Model (PRISM; Daly et al. 1994)-based Mountain Map-
per software to interpolate the QPF data points to a 4-km
grid. PRISM is a hybrid statistical-geographical approach
to mapping climate data between data points. Between
gauge locations, a double linear interpolation technique is
applied to a triangulated irregular network (TIN) to vary
the bias for each grid (Daly et al. 1994). The result is a
unique bias for each 4 km X 4 km grid. Using these prod-
ucts, it is possible to capture localized precipitation patterns
that are often missed in the coarser national product grids.
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Finally, the RFC issues a routine QPF product each
day in Standard Hydrometeorological Exchange Format
(SHEF) designed for ingestion into the RFC’s hydrologic
models. At the CNRFC, these 4-km gridded QPF data
are converted to basin mean areal precipitation (MAP)
and serve as input to their NWS River Forecast System
(RFS) hydrologic models. In contrast, at the NWRFC,
the QPF point data from the 4-km grid are themselves
input to their NWS RFS models. In this study, the 6- to
72-h intervals of QPF data are all based on the 1200 UTC
forecast. The 6-h QPF and QPE precipitation values were
then accumulated to create 24-h daily totals starting at
1200 UTC each day. The resulting precipitation amounts
are identified by their end times, which for the QPF values
occur 24,48, or 72 h (day 1, day 2, and day 3, respectively)
after 1200 UTC of the day the forecast was made.

b. QPE verification data

Six-hourly QPE data used to verify the QPF prod-
ucts were obtained from the CNRFC and NWRFC, as
each RFC performs daily quality control of gauge data
throughout their respective hydrologic service areas.
These estimates are based on precipitation amounts
observed at hundreds of stations throughout each do-
main. When gauge data are missing from one or more of
these sites because of various potential sources of error
(e.g., technical difficulties, undercatch due to strong
winds, and overrepresentation of precipitation due to
snow melting into a heated tipping-bucket rain gauge),
the QPE value is estimated using PRISM-based Moun-
tain Mapper software to interpolate to the missing sites
using precipitation amounts observed at nearby quality-
controlled sites. Similar to the QPF process, Mountain
Mapper and PRISM provide the capability to use cli-
matological relationships between sites to derive a more
accurate estimate of precipitation for missing sites in
complex terrain. Rain gauge data determined to be
““good’’ and estimated data for missing sites are then
compiled and combined into the final 4 km X 4-km
gridded QPE product, with preference given toward
quality-controlled site data over Mountain Mapper es-
timates when discrepancies occur.

c. COOP dataset

Daily accumulated precipitation totals were obtained
from the historical Summary of the Day (SOD; National
Weather Service 1989 and updates thereto) observations
from cooperative weather stations across the United
States, obtained from the National Climatic Data Center
(NCDC). Daily data from 1950 to 2007 were considered
from 6020 stations. Missing data were excluded, as were
accumulations from multiple days that were reported
as a single total. All records from stations within the
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boundaries of each RFC region were analyzed together
to assess large-area exceedance frequencies for daily pre-
cipitation. It should be noted that the measurement pe-
riods are not uniform from one site to the next. Some sites
are several decades long, while others are shorter. Also,
because the COOP data are point measurements and the
time of day they represent varies from site to site, the
COOQP data are not used here for direct verification of
gridded QPF.

d. QPF performance measures

To assess extreme event QPFs, the POD, FAR, CSI,
MAE, and bias were analyzed for precipitation events
during the 2005/06 cool season. In this study, an event is
defined as a 24-h period when the predicted and/or ob-
served accumulated precipitation at a verification site
matches or exceeds a specified precipitation threshold.
Thus, if both the QPF and observed precipitation are
greater than the precipitation threshold, then a “hit”
occurs. If the QPF is less than and the observed precip-
itation is greater than the threshold, then a “‘miss’ oc-
curs, and if the QPF exceeds the specified precipitation
threshold but the observed precipitation is below the
threshold, then a ‘‘false alarm” occurs. Within this
framework, the POD represents the fraction of observed
events that were correctly predicted (hits) to the total
number of events that were observed (hits and misses),
while FAR is the fraction of events predicted but did not
occur (false alarms) to the total number of events pre-
dicted. The CSI, also referred to as the threat score, is
the fraction of predicted events that occurred (hits) to all
possible events (hits, misses, and false alarms). All three
metrics range from 0 to 1, with 1 being perfect POD and
CSI scores, and 0 being a perfect FAR score. To better
determine the accuracy of QPFs (i.e., how close fore-
casts or predictions are to the eventual outcomes), the
MAE, which is the average of the absolute errors, is
calculated. The MAE is computed conditionally for QPE
values greater than a specified threshold. To better un-
derstand how the QPFs overforecast or underforecast
precipitation, the bias is calculated from the ratio of the
predicted events to observed events, either in frequency
of occurrence or precipitation amount.

3. Analysis of the 2005/06 cool season
a. Frequency of observed precipitation events

Over the 172 days between 5 November 2005 and
25 April 2006, the observed 24-h precipitation amounts
from the 17 sites in the CNRFC region totaled 2832.4 cm
(1115.1 in.) [or 166.6 cm (65.6 in.) on average per site],
and the total 24-h observed precipitation amount for the
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FIG. 2. Number of 24-h precipitation events exceeding 2.5, 5.1, 7.6, 10.2, and 12.7 cm (1.0, 2.0, 3.0, 4.0, and 5.0 in.,
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24 sites in the NWRFC was 3667.0 cm (1443.7 in.) [or
152.7 cm (60.1 in.) per site]. Table 1 lists each verification
site in the CNRFC and NWRFC regions and the total
accumulated precipitation at each site for this period.
Throughout the CNRFC region, there were 1140 site days
wherein =0.25 cm (24 h) "' [0.1 in. (24 h)"!] accumu-
lated precipitation was observed. Figure 2a shows the
number of precipitation events exceeding specified pre-
cipitation thresholds {e.g., 62 events exceeded 7.6 cm
(24h)™' [3.0 in. (24 h)"'] and 16 events exceeded
12.7 cm (24 h)~! [5.0 in. (24 h)"']} in the CNRFC re-
gion. Similarly, Fig. 2b shows the cumulative fraction of
total precipitation observed at the 17 CNRFC sites as
a function of daily total rainfall {e.g., roughly 50% of the
total precipitation for the season occurred in events that
produced >5.1 cm (24 h) ™' [2 in. (24 h)"']}. In com-
parison, the NWRFC region had 2130 site days with
=025 cm (24 h)~' [0.1 in. (24 h)"'] observed precip-
itation (Fig. 2c); however, most of the precipitation ac-
cumulated over the 2005/06 season occurred in the lowest
precipitation thresholds (Fig. 2d). Overall, the CNRFC
sites were typically wetter than the NWRFC sites during

the 2005/06 cool season, with the per-site accumulation
larger for all precipitation thresholds and with the
NWRFC having smaller precipitation events and fewer
extreme precipitation events. For example, in the CNRFC
domain, events with >7.6 cm (24 h) "' [3.0 in. (24 h) "]
precipitation accounted for roughly 23% of the CNRFC
domain precipitation total, whereas for the NWRFC
>7.6 cm (24 h) "' [3.0 in. (24 h) '] events accounted for
roughly 7% of the NWRFC domain precipitation total.

b. QPF performance

To assess the performance of the QPFs for day 1, day 2,
and day 3 forecast lead times, in terms of total seasonal
accumulation bias, the total forecasted precipitation
and the total observed precipitation at each site in the
CNRFC was calculated and plotted in Fig. 3a. With the
exception of the site with approximately 177.8 cm (70 in.)
total precipitation observed, the total day 1 QPFs at each
site generally aligned with the observed total precipitation
amounts over the entire cool season. The total calculated
bias (predicted precipitation/observed accumulated
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precipitation) for all the sites of 1.01 reflects this align-
ment. However, as the forecast lead time increased, the
total calculated biases for days 2 and 3 over the season
decreased to 0.95 and 0.79, respectively. In other words,
for the CNRFC day 1 QPF, the overall bias for seasonal
accumulation was nearly perfect, while for day 2 and day 3
the QPFs were progressively underforecast. In con-
trast, the NWRFC site seasonal biases were generally
positive, indicating a trend toward overprediction, at al-
most all sites (Fig. 3b). Overall, for the 24 sites in the
NWRFC region, the seasonal biases were 1.16 (day 1),
1.14 (day 2), and 1.10 (day 3), indicating that the NWRFC
QPFs overforecast for all three forecast intervals, with
the day 1 QPF most overpredicted.

It is useful to test if these seasonal biases vary with re-
spect to the topography and between the two RFC re-
gions. Seasonal accumulated precipitation amounts varied
from less than 63.5 cm (25 in.) measured at SMF (refer to
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Table 1 for abbreviations), in an inland valley, to greater
than 304.8 cm (120 in.) measured at HON (Fig. 4a),
a coastal mountain site. Of the 17 CNRFC sites, 7 sites
(RIO, BND, CZC, HON, VNO, GEO, and PCH) had
all three forecast days underpredicting the total pre-
cipitation accumulation over the season. These repre-
sent the coastal mountains and valleys, and 2 of the 3
Sierra foothills sites. Meanwhile, only three sites (TPK,
SMF, FOL), two of which were located in the Central
Valley, had all three forecast days overpredicting the
total accumulation. It should be noted that the TPK site
is most likely anomalous from the other coastal sites
because of its location farther south and for the ten-
dency for northerly storm tracks during the 2005/06
winter season, which brought much more precipitation
to northern California and less to central and Southern
California.

The CNRFC overpredicted precipitation in both the
Central Valley and the Sierra lee for day 1 QPFs and
underpredicted the coastal valley precipitation for all
forecast lead times. The Central Valley sites had mean
biases of 1.20 and 1.11 for days 1 and 2 QPFs, re-
spectively. The Sierra lee sites had a mean bias of 1.13
for day 1. The coastal valley had mean biases of 0.85,
0.79, and 0.69 for days 1-3, respectively.

In the NWRFC region, the sites were more chal-
lenging to categorize by geographic region because of
the more complex topography of the Pacific Northwest.
However, while the NWRFC QPFs tended to over-
predict for all sites, it particularly overpredicted for the
interior valley sites (Fig. 4b). The biases for these sites
range from 1.35 to 1.43 for days 1-3 QPFs. This over-
prediction by the NWRFC for the inland valley sites is
similar to that observed for QPFs in the Central Valley
by the CNRFC (Fig. 4a). The trend of both the CNRFC
and NWRFC to overforecast in the valleys and mountain
lee regions reflects the influences of the topography on
QPFs. The orographic nature of the precipitation strongly
influences the QPF errors by providing a non-time-
varying forcing, which allows QPFs in mountainous
areas to have greater skill than in other regions (e.g.,
Central Valley and inland valley) without such strong
forcing.

To better illustrate the range and daily variation of
forecasts by site over the 2005/06 season, Fig. 5 shows
box plots (Hoaglin et al. 1983) of the difference between
the QPFs and QPE:s for verification sites representative
of key geographic regions in the CNRFC and NWRFC
regions for the day 1 lead time. To highlight moderate to
extreme events, only dates when the QPE or QPF ex-
ceeded 2.5 cm (24 h) ' [1.0 in. (24 h) '] at a given site
are included. Figure 5 shows the following: the range of
daily errors is relatively large at some sites (e.g., BND
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and HON in the CNRFC and ABE in the NWRFC); the
errors mostly represent underprediction in the CNRFC
and overprediction in the NWRFC; and the range of
errors can vary significantly from one geographic situa-
tion to another (e.g., moderate and extreme precipi-
tation events were mostly underpredicted for the Sierra
lee, coastal valley, and coastal mountain sites, while they
were often overpredicted for the Central Valley and in-
land valley).

To assess the QPFs in terms of predicting moderate and
extreme events specifically, the POD, FAR and CSI scores
were examined for observed and predicted precipita-
tion events exceeding specified precipitation thresholds.
Figure 6a shows the POD and FAR scores for days 1-3
QPFs in the CNRFC and Fig. 6b shows the CSI scores. On
the basis of the CSI scores (Fig. 6b), it can be seen that the
performance of the CNRFC QPFs decreases both for
larger precipitation thresholds and for greater forecast
lead times. While neither of these trends is surprising, it is

important to quantify them, and it is a key step toward
deeper study. Closer examination of the POD and FAR
scores (Fig. 6a) shows that the POD score decreases
quickly from 0.98 at 0.025 cm (24 h) ' [0.01 in. (24 h) ']
to 0.06 at 12.7 cm (24 h)~! [5.0 in. (24 h)™"], while the
FAR scores have a slower rate of increase from 0.15 at
0.025 cm (24 h) "' [0.01 in. (24 h)"'] to 0.50 at 12.7 cm
(24 h)" ' [5.0 in. (24 h)"!]. This implies that the CNRFC
QPFs tend to be more conservative, especially for larger
precipitation events, with QPF values more likely to be
less than the observed 24-h accumulated precipitation
amounts rather than falsely overpredicted. In comparison,
Figs. 6¢c and 6d show the POD, FAR, and CSI scores
for the NWRFC sites for days 1-3 QPFs. Similar to the
CNRFC, the NWRFC forecast scores show that the POD
decreases with increased precipitation threshold; however,
unlike the CNRFC, the NWRFC FAR increases rapidly,
indicating that not only does the NWRFC tend to have
more forecast misses and less hits at larger precipitation
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thresholds but the NWRFC QPFs also tend to have more
false alarms. This is further supported by calculating the
MAE for each precipitation threshold. Figure 7 shows the
MAE calculated for QPE events exceeding the pre-
cipitation threshold for the CNRFC and the NWRFC. As
stated previously, the MAE is a good measure of accuracy.
Here both RFC regions indicate that the MAE increases
with larger precipitation threshold, indicating that the ac-
curacy of the QPFs decreases with larger precipitation
amounts. It also shows that the MAE increases as the lead
time increases for each RFC. For example, at a precipitation
threshold of 10.2 cm (24 h) ' [4 in. (24 h) '], the CNRFC
day 1 MAE is about 5.1 cm (24 h) ! [2in. (24 h) ], which
is roughly half of the 102 cm (24 h)™' [4 in. (24 h)™']
threshold precipitation value, while the CNRFC day-3
MAE is about 7.6 cm (24 h)~' [3 in. (24 h)"'], which is
three-fourths of that threshold precipitation.

c. Extreme events

The issue of forecasting extreme events is further
documented in Fig. 8, which shows the POD, FAR, and
CSIscores of both the CNRFC and NWRFC day 1 QPFs
for the entire season. In this particular cool season, the
POD for >7.6 cm (24 h) ' [3.0in. (24 h) '] was 0.50 at
the CNRFC and 0.50 at the NWRFC, while the FAR
was ~0.3 at the CNRFC and ~0.6 at the NWRFC. Thus,
the CSI for >7.6 cm (24 h)~! [3.0 in. (24 h)™!'] was
higher at the CNRFC (0.42), relative to the NWRFC
(0.29). However, we know from Fig. 2 that the CNRFC
had more events exceeding 7.6 cm (24 h)~' [3.0 in.
(24 h)"'] than NWRFC. Within the CNRFC domain,
there were 62 events that exceeded 7.6 cm (24 h) ! [3.0
in. (24 h)'; Fig. 9a], while there were only 28 events in
the NWRFC domain (Fig. 9b). Further, it is also useful
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to note that of the 62 events in the CNRFC, 16 of those
events surpassed 12.7 cm (24 h)™! [5.0 in. (24 h)™ 1],
while the NWRFC only had 1 such event.

Figure 9a shows that of the 16 observed site events
in the CNRFC region that exceeded 12.7 cm (24 h) ™!
[5.0 in. (24 h) '], only 2 events were predicted. Closer
examination of the data showed that of the 2 events
predicted 24 h ahead of time (i.e., day 1), only 1 of the
predicted events actually occurred; the other predicted
event was a false alarm. The results are the same for
the 2 predicted events on day 2: 1 event occurred and
the other was a false alarm. Thus, of the 16 site events
that exceeded 12.7 cm (24 h) "' [5.0in. (24 h) '], only
1 site event was predicted. Similar examination of the
NWRFC data showed that each event predicted to be
greater than 12.7 cm (24 h) ™' [5.0 in. (24 h) '] was
a false alarm. It is intriguing to note that an analysis of
model-generated QPFs in the OR-WA area, performed
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as part of a study of the effect of new satellite data on
QPF [Constellation Observing System for Meteorol-
ogy Ionosphere and Climate (COSMIC); Z. Ma et al.
2010, unpublished manuscript], found that 1 occurrence
of >12.7 cm (24 h)~! [5.0 in. (24 h) '] in that storm
(November 2006) was predicted out of the 8 events that
were observed. Additionally, the study found that 12 of
18 occurrences of >7.6 cm (24 h) ' [3.0in. (24 h) '] were
predicted, which is nearly identical to the 42 of 62 events
in the season studied here. The similarities suggest the
results of this paper may be more broadly applicable
than for just the one winter studied. Clearly, the skill
in predicting the less-frequent-but-larger-precipitation
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events is much lower than the prediction of weaker
precipitation events.

To further illustrate the nature and prediction of the
events exceeding 7.6 cm (24 h)~! [3.0 in. (24 h) '], the
spatial distribution of these observed events is shown
in Fig. 10 (see Table 2 for details of specific events). As
is to be expected, these events occurred primarily in
the mountains, and for this winter, at least, they were
focused in California. The QPFs for these events are
shown in Fig. 11 at verification sites in the CNRFC and
NWRFC domains. There is a clear tendency to under-
predict precipitation amounts on these days in both RFC
domains. Similarly, there is a trend for this underpre-
diction to increase with greater forecast lead times. For
events that exceed 7.6 cm (24 h) ' [3.0in. (24 h) '], the
average biases for the CNRFC domain were calculated
to be 0.88 for day 1, 0.82 for day 2, and 0.60 for day 3,
while the NWRFC domain had average biases of 1.47
for day 1, 1.58 for day 2, and 1.22 for day 3. The CNRFC
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values are lower than the biases calculated previously in
section 3b for all events, with precipitation exceeding
0.25 cm (24 h) "' [0.1 in. (24 h) '] in the CNRFC (see
section 4b; 1.01 for day 1, 0.95 for day 2, and 0.79 for day
3). For the NWRFC, the extreme event biases are higher
than the biases seen when all events are considered
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TABLE 2. Summary of observed, correctly predicted (day 1), and incorrectly predicted (day 1) precipitation events >7.6 cm (24 h)
[3.0 in. (24 h) '] for the CNRFC (CN) and NWRFC (NW) regions. Those dates for which there was only one site either observed or

predicted are excluded. Indications of AR potential based on Special Sensor Microwave Imager (SSM/I) data using the methods from

Neiman et al. (2008b) are also noted.

No. observed

No. correctly No. incorrectly predicted

Date RFC region sites predicted sites (hits) sites (false alarms) AR

6 Nov 2005 NW 3 2 0 X
2 Dec 2005 CN 7 4 0 X
19 Dec 2005 CN 7 0 0 X
22 Dec 2005 CN 2 1 0 X
23 Dec 2005 CN-NW 4 1 0 X
25 Dec 2005 NW 3 3 0

26 Dec 2005 CN 2 0 0 X
28 Dec 2005 CN-NW 6 4 0 X
29 Dec 2005 CN 1 1 1

31 Dec 2005 CN-NW 14 11 0 X
1 Jan 2006 CN-NW 1 1 4 X
6 Jan 2006 NW 2 0 0 X
10 Jan 2006 NW 7 1 0 X
11 Jan 2006 NwW 3 0 0 X
17 Jan 2006 Nw 1 0 5 X
30 Jan 2006 NW 4 3 0 X
27 Feb 2006 CN 2 0 0 X
28 Feb 2006 CN 6 6 5 X
6 Mar 2006 CN 4 3 0 X
12 Apr 2006 CN 3 1 0 X

(see section 3b; 1.16 for day 1, 1.14 for day 2, and 1.10 for
day 3). This comparison highlights the importance of
treating QPF verification for extreme events with special
attention.

An additional benefit of focusing on extreme events is
that it allows for the identification of key atmospheric
conditions for which better forecasts are needed. In
the case of the HMT-2006 winter season, there were
20 dates for which >7.6 cm (24 h)~! [3.0 in. (24 h) "]
was observed or predicted within the CNRFC and/or
NWREFC study area. Those dates for which there was
only one site either observed or predicted are excluded.
Several recent studies have concluded that ARs play
a major role in extreme precipitation events along the
West Coast. Ralph et al. (2006) showed that all seven of
the flood events on the Russian River during the 8-yr
period where the necessary experimental observations
were available were associated with well-defined AR
conditions striking the coast. Similarly, Neiman et al.
(2008a) concluded that a strong and slow-moving AR
struck the Pacific Northwest in November 2006 and was
a major contributor to the record-breaking precipitation
in the region. The key paper for this study, however, is
Neiman et al. (2008b), which provided a catalogue of all
AR events developed using methods founded on tech-
niques developed by Zhu and Newell (1998) and Ralph
et al. (2004, 2005a). The date for each event was com-
pared with the catalogue of AR events documented

independently by Neiman et al. (2008b), which reveals
that 18 of 20 dates of extreme precipitation in the
CNRFC and/or NWRFC were associated with land-
falling AR conditions. Of the sites that observed >7.6 cm
(24 h)~! [3.0 in. (24 h) '] during these particular dates,
approximately 50% were correctly predicted (POD of
0.50) and the FAR was 0.26. This analysis points to the
importance of evaluating QPF effects in the context of
AR conditions, which are ideal for generating the oro-
graphic precipitation (Ralph et al. 2005a) that is pri-
marily the cause of the extreme precipitation in this
region. Jankov et al. (2009) has taken a step in this
direction by evaluating microphysical parameteriza-
tions and low-level winds in a state-of-the-art mesoscale
model.

4. Defining extreme precipitation events nationally

Although the analysis presented above focuses on QPF
verification for the West Coast, the scope of NOAA’s
QPF services is national, and thus QPF verification needs
to occur on a national level. To assess QPF performance
throughout each region of the United States, suitable 24-h
accumulated precipitation thresholds are derived using
a method developed here to objectively determine ap-
propriate extreme precipitation thresholds for different
regions. The approach takes advantage of the decades-
long data available from the COOP network (National
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Weather Service 1989), which includes 24-h accumulated
precipitation totals. Although the COOP data have a va-
riety of limitations (e.g., the samples are not gathered at
the same time across all sites), the availability of roughly
6000 sites nationally and their long-term nature make
them invaluable for assessing the frequency of occurrence
of extreme precipitation amounts. Additionally, the
COOP sites represent point measurements; however,
the QPE used elsewhere in this paper are obtained from
4 km X 4 km gridded datasets. For this reason, the
COOQOP data have not been used directly for verification
of the gridded forecasts.

Because of the geographic variability of precipitation
behavior in different regions of the contiguous United
States (e.g., land-falling tropical storms in the Southeast,
atmospheric rivers on the West Coast, mesoscale con-
vective systems in the central plains, and monsoons in
the Southwest), variations in the nature of the extreme
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events could be significant. Given that NOAA has al-
ready organized its river forecast system into 13 RFCs
(Fig. 12) and that river forecasting is a major require-
ment driver for accurate extreme QPF, the approach
taken here is to use the RFC regions as the verification
domains.

To quantify the frequency of occurrence of extreme
precipitation within subregions of the United States, the
COOQP data were segregated into 13 areas, each one
representing a RFC region. Table 3 lists the number of
COORP sites in each region, which varies from 134 to
948 sites. The next step was to identify only those COOP-
site days (24-h periods) when measurable precipitation was
recorded at a site in the region. The total number of
these “wet”” days for each RFC region is also shown in
Table 3 and ranges from ~1.2 X 10° site days in the
Colorado Basin RFC (CBRFC) region to ~4.1 X 10%in
the North Central RFC (NCRFC). These differences
result not only from geographic variations in the frequency
of wet days but also from the length of the COOP site
records, which varies greatly from region to region and
from site to site (no minimum record length was re-
quired, but the average record length was 33 complete
years per site). In total, 5886 COOP sites were used,
which represented almost 30 million wet days nation-
ally. While there are clearly variations in sampling
distributions with altitude and other factors, the sheer
size of this dataset lends some statistical significance to
the results.

The frequency of occurrence of daily rainfall events
was calculated for a wide range of thresholds of ob-
served daily rainfall. Only those days that recorded any
rainfall were considered, and thus the results correspond
to the fraction of wet days exceeding the various daily
precipitation thresholds. These occurrences were cal-
culated separately for each RFC so as to reveal geo-
graphical variations in the frequency of extreme rainfall
across the nation. The results for each RFC are shown in
Fig. 13, where there are two distinct clusters of behavior
and one outlier, especially in the frequency range of
interest from roughly 1/100 to 1/1000. Interestingly, the
7.6-cm (24 h) "' [3.0 in. (24 h) '] threshold used in the
analyses of the CNRFC and NWRFC regions presented
earlier corresponds almost exactly to a frequency of
1/100, while the 12.7-cm (24 h)~' [5.0 in. (24 h)']
threshold corresponds nearly to 1/1000 for the RFCs
that most frequently experience extreme rainfall. On the
basis of the knowledge gained in HMT and on the utility
of the 7.6-cm (24 h)~! [3.0 in. (24 h)"!] and 12.7-cm
(24 h)"' [5.0 in. (24 h) '] thresholds developed indepen-
dently from this COOP analysis, the thresholds of 1/100
and 1/1000 are adopted in the following analysis. Table 3
shows the exact values for each RFC corresponding to
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FIG. 12. Map showing the contiguous United States (CONUS) NWS RFC regions. Each region is
labeled with the number of COOP sites within that region that were used for the analysis of frequency of
occurrence of precipitation amounts and the number of COOP-site days with measureable precipitation

during the period of record examined.

these frequencies. Remarkably, they fall into three nearly
distinct groups, corresponding roughly to 3.8 cm (24 h) ™!
[1.5in. (24 h) '] in the CBRFC, 5.1 cm (24 h) "' [2.0 in.
(24 h)™!] for the northern tier of RFCs, and 7.6 cm
(24 h)"' [3.0 in. (24 h)"'] in the southern tier of RFCs
plus the CNRFC. These analyses represent a perspective
on extreme events that complements the “‘return period”
approach emphasized in the NOAA Atlas 2 (e.g., Miller
et al. 1973).

The differences seen between the CNRFC and NWRFC
in the data from the one winter studied in detail
(i.e., the 2005/06 cool season) are consistent with this

climatological result where 5.1 cm (24 h) ™' [2.0 in.
(24 h)~'] events have the same frequency in the NWRFC
as do the 7.6 cm (24 h) ' [3.0 in. (24 h) '] events in the
CNREFC. In short, the CNRFC is more likely to receive
more extreme daily precipitation amounts.

On the basis of the results for each RFC, thresholds
for extreme 24-h precipitation for each RFC are pro-
posed (Fig. 14). [Note, although the Alaska—Pacific RFC
(APRFC) is not shown in Fig. 14, the extreme pre-
cipitation thresholds for APRFC are shown in Fig. 13
and Table 3.] By slightly rounding the thresholds,
a simple range of thresholds can be used. It is useful to

TABLE 3. Analysis of COOP daily precipitation amounts as a function of NWS RFC domains.

No. wet site Threshold of 0.01 Threshold of 0.001
RFC No. COOP sites days frequency [cm (in.)] frequency [cm (in.)]
Lower Mississippi 436 2 265 869 79 (3.1) 14.2 (5.6)
Alaska-Pacific 134 998 375 7.9 (3.1) 18.3 (7.2)
California-Nevada 400 1 180 803 7.6 (3.0) 14.2 (5.6)
Southeast 532 2 952 590 7.6 (3.0) 13.7 (5.4)
West Gulf 489 1 672 505 7.6 (3.0) 14.5 (5.7)
Arkansas—Red Basin 428 1 672 856 7.1 (2.8) 13.0 (5.1)
Middle Atlantic 278 1734 978 5.6 (2.2) 10.4 (4.1)
Ohio 533 3 341 605 53(21) 9.4 (3.7)
Missouri Basin 948 3 956 065 53(2.1) 9.7 (3.8)
North Central 729 4094 548 5.1(2.0) 9.4 (3.7)
Northeast 325 2 169 215 5.1(2.0) 9.4 (3.7)
Northwest 422 2 451 374 5.1(2.0) 9.4 (3.7)
Colorado Basin 366 1178 541 3.8 (1.5) 7.1 (2.8)
National sums (contiguous) 6,020 29 669 324
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FIG. 13. Frequency of occurrence of different daily precipitation
amounts observed by the COOP network as a function of the
13 NWS RFC domains.

note that the values found here that define extreme pre-
cipitation are consistent with the range used by Groisman
et al. (2001) to explore long-term climate trends in heavy
precipitation, also based on COOP data and a frequency-
of-occurrence analysis.
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5. Conclusions and future work

The prediction of extreme precipitation events is a
critical challenge with many important applications.
This paper uses data from the NWS’s CNRFC and
NWREFC to document the performance of QPFs during
HMT-2006, which took place in the winter of 2005/06
on the West Coast, where the landfall of ARs led to
extreme precipitation. The challenge of predicting the
62 events in the CNRFC domain where >7.6 cm (3.0 in.)
of precipitation was observed in 24 h, including the
16 events that exceeded 12.7 cm (24 h) "' [5.0in. (24 h) '],
was illustrated using a combination of POD, FAR, CSI,
MAE, and bias. The method was then applied to the
NWREFC as well, which showed that the approach de-
veloped initially for the CNRFC area is also applicable
to the Washington-Oregon area. Table 4 shows the per-
formance for the CNRFC for events >7.6 cm (24 h) !
[3.0 in. (24 h)"!] and for those >12.7 cm (24 h)™!
[5.0 in. (24 h)™'] at forecast lead times of days 1-3.
The CNRFC POD for events exceeding 7.6 cm (24 h) ™!
[3.0 in. (24 h)~'] was 0.5, while the POD for events ex-
ceeding 12.7 cm (24 h) ' [5.0 in. (24 h) '] was 0.06. Also,
the MAE for the extreme events was found to be about
50% of the observed precipitation for all lead times. The
bias for these events worsened with greater lead time, de-
creasing from (.72 at day 1 lead time to 0.49 for day 3 lead

Proposed regional thresholds

7.6 5.1 3.8
B oo T 2o E0@50n)

FI1G. 14. CONUS NWS RFC regional thresholds for daily precipitation amounts recom-
mended for future use by the NWS in tracking QPF performance in high-impact extreme
precipitation events using the POD, FAR, CSI, bias, and MAE statistical methods. In each
RFC region, the upper number is the threshold of the top 1% of precipitation events over the
period from 1950 to 2007 in centimeters and the bottom number is in inches.
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TABLE 4. Summary of skill score values for events with accumulated precipitation >7.6 cm (24 h) ' [3.0 in. (24 h) '] and >12.7 cm
(24 h) ' [5.0 in. (24 h) '] in the CNRFC and NWRFC regions.

>7.6 cm (24 h) ' [3in. (24 h) Y]

>12.7 cm (24 h) ! [5.0in. (24 h) 1]

CNRFC metric Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
CSI 0.42 0.32 0.21 0.06 0.06 0.00
POD 0.50 0.40 0.24 0.06 0.06 0.00
FAR 0.26 0.38 0.35 0.50 0.50 N/A
MAE {cm (24 h)~! [in. (24 h) ']} 31(1.2) 4.0 (1.6) 5.0 (2.0) 53(21) 6.4 (2.5) 81(3.2)
RMSE {cm (24 h)~! [in. (24 h) ']} 3.7 (1.5) 49 (1.9) 5.9(23) 5.8(2.3) 7.3 (2.9) 8.6 (3.4)
Bias 0.88 0.82 0.60 0.72 0.63 0.49

>7.6 cm (24 h) ' [3in. (24 h) 7] >12.7 cm (24 h) "' [5.0in. (24 h) 1]

NWRFC metric Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
CSI 0.29 0.29 0.16 0.00 0.00 0.00
POD 0.50 0.44 0.22 0.00 0.00 0.00
FAR 0.59 0.56 0.63 1.00 1.00 N/A
MAE {cm (24 h)"! [in. (24 h) ']} 33(1.3) 4.4 (1.7) 4.6 (1.8) 55(22) 8.3(3.3) 11.0 (4.3)
RMSE {cm (24 h) ! [in. (24 h) ']} 4.0 (1.6) 5.0 (2.0) 53(21) 59(2.3) 9.3 (3.6) 11.0 (4.3)
Bias 1.47 1.58 1.22 1.39 0.83 0.32

time. Comparing these biases to the biases for all events
(i.e., including those with only light precipitation), which
were 1.01 (day 1) and 0.79 (day 3), shows that biases for
QPFs for the extreme events were worse (i.e., greater
underprediction) than for weaker events. This highlights
the special challenges of QPFs in the high-impact events.

Similarities and differences between the CNRFC and
NWRFC were evident in the verification scores for ex-
treme events, particularly the seasonal bias, MAE, and
FAR. Interestingly, the POD values were nearly the
same for both RFCs for events >7.6 cm (24 h) ' [3.0in.
(24 h)"']. Another difference between the two RFCs
is in the number of events >7.6 cm (24 h)~' [3.0 in.
(24 h)~']. The total number in the NWRFC (28 events),
for the same period, is less than half the 62 events ob-
served in the CNRFC. Many factors may contribute to
the differences observed between the RFCs. For in-
stance, the climatology of extreme events varies by RFC
(Figs. 13 and 14), and details of the forecast procedures
and tools differ from one RFC to another. These dif-
ferences likely contribute to differing QPF performance;
although, at the higher precipitation thresholds, the rel-
atively smaller sample size makes it difficult to interpret.
The design of this study did not allow for the documen-
tation of the effects of variations in the predictability of
key hydrometeorological phenomena from one region to
another or of the differing forecast procedures and tools.

In addition to variations of hydrometeorological and
forecasting procedures and tools from one RFC to an-
other, the topography of each RFC varies. As mentioned
in section 3b, the orographic nature of the extreme
precipitation on the West Coast strongly influences the
QPF errors by providing a non-time-varying forcing,
which allows QPFs in mountainous regions to have

greater skill than in other regions without such strong and
fixed forcing. However, the presence of complex terrain
can also act to compound errors in QPFs under some
conditions. For example, errors in lower-tropospheric
wind direction cause QPF errors related to terrain ori-
entation and rain shadowing (Brady and Waldstreicher
2001; Ralph et al. 2003), errors which become more sig-
nificant as the terrain becomes more complex. Another
source of errors is due to the existence of threshold
phenomena, such as blocking [where blocking is a sensi-
tive function of upwind stratification, winds, and moun-
tain height (Smith 1979)], which can displace orographic
precipitation upwind of mountains (e.g., Neiman et al.
2002). Problems with model microphysics are also im-
portant and can be amplified by mountains; for example,
if the microphysics packages cause too much rain out in
one place, then the downwind mountains will have less
moisture or vice versa (Colle et al. 1999).

Partly to determine if the difference between the
number of extreme events was an outlier (i.e., would the
Pacific Northwest states normally have more extreme
precipitation events), COOP daily precipitation totals
were examined going back decades at roughly 400 sites
in the CNRFC domain and 422 sites in the NWRFC
domain. The COOP diagnostics show that the threshold
defining the top 1% of 24-h precipitation events is
5.1 cm (24 h) "' [2.0in. (24 h) '] in the NWRFC domain
and 7.6 cm (24 h)~! [3.0 in. (24 h)"'] in the CNRFC.
This finding, and the method used to derive it, was
then applied to each of the 12 RFCs in the continental
United States (Fig. 14). The thresholds of extreme
accumulated precipitation range from 3.8 cm (24 h) !
[1.5 in. (24 h)"'] (CBRFC) to 7.6 cm (24 h) "' [3.0 in.
(24 h)"'] (CNRFC, WGRFC, and SERFC). Using the
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same approach, thresholds were also derived for the top
0.1% of events. {It should be noted that the correspon-
dence between the 7.6 cm (24 h)~! [3.0 in. (24 h)™]
thresholds used initially in this paper to develop an ex-
treme event verification method and the 1% threshold
based on COOP data is coincidental.} Because the
thresholds derived from COOP data are observationally
based, they represent a reliable baseline against which to
evaluate changes in QPF methods and tools. However,
comparisons against gridded data need to factor in the
differences between gridded and point data, which are
grid-resolution dependent. Also, since COOP observa-
tions are daily data, they are not useful in evaluating
QPFs on finer time resolutions, such as every 6 h.

The methodology developed in this paper, both in terms
of objective determination of regionally relevant thresh-
olds defining extreme precipitation events and measuring
QPF performance, could be readily applied to the existing
forecast system (QPE and QPF). It is suggested here that
NOAA begin measuring NWS extreme QPF perfor-
mance by this method. Doing so would establish a mea-
sure that is more relevant to many of NOAA'’s customers’
needs, and it would help stimulate focused research and
prototyping (e.g., Neiman et al. 2009), leading to new
forecast methods tailored to this key forecast challenge
and NOAA service.

Future work will involve applying the method to the
QPE and QPF data from all RFC forecast points, both
as retrospectively as possible and in the future, as well as
to gridded forecast products. QPF from the National
Centers for Environmental Prediction (NCEP)’s Hy-
drometeorological Prediction Center (HPC) could be
evaluated in this manner, as could model-based QPFs.
Also, QPFs with 6-h time resolution could be explored
(requiring better time resolution than COOP data can
provide), including the quantification of the timing of
the most extreme precipitation within the 24-h accumu-
lation period. In addition, analysis of longer accumulation
times (e.g., 72 h) will provide a broader view helpful for
water management applications. Together, this work,
overall, would establish a baseline against which to
measure future QPF performance that is critical to many
applications.

Establishing this performance measure will also help
guide future research to improve extreme QPF, such as
by improving microphysics in numerical models (e.g.,
Colle et al. 1999), by developing probabilistic QPF
methods (e.g., Jankov et al. 2009; Yuan et al. 2009), and
by better observing critical parameters (e.g., water va-
por; Neiman et al. 2008a) and physical processes, such as
ARs and their focused water vapor transport (Neiman
et al. 2009; Jankov et al. 2009). Efforts already under
way at HMT and the Developmental Testbed Center
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(DTC; Bernardet et al. 2008) are taking the next steps in
developing these measures and using them to assess
state-of-the-art mesoscale numerical model forecasts.
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