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ABSTRACT

An objective assessment of the WSR-88D radar coverage for detection and quantitative measurement of precipita-
tion over the U.S. west coast is presented. As a result of significant terrain blockage, shallow precipitation, and tpw freezin
levels, only one-fourth to one-third of the land surface in the region has sufficient radar coverage for precipitation esti-
mation. Furthermore, it was found that the radar coverage is not representative of the precipitation distribution, with
poor radar coverage in the regions where the most rainfall occurs.

Radar-derived storm-total precipitation estimates from the Portland, Oregon, radar for the catastrophic flood of Feb-
ruary 1996 illustrate the limitations of the network, showing that the radar estimates in the heaviest precipitation regions
to be less than 50% of the rain gauge values. A comparison of the WSR-88D coverage with the regional rain gauge
network reveals that rain gauges will continue to be the major source of precipitation data over most of the region.

1. Introduction Most recent radar application research has evalu-
ated the capabilities of the NWS network east of the
In 1996, the last of the 136 operational WeathBocky Mountains, with a majority of these studies fo-
Surveillance Radar-1988 Doppler (WSR-88D) Nexiusing on severe, convective-type events. As shown
Generation Radar radar sites in the contiguous Unitaelow, the often-encouraging results from these stud-
States was put into operation, completing a major coies are not representative of radar capability over
ponent of the National Weather Service (NWS) modiountainous regions, especially for estimating quan-
ernization program. This radar network, along wittitative precipitation.
improvements in profilers and weather satellites, rep- The figure provided in Klazura and Imy (1993), a
resents a continuing shift from in situ to remotelgortion of which is shown in Fig. 1, is probably the
sensed measurements. The benefits of the WSR-88himst commonly cited estimate of radar coverage over
the western United States have been substantial, leadiregyconterminous United States. In establishing the
to improvements in short-range forecasts and contribbibundaries of radar coverage, Klazura and Imy (1993)
ing to a greater understanding of many regional weathietermined the unblocked areas at 10 000 ft (3.05 km)
phenomena (e.g., Colle and Mass 1998; Doyle 199@hove the radar sitebased on this criterion, there is
radar coverage over a vast majority of the western
United States. However, this approach produces an
*Department of Atmospheric Sciences, University of Washinéj-nreahstICaIIy O.ptlr.nIStIC es_t",nat_e of useful radar cov-
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upwind of the region, the relatively low melting level
and the associated radar bright band make quantita-
tive precipitation estimates based on reflectivity very
difficult.

Although many West Coast meteorologists have
come to the subjective realization that operational ra-
dar coverage is absent or marginal over most of the
western United States, particularly over the higher ter-
rain, only a handful of studies have examined this
problem. Neyman (1996), in a comparison of WSR-
88D precipitation with rain gauges over northwestern
California, found that brightband contamination likely
caused overestimation of precipitation in 12% of the
samples, while beam blockage and beam overshoot-
ing of precipitation appeared to cause underestimation
in 29% of the events. Reynolds (1995) suggested that
a 0° elevation slice would be needed to significantly
improve the precipitation estimates in shallow warm
cloud systems sampled over the West Coast.

In response to the need for quantitative evaluation,
this study provides an objective estimate of WSR-88D
radar coverage along the west coast of the United
States, a region where heavy precipitation and winter
flooding represent the most significant damage-
producing weather phenomena [NOAS®rm Data
ot NCDC (1959-93)]. In addition, we compare radar cov-
: erage with the distribution of rain gauges in order to
n
]
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Fie. 1. WSR-88D network coverage at 10 000 ft (3.05 km) 1 Mis study evaluates radar coverage for the coastal
above the radar site for the western United States, adapted f@&@ne of the western United States from roughly San
Klazura and Imy (1993). Shaded regions denote land areas Vei@ncisco to the Canadian border and from the east-
of radar coverage, solid lines denotes the maximum radar coygfn slopes of the Cascade/Sierra Mountains to the Pa-
age, and the dashed area encloses the region in this study. cific coast (Fig. 2). To determine the radar coverage
for this region, topography from a 30 arc sec digital
at considerable elevation (e.g., Medford, 2300 m; Selevation dataset was interpolated to a 250-m horizon-
Francisco, 1077 m; Eureka, 760 m); a radar beam 3 tahresolution grid. Seven radar locations within the
above these sites is often in the middle troposphamegion (Table 1) were included in the analydr
most often far above the region of significant growtbach radar, the height of the top, center, and bottom
of hydrometeors. of the 1° radar beam at each grid point was found using
In addition to the profound effects of shallow oro-
graphic precipitation and terrain blockage, western
meteorological radars face the additional problem g, ,.qars at Pendieton, OR; Reno, NV: and San Joaquin, CA,

a persistent W_intertime “br_ight band” in the_lpwer trOzithough outside the study region, were included in the analysis
posphere. With the relatively warm Pacific Oceadi radar beam height.

2. Evaluation of regional radar
coverage

Califorpia ™. other.
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) ) ) y blockage. As in the current WSR-88D algorithm, if the
h= [r + (kea) +2rkasing,| -ka, center of the beam from a particular tilt angle remains
less than 50% terrain blocked, and the bottom of the
whereh is the height of the radar beanis the range beam clears the terrain by at least 150 m (O’'Bannon
from the nearest radar to the grid poinis the radius 1997), the scan is used. If the blockage exceeds 50%
of the earthk  is a constant 4/3, arljis the elevation for the center of a particular scan, the beam was con-
angle (Doviak and Zrnic 1984). In the absence sidered not useful past that point, and the next higher
strong inversions, Doviak and Zrnic state that the usean was considered for ranges beyond. Also, if the
of the constarit_ predicts beam height with sufficientcenter of the beam from a particular scan angle ex-
accuracy for weather radar applications. ceeded an upper eldign limit (discussed below), the
The first analysis estimated
the range of the radar for precipi-
tation detection. The height ¢
the center of the radar bea
above mean sea level and terr:
level was determined for the re
gion. If a particular radar bear
was more than 50% blocked
a given range, the next hight
beam was utilized for all region
beyond the blockage, assumil
no more than 50% blocking oc
curred. If a beam was less thi
50% blocked at all distances, tt
effective range of the radar we
assumed to be 230-km horizo
tal distance, provided the cent
of the unblocked beam remaine
below 8 km. The maximun
height of 8 km was selecte
based on research studies ti

Terrain (m)
[1-100

show negligible radar returns i :éﬁ:ﬁ
this level during stratiform pre B 500 - 1250
cipitation events (Houze et a N 1209 100
1981; Marwitz 1983; Raube B 1750 - 2000
1992). 3900 - 2000
1 Sea Level

The second set of analys:

was designed to estimate the | 1t Radiosonde

. . R d

dar coverage for quantitative pr ﬁ ol

cipitation estimation. Consister E ﬁégc i

with the WSR-88D scan strateg 5 sNoTEL

(Fulton et al1998), the four low- ® oAE

est scan angles rom the WSR-8¢ Preclﬂt-ag:n (cm)

were consideretiBlockage was r- 29.-43

defined as the fraction of th .

beam blocked from the sca _:ﬁﬁjgg?

angle with the least fractione © 138-171
172 - 548

Fic. 2. (a) Coastal northwest U.S. topography and principal terrain features as well as
2The 0.5°, 1.5°, 2.4°, and 3.4° scansipper-air and radar sites, and (b) rain gauge locations superposed over the PRISM-derived
were used. average annual precipitation.
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above the melting level (Fulton et
TaeLe 1. WSR-88D radar sites, their elevations (terrain elevation plus tower heigg),1998).
and effective ranges based on the average cool season melting level using the Iowe:ﬂ.Ie freezing levels used in the

0.5°) radar scan and assuming no terrain blockage.
057 g g second method were based on a

_ collection of heavy precipitation
Radar ID Elev. of radar (m) Effective range (km) events at Oakland (CA), Medford
(OR), Salem (OR), and Quillayute

Camano Island-Seattle KATX 181 92.0 (WA) (Fig. 2a) that exceeded the
Portland KRTX 509 96.0 thresholds shown in Table 2. Events
were selected from a 34-yr record
Medford KMAX 2300 05 (1960—93) of 24-h precipitation
totals, with the minimum precipi-
Eureka KBHX 762 98.5 tation threshold chosen so as to
provide at least two heavy precipi-
Beale AFB KBBX 56 130.5 tation events per year at each loca-
tion.* Only precipitation events
Sacramento KDAX 39 131.0 occurring from October through
_ March were included in the analy-
San Francisco KMUX 1077 82.5

sis. The freezing levels associated

with these heavy precipitation

events were then averaged at each

beam was considered too high for surface precipitati@cation. As shown in Table 2, the average freezing

rates to be determined. level ranges from approximately 2.5 km at Oakland
Two methods were used to determine the upper

elevation limit of the radar beam for effective radaF———

coverage. The first method found the farthest distari¢be average freezing level was found to be relatively insensitive

in which the top of an unblocked séaemained to the number of heavy precipitation events considered. For ex-

ample, when the minimum number of heavy precipitation events

within a 2-km layer above the local terrain. The 2'kWas increased from 66 to 198 (from an average of 2 to 6 heavy

above-ground-level eStimaFe is bas?d_ on studies tg\ﬁ,lnts per year), the average freezing level for each location
revealed sharp decreases in reflectivities at approstianged by less than 10%.

mately this height above ground

(Houze et al. 1981; Marwitz

1983; Rauber 1992; Collier TasLE 2. Total number of 24-h precipitation events included in the 34-yr period that met

1993)- the minimum precipitation threshold, and the average, minimum, and maximum freezing
The second method assumeigvels observed during the events.

the maximum height of useful

radar coverage is when the cen- 24-h

ter of the beam intersects the precipitation Freezing level (meters MSL)
lower edge of the melting/

brightband level, which is as- opservation location (and No. Event Avg. Max Min

sumed to be 300 m below the av- location of radar for which of threshold
erage freezing level. The use of freezing level data applied) events (cm)

the brightband level as an upper
limit is based on the |nab|||ty of Oakland (applied to all CA 77 9.6 2490 4390 830

the current WSR-88D Precipita- 293"
tion Processing System (PPS) t:

) .-’ Medford (Medford) 81 6.4 2110 3740 SFC

produce reliable quantitative
surface rainfall estimates at or g6 (portiand) 74 9.6 2190 3900 190
Quillayute (Seattle) 151 12.8 1780 3780 SFC

3Less than 50% terrain blocked.

2292 Vol. 80, No. 11, November 1999



to less than 1.8 km at QuillayL
For all radar sites except Eure
California, the closest upper-¢
derived average freezing le'
(minus 300 m to allow for tt
melting of the precipitate) w
used to compute the maximi
range of the radar. Althou
Eureka is geographically clos
to Medford, itis less likely to
influenced by cold continent
air east of the Cascade Mo
tains, so it was felt that t
higher freezing level determin
at Oakland would provide
more representative freezi
level for Eurek&. The averag
effective ranges for quantitati
precipitation estimation for tl
different radar locations usi
theaverage freezing level mett
are shown in Table 1.
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b. Results

_ _ Beam Height ASL (m)
Figure 3a shows the hei

7 0-1000

above mean sea level (MSL) 1000 - 2000
the lowest scan of the rac 2000 - 3000
beams that are less than 5 3000 - 4000
blocked and below 8 km. Tt 4000 - 5000

I 5000 - 6000
I 6000 - 7000
| 7000 - 8000

estimate of the maximum rac
detection range for precipitati
reveals data voids over the wi

ern slopes of the Olympics In
Washington and over the Cas- Fic. 3. (a) Height above mean sea level of the center of the radar beam (beams less than

% terrain blocked), and (b) the corresponding cumulative fraction of the land surface with
cade ranges of (_:entral Oregon angdar coverage at various heights above the ground (AGL) or sea level (MSL).
northern Washington. Although

this figure agrees reasonably
well with Klazura and Imy (1993) (Fig. 1), it adds into have radar coverage below 8 km MSL, for a major-
formation about théeightof the radar beam at dif-ity the radar beam is higher than 4 M&L, or 3 km
ferent ranges from the radar. To highlight thiagbove grountevel (AGL) (arrows in Fig. 3b).
elevation dependence, Fig. 3b shows the cumulative The effective radar coverage for determining quan-
fraction of the land surface that has unblocked radaative precipitation during the cool season using both
coveragéat various elevations above ground or séiae melting level and 2-km layer methods is shown in
level. Although over 97% of the land surface is showkig. 4. Both methods produce very similar results.
Even if the assumption is made that accurate quanti-
tative precipitation estimation in partially radar
SThe extent of radar coverage over much of northern Califorfidocked areas is possible, coverage is absent over two-
may be optimistic as the freezing level is often 500 m lower ovjrds of the land portion of the coastal western United
the west slopes of the Sierras than over Oakland during streghias | ess than one-quarter of the land surface region
upslope flow and precipitation (Marwitz 1983). . . .

has coverage if partially blocked regions are excluded.
SA beam is considered unblocked if it is less than 50% blockeBlocking is nearly complete over most of the high ter-

Bulletin of the American Meteorological Society 2293



ﬂ Snoqualmie Rivers in Washing-
ton. Coverage over these water-
sheds is either extremely poor or
nonexistent. It is also worth not-
ing that with the melting-level
method there is virtually no use-
ful quantitative precipitation in-
formation from the Medford
radar.

A major failing of the present
radar coverage is that it does not
provide a spatially representative
sampling of the regional precipi-
tation distribution. Comparing
the 1960-91 precipitation clima-
tology derived by the Parameter-
elevation Regressions on Inde-
pendent Slopdglodel (PRISM)
program (Daly et al. 1994)
(Fig. 2b) with the radar coverage
shown in Fig. 4a, reveals that
there is little radar coverage over
the regions of heaviest climato-
logical precipitation, with the
coastal lowlands being the only
regions fairly well covered by
radar.

A recent major flood event
underscores the radar coverage
problem in the region. During
the winter of 1995/96, excep-
tionally heavy seasonal pre-
cipitation (125%-175% of the

Fic. 4. Estimated WSR-88D radar coverage for the cool season over the coastal zrjni%)ap) occurred over the Pacific

the northwestern United States based on (a) the average freezing level and (b) 2 k EhweSt (Halpert and Bell
effective beam height. Six flood-prone watersheds are outlined in red, and regions 23b%8v7; Colle and Mass 1999).
beyond the nearest radar are shown with cross hatching. (c), (d) The percentage of laddrs®rmost significant event of

face covered by radar is also shown. this period took place on 5-9
February 1996, when many riv-
ers in northwest Oregon and

rain of the coastal mountains and the Cascades, andthwest Washington experienced the worst flood-

coverage over the coastal ocean is essentially absengin 30 years. The Columbia and Willamette Rivers

except for the area west of Eureka. Figure 4 also inddse to as much as 20 ft above flood stage, over 30 000

cates six flood-prone river basins that are of criticedsidents were forced from their homes, and eight

forecast concern [D. McDonnal, National Weathefeaths and nearly $500 million of damage were di-

Service Forecast Office (NWSFO), Seattle, WA, 1998 ctly attributed to the floods (NCDC 1996). This

personal communication; M. Van Tress, NWSF@yent provides a good test of the precipitation cover-

Portland, OR, 1999, personal communication; and age and quantitative precipitation products from the

anonymous reviewer]. These include the Napa aRdrtland WSR-88D radar.

Russian Rivers in California, the South Fork Umpqua Using over 130 National Weather Service (Surface

and Wilson Rivers in Oregon, and the Chehalis aAdiation Observation, SAO), National Climatic Data

Coverage using the
average cool-season
freezing level

Coverage using the 2-
km AGL height

LEGEND

& Radar Locations
Flood-prone watersheds
- % Beyond 230 km from radar
0% Blo:kagkn
1-50% Blockage
Terrain (meters)
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Center (NCDC) cooperative observesTey 26zs 92:e2 1200 PRECIP
program (COOP), and Snow-Telem¢ . | 4. STORM TOTAL
tering (SNOTEL) rain gauge stations ‘,.“-\.I"' : 108:. (mm)

a storm-total precipitation map W&J 700 {5 K
constructed for southwestern Was| 4 im0
ington and northwestern Oregon fc ‘m 5
the 5-9 February 1996 event. Isohye B 10
derived from the rain gauge observi - 5
tions were superposed on the storif  ; e, _ _ peeee-ll 20
total map produced by the Portlar| | " A8 SEEEEGEENGE SR IeT St L D
(RTX) WSR-88D standard quantita ™ ik Ry i E: ;g
tive precipitation algorithm (Fig. 5) : o4
The heaviest precipitation, exceedir] ¥ o
500 mm of liquid-equivalent pre- 500 100
cipitation, fell over the coastal rang 3 E 150
of northwestern Oregon and th 200
southwestern Washington Cascade =280
while over the lowlands, such as tt W 360
Willamette Valley of northern Or- "

egon, around 200 mm of precipitati0960209 ” 12:06"&['(: s

was observed. The freezing level va:
ied between 1.5 and 2.7 km MSL dur- Fie. 5. Storm-total precipitation for the period 0300 UTC 5 Feb—1200 UTC 9 Feb
ing this 4-day event. 1996 from the WSR-88D radar at RTX. Also plotted are the observed isohyets pro-

Many problems are evident in theduced from data taken from over 130 rain gauges.

radar-derived precipitation. For ex-

ample, partial or complete terrain blockage degradeéss in determining the maitude and distribution of
quantitative precipitation estimation where the heawrecipitation during this evergspecially in the regions
est precipitation fell, such as over the lower windwaaf heaviest precipitation.

slopes of the Cascades. The radar-derived precipita-

tion underestimated the rain gauge measurements by

30%—-40% over the Oregon coastal range, where 4@.-The regional rain gauge network

500 mm of precipitation fell. There is also consider- and its relationship to radar

able underestimation in the radar-derived storm totals coverage

over many regions considered to be partially obscured

(Fig. 3), such as immediately to the west and north- Using the PRISM climatological precipitation
west of the radar. There are noticeable circular bariddds as ground truth, the availability of rain gauge
at various distances away from the radar in the stordata as a function of annual precipitation and radar
total precipitation, which likely resulted from variousoverage was analyzed (Figs. 2b and 6). It is apparent
radar scans (0.5°, 1.5°, and 2.6° elevations) intersdodm Fig. 2b that the real-time SAO network does not
ing the melting level aloft. Serendipitously, the estuniformly capture the precipitation distribution, with
mated precipitation within some of these artificiaklatively few sites in the mountainous regionisere
bands is close to observed (around 200 mm) for sothe heaviest precipitationadserved, and in the arid re-
lowland areas; however, because of the limited nugions, with annual precipitation less than 28 cm
ber of radar scans at low levels there are gaps betwf€g. 2b). The inclusion of the REGauges significantly
the bands in which the precipitation is dramaticaliynproves the coveragespecially in areas of moderate
underestimated. It is also worth noting the extremedyinual precipitation (29-87 cm), such as the Puget
low or zero values of precipitation over the Chehalis

River region in Washington (for location see Fig. 4a7EFC denotes a variety of precipitation gauge sites, available in

even though the flood of record occurred af[ thi_s ting, time, compiled by the regional River Forecast Centers (RFC),
(D. McDonnal 1999, personal communicationhnd forwarded to the National Centers for Environmental Predic-
Clearly, the Portland WSR-88D had limited usefution daily.
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a SAOIRFG Statons 1979), maintained by the National Resource Conser-

B ‘ vation Services and a number of regional cosponsor-
’ ing agencies, and networks run by the California
I T T [ e Division of Water Resources (DWR) and the North-
1750% blocked west Avalanche Center (NWAC). As shown in

: ONo blockage

Figs. 2b and 6b, these sites are generally in regions of
higher terrain and greater precipitation, where radar
blockage problems are most acute (Table 3). Thus,
they are important complements to both the SAO/RFC

Number of
Gauges
N
S

ml

O e e cee wie 1t e v and radar networks, and have proven invaluable for
poopatonemy model precipitation verification over West Coast ter-

b om——— rain (Colle et al. 1999). A shortcoming of the SNOTEL
40 e network is its coarse precipitation recording resolution
(2.54 mm) and its reporting of data at local standard

Bockedauol time rather than UTC, complicating model verifica-

@535 bockes tion. Many of the high terrain stations rain gauges also
oo portese suffer from precipitation undercatchment, a problem
that is considerably worse during windy conditions
with frozen precipitate (Larson and Peck 1974; Yang
n et al. 1998), underscoring the necessity for anemom-
s om aaen ceor anrm 1o vam 7o eters at these sites. Fortunately, the SNOTEL and

Number of
Gauges

bacpionn) DWR sites have snow pillows, which do not suffer
c X000 oty Coop S100 from undercatchment, thus providing an independent
a0 method for determining precipitation estimates during

frozen precipitation events. In addition, all of these
sites are telemetered and available in near—real time;
this is of utmost importance to forecasters.

The NCDC hourly precipitation sites (Fig. 2b)
form the most spatially representative network (cf. pie
charts in Fig. 4 with Table 3), providing the best sam-
pling over the drier portions of the region, as well as
areas of heavier precipitation (Fig. 6¢). Unfortunately,

Number of
Gauges

<28 29-43 44-63 64-87 88-109 110- 138- 172-

T s most of these sites are not equipped with wind shields,

creating the potential for significant undercatchment,
Fic. 6. The number of rain gauges by mean annual precipigiad the recording resolution for the majority of the

tion and radar coverage based on average freezing level. 'ndu@%ges is the relatively coarse 2.54 mm. Furthermore

Precipitation {cm)

in the breakdown are (a) Surface Aviation Observations (59 sitg?}lce most of the NCDC sites are not telemetered. the
and gauges (169 sites) included in the Northwest and Californlg— ilable f | h f’
Nevada River Forecast Center’s “precipitation update” produ ,ata are not available tor several months after

(b) National Resources Conservation Service SNOTEL (83 site@@llection.
California Division of Water Resources (28 sites), and Northwest
Avalanche Center (19 sites); and (c) National Climate Data Cen-

ter hourly (251 sites). 4. Summary and conclusions

Sound lowlands and the Willamette and San Joaquin An assessment of the WSR-88D network’s cover-
Valleys (Fig. 2b). A relatively high percentage of thage for both detection and quantitative measurement
SAO/RFC sites are locatedriggions of partial or com- of precipitation over the west coast of the United States
plete radar coverage (Fig. 6a; Table 3), suggesting thieireals significant gaps. Although approximately 97%
potential value for enhancing radar-derived precipitatiarfi the land surface area could be considered to be ra-
estimates in those areas. dar covered for precipitation detection, for at least 50%

Real-time precipitation observations are also availf the land region the radar beam is more than 4 km
able from the SNOTEL network (Shafer and Burkabove sea level and 3 km above ground.
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For accurate quantitative pre-
cipitation measurement by radar T#8Le 3. Quantity and percentage of rain gauges broken down by radar coverage based
during the cool season, when qn the average cool season (Oct—Mar) freezing level effective beam height.

vast majority of the heavy pre-
cipitation events occur, over SNOTEL/DWR/ NCDC hourly
two-thirds of the land surface of SAO/RFC NWAC cooP
the region is void of radar cov-
erage. This assumes that accu-
rate quantitative precipitation
estimates are possible in par-
tially blocked regions. Less than
one-quarter of the land region is
covered if partially blocked 500 plockage or 108 48 107 83 139 55
regions are excluded. These as-owest unobstructed
sessments are based on the askeam> average
sumption that the average cool freezing level
season melting level serves as
the maximum effective height of
the radar beam for quantitative precipitation assessallower angles may also mitigate the continuity
ment. Blocking is nearly complete over most of theroblems evident in the radar-derived spatial precipi-
high terrain of the coastal mountains and Cascadtgion fields (Fig. 5). In addition to improvements in
and coverage over the coastal ocean is essentiallytale-preexisting radar network, more radar sites must
sent, except for the area west of Eureka. A secdmeladded over the western United States, particularly
method that determined the farthest distance in whieear the coastline, where terrain blockage is less of a
the top of a radar scan remained within a 2-km laygroblem. The Pacific Northwest, a region with a large
above the local terrain produced virtually identicdishing industry, major international seaports, and
results. large navy facilities, has virtually no meteorological

It is shown that radar-derived areal precipitatiordar coverage over the coastal waters, in stark con-
estimates are not representative of the regional precipst to the rest of the nation.
tation climatology, since radar coverage is limited to But even if all the above improvements and addi-
lowland areas of moderate precipitation, and are neaityns to the western radar network are realized, the
absent for regions of high terrain and precipitation. Argional rain gauge network will continue to be the
analysis of the catastrophic flood of 5-9 February 19p6@incipal instrument for determining the extent and
highlights the inability of one radar (Portland) to progguantity of precipitation throughout a significant por-
erly define heavy precipitation occurring over thgon of the western United States, particularly over
Cascades and the coastal mountains. mountainous regions. With that reality in mind, con-

Although improvements to the WSR-88D PP&nued emphasis on the precipitation gauge network
have undoubtedly improved radar-derived quantite required. Increasing the densityrefiable rain
tive estimates near the radar site, the extensive blogluges in the radar-coverage-void regions would cer-
ing and brightband effects endemic to the region widinly be a major contribution toward the effort, al-
continue to considerably limit the extent and usefuhough a sound plan needs to be developed for locating
ness of radar-based precipitation measuremeritge sites. An effort to telemeter the existing gauges,
Currently the radar is restricted from going below 0.8%5pecially in radar-coverage-void regions, is required
elevation, but a possible method of increasing the s® that precipitation data are available for forecasters
gional radar coverage would be the implementatiamreal time. In addition, research aimed at integrating
of 0° and/or negative scan angles. This would be p#re existing radar data with that available from the rain
ticularly advantageous for those western radars pauge network, especially at the “overlap” region
cated at high elevation. For example, the effectivehere radar coverage diminishes, is needed. Only by
areal coverage at the 3-km AGL level for the Medformldopting such a two-pronged approach, using both
radar would increase by nearly a factor of 3 if a @&mote sensing and in situ measurements, will signifi-
scanning angle were used. Additional scans at ttemt progress toward defining the actual distribution

Quantity Percent Quantity Percent Quantity Percent

Zero blockage 101 44 16 11 92 37

1%-50% blockage 18 8 8 6 20 8
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of precipitation over the coastal western United Stat@ston, R. A., J. P. Breidenbach, D. J. Seo, and D. A. Miller, 1998:
be made. The WSR-88D rainfall algorithnWea. Forecastind,3,377—
395.

Ack led tsThi h ted b Halpert, M. S., and G. D. Bell, 1997: Climate assessment for 1996.
cknowledgmentsThis research was supported by a "5 " A or Meteor. Soc78, S1-S49.

COMET fellowship grant (UCAR 597-86990) as well as SUppoﬁouze R. A, S. A. Rutledge, T. J. Matejka, and P. V. Hobbs

Iir;)trir\]/ ;h(eGor:nT 'El: EjsstiXifgfﬁgyaﬁ%caeer?\tjﬁiEnejegg?gnlgg 1981: The mesoscale and microscale structure and organiza-
tion of clouds and precipitation in midlatitude cyclones. Ill:

Foundation (AT.M'%3?191)£ The Ia‘%thF’rEt}"”Fh Lohthla?kl three Air motions and precipitation growth in a warm-frontal
anonymous reviewers for extremely insightful and helpful com- i o045 Atmos. Scia8, 639-649.

ments that contributed to many improvements in this paper. T . - .
authors also thank Dr. Sandra Yuter and Curtis James at t%zura, G.E. and D. A. Imy, 1993: A description of the initial

. . . . . : set of analysis products available from the NEXTRAD WSR-
University of Washington for reading the original manuscript and 88D systemBull. Amer. Meteor. Soc74,1293-1311
providing helpful comments and contributions. Information pe['dalrson L L and -E L P.eck 19'74, Ac,cluracy of précipitation
taining to the River Forecast Center precipitation update prod- SR o . e

; . o . measurements for hydrologic modelivgater Resour. Res.,
uct was provided by Don Laurine of the Pacific Northwest River y 9 Y

Forecast Center and Eric Strem of the California—Nevada Ri\ﬁr 10‘. 857-863. . . . .
arwitz, J. D., 1983: The kinematics of orographic airflow dur-
Forecast Center.

ing Sierra stormsl. Atmos. Sci40,1218-1227.
NCDC, 1959-93Storm DataVols. 1-35.
——, 1996:Storm DataFebruary.

References Neyman, L. M., 1996: Initial comparison of WSR-88D precipita-

tion products and rain gauge precipitation for northwestern

Bruintjes, R. T., T. L. Clark, and W. D. Hall, 1994: Interaction California. Western Region Tech. Attachment 96-21, 5 pp.
between topographic airflow and cloud precipitation develop- [Available from NWS Western Region Headquarters, Federal
ment during passage of a winter storm in ArizahaAtmos. Building, Salt Lake City, UT 84138.]

Sci.,51,48-67. O’Bannon, T., 1997: Using a ‘terrain-based’ hybrid scan to im-

Colle, B. A., and C. F. Mass, 1998: Windstorms along the west- prove WSR-88D precipitation estimates. Prepri2dsh Conf.
ern side of the Washington Cascade Mountains. Part I: A high- on Radar MeteorologyAustin, TX, Amer. Meteor. Soc., 506—
resolution observational and modeling study of the 12 Febru- 507.
ary 1995 eventMon. Wea. Rev126,28-51. Rauber, R. R., 1992: Microphysical structure and evolution of a

——, and ——, 1999: The 5-9 February 1996 flooding event over central Sierra Nevada orographic cloud syst&nippl. Me-
the Pacific Northwest: Sensitivity studies and evaluation of the teor.,31,3-24.

MM5 precipitation forecastdon. Wea. Revin press. Reynolds, D. W., 1995: Warm rain process and WSR-88D. West-

——, K. J. Westrick, and C. F. Mass, 1999: Evaluation of MM5 ern Region Tech. Attachment 95-08, 7 pp. [Available from
and Eta-10 precipitation forecasts over the Pacific Northwest NWS Western Region Headquarters, Federal Building, Salt
during the cool seasoWea. Forecastingl4,137-154. Lake City, UT 84138.]

Collier, C. G., 1993: The measurement of rainfadind Surface Shafer, B. A., and M. Burke, 1979: SNOTEL. United States Geo-
Processes in Hydrology—Trials and Tribulations of Model- logical Survey, U.S.G.S. Rep. 76-206, Reston, VA, 110-121.
ing and MeasuringS. Sorooshian, G. V. Hoshin, and J. C. [Available from U.S. Geological Survey Library, 950 Na-
Rodda, Eds., Springer, 75-111. tional Center, 12201 Sunrise Valley Dr., Reston, VA 20192.]

Daly, C., R. P. Neilson, and D. L. Phillips, 1994: A statistical¥ang, D., B. E. Goodison, J. R. Metcalfe, V. S. Golubev, R. Bates,
topographic model for mapping climatological precipitation T. Pangburn, and C. L. Hanson, 1998: Accuracy of NWS 8"

over mountainous terraid. Appl. Meteor.33,140-158. standard nonrecording precipitation gauge: Results and appli-
Doviak, R. J., and D. S. Zrnic, 198%oppler Radar and Weather  cation of WMO intercomparisod. Atmos. Oceanic Technol.,
ObservationsAcademic Press, 593 pp. 15,54-68.

Doyle, J. D., 1997: The influence of mesoscale orography on a
coastal jet and rainbanbllon. Wea. Rev125,1465-1488.

2298 Vol. 80, No. 11, November 1999



