3474

JOURNAL OF THE ATMOSPHERIC SCIENCES—SPECIAL SECTION

VOLUME 62

The 13–14 December 2001 IMPROVE-2 Event. Part I: Synoptic and Mesoscale
Evolution and Comparison with a Mesoscale Model Simulation
MATTHEW F. GARVERT
Department of Atmospheric Sciences, University of Washington, Seattle, Washington

BRIAN A. COLLE
Institute for Terrestrial and Planetary Atmospheres, Marine Science Research Center, State University of New York at Stony Brook,
Stony Brook, New York

CLIFFORD F. MASS
Department of Atmospheric Sciences, University of Washington, Seattle, Washington
(Manuscript received 13 February 2004, in final form 15 September 2004)
ABSTRACT
This paper describes the large-scale synoptic and mesoscale features of a major precipitation event that
affected the second Improvement of Microphysical Parameterization through Observational Verification
Experiment (IMPROVE-2) study area on 13–14 December 2001. The fifth-generation Pennsylvania State
University–NCAR Mesoscale Model (MM5) was used to simulate both the synoptic and mesoscale features
of the storm. Extensive model verification was performed utilizing the wealth of observational assets
available during the experiment, including in situ aircraft measurements, radiosondes, radar data, and
surface observations.
The 13–14 December 2001 storm system was characterized by strong low-level cross-barrier flow, heavy
precipitation, and the passage of an intense baroclinic zone. The model realistically simulated the threedimensional thermodynamic and kinematic fields, the forward-tilted vertical structure of the baroclinic
zone, and the associated major precipitation band. Deficiencies in the model simulations included an
attenuated low-level jet accompanying the middle-level baroclinic zone and the lack of precipitation associated with the surface front; NOAA P-3 aircraft in situ data indicated that the model required 1.33-km grid
spacing to capture realistically the complex mesoscale forcing related to terrain features. Despite the
relatively skillful portrayal of mesoscale and synoptic structures, the model overpredicted precipitation in
localized areas on the windward slopes and over a broad area to the lee of the Oregon Cascades.

1. Introduction
Over the past decade, marked improvements in the
ability of high-resolution mesoscale models to simulate
accurately the complex effects of terrain have been
documented in various studies (e.g., Colle and Mass
1996; Bruintjes et al. 1994). Yet despite the increased
accuracy of numerical models, there are still significant
deficiencies in the precipitation forecasts over mountainous terrain (Colle and Mass 2000; Colle et al. 1999,
2000). These precipitation errors appear to be caused,
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at least in part, by problems in models’ bulk microphysical parameterizations (BMP), as shown in Colle
and Mass (2000), and Colle et al. (1999), among others.
During November–December 2001, the Improvement
of Microphysical Parameterization through Observational Verification Experiment (IMPROVE)-2 experiment took place over the Oregon Cascades to provide
data for the diagnosis and correction of problems
within current model bulk microphysical parameterizations (Stoelinga et al. 2003).
Before model-predicted microphysics can be compared against observations, it is necessary to verify that
synoptic and mesoscale features are modeled accurately. To that end, IMPROVE-2 collected a unique
and comprehensive set of observations that provide an
extensive and detailed depiction of the thermodynamic
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and kinematic structures of several precipitation
events. A comprehensive collection of in situ and remotely sensed microphysical data was also compiled,
providing an opportunity to diagnose important microphysical processes and their associated forcings
(Stoelinga et al. 2003).
This paper describes the large-scale setting and evolution of a major precipitation event that affected the
IMPROVE-2 study area on 13–14 December 2001. This
system was characterized by strong low-level crossbarrier flow, heavy precipitation, and the passage of a
strong baroclinic zone. A description of the mesoscale
features of the storm, with particular emphasis on terrain-induced forcing, is also presented. Additionally, a
simulation of the storm system using the fifthgeneration Pennsylvania State University–National
Center for Atmospheric Research (PSU–NCAR) Mesoscale Model (MM5) is introduced and extensively
verified. The comparison of modeled and observed microphysics will be examined in a second paper (Garvert
et al. 2005). A third paper in the series, Colle et al.
(2005) will discuss the microphysical sensitivities and
budgets within the model BMP.
The first section of this paper will describe the basic
setup and configuration of the MM5 simulation. Section 2 describes and verifies the synoptic evolution of
the storm. The modification of the flow by terrain and
the mesoscale features of the storm will be discussed
and compared against the high-resolution model simulations in section 3. Section 4 compares the model’s
quantitative precipitation forecast against observations.
Section 5 presents conclusions.

2. Model description
MM5 version 3.5 was employed in nonhydrostatic
mode to simulate the 13–14 December 2001 system. A
36-km outer domain with a 12-km nest was run for 36 h
to capture the large-scale synoptic features of the
storm. The domains covered a large area of the eastern
Pacific and Pacific Northwest (Fig. 1). The model was
initialized on 0000 UTC 13 December 2001 by interpolating a modified National Centers for Environmental
Prediction (NCEP) Aviation Model (AVN) initialization for 0000 UTC 13 December 2001 to the MM5 grid.1
The 0000 UTC 13 December AVN grid was improved
by incorporating surface and upper-air observations using a Cressman-type analysis scheme (Benjamin and
Seaman 1985). Additional analyses were generated ev-

FIG. 1. The 36-, 12-, 4-, and 1.33-km MM5 domains used in this study.

ery 6 h using similarly modified gridded AVN forecasts
and then linearly interpolating in time to provide lateral
boundary conditions every 6 h for the 36-km domain.
To ensure the most accurate simulation, fourdimension data assimilation (FDDA) was employed
during the first twelve hours of the forecast. The
FDDA scheme (Stauffer and Seaman 1990; Stauffer et
al. 1991) applied a Newtonian relaxation technique to
nudge the model’s wind, temperature, and moisture
fields toward modified AVN surface and upper-air
grids at 0600 and 1200 UTC 13 December 2001.
Thirty-two unevenly spaced full-sigma levels were
used in the vertical, with maximum resolution in the
boundary layer. The simulation used the updated (version 3.6) explicit moisture scheme of Reisner 2 (Thompson et al. 2004), Grell cumulus parameterization (Grell
1993), and the medium-range forecast (MRF) planetary
boundary layer scheme (Hong and Pan 1996).
In addition to the 36- and 12-km domains, a separate
4-km simulation with a 1.33-km nest centered over the
central Oregon Cascades was run for 30 h initialized at
0600 UTC 13 December 2001. The 4-km grid was initialized by linearly interpolating forecasts from the 12km MM5 simulation. The dimensions and terrain of the
4- and 1.33-km simulations are shown in Fig. 2. These
inner domains did not use nudging or cumulus parameterizations.

3. Synoptic evolution and comparison with the
model simulation
a. Upper-level and surface fields

1
The AVN is currently known as the Global Forecast System
Model (GFS).

At 1200 UTC 13 December 2001, prior to the precipitation event, a 300-hPa jet streak with winds over
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FIG. 2. Terrain elevations (m) for the (a) 4- and (b) 1.33-km
inner domains. The elevation is contoured every 300 m, decreasing in shade with height.

150 kt was positioned over the eastern Pacific along
45°N and south of a 500-hPa short-wave trough
(Fig. 3a). At 850 hPa a weak short-wave ridge was
evident over the Oregon Coast with a trough located
to the west (Fig. 3c). The NCEP surface analysis
(Fig. 3e) showed a 988-hPa surface low near the
Queen Charlotte Islands with an associated occluded
front extending southward to a triple point at 48°N,
133°W. Infrared satellite images at 1200 UTC 13 December 2001 (Fig. 4a) indicate a large area of clouds
extending southwestward offshore of the Pacific Northwest coast.

VOLUME 62

The 12-h model forecasts for 1200 UTC 13 December
2001 over the 36-km domain are shown in Figs. 3b,d,f.
The model was able to capture accurately the location
and intensity of the jet streak and its position south of
the 500-hPa short wave (Fig. 3b). At the 850-hPa level
(Fig. 3d), the model correctly portrayed the short-wave
ridge over the coast with prevailing southwest flow and
weak warm air advection. Sea level pressure was also
well simulated with a 996-hPa contour located in the
observed position as was the trough axis extending to
the southwest (Fig. 3f).
Model 24-h upper-level forecasts and the corresponding NCEP analyses for 0000 UTC 14 December
2001 are shown in Fig. 5. The 500-hPa trough had amplified considerably since 1200 UTC 13 December 2001
and was positioned just offshore of the West Coast (Fig.
5a). The 850-hPa map for 0000 UTC 14 December 2001
(Fig. 5c) shows the lowest heights over Vancouver Island, collocated with the minimum in sea level pressure
(Fig. 5e). A trough with strong 850-hPa height gradients
had replaced the short-wave ridge over Oregon with a
wind of 70 kt (35 m s⫺1) at Salem, Oregon. The simulated height fields at these levels (Fig. 5b,d) indicated
that the model accurately portrayed these upper-level
features.
The NCEP surface analysis for 0000 UTC 14 December 2001 shows the front had continued to occlude and
extended south from a 984-hPa surface low pressure
center over central Vancouver Island to just offshore of
the Oregon coast (Fig. 5e). Infrared imagery for 0000
UTC 14 December 2001 (Fig. 4b) shows a large area of
high clouds over the Pacific Northwest with a distinct
back edge coinciding with the position of the surface
front. The 24-h forecast sea level pressure field (Fig. 5f)
related well to the observed surface analysis at this
time, with a 983-hPa low pressure center over northwest Washington, slightly south of the observed position. The model-predicted surface fields also indicated
the presence of a temperature gradient and wind shift
extending southwest of the simulated low pressure center.
By 1200 UTC 14 December 2001, the NCEP upperlevel analysis showed the 500-hPa trough had continued
to amplify and was now centered over the study area
(Fig. 6a). The 300-hPa jet streak was to the west of the
500-hPa trough axis, with the leading edge of the higher
winds reaching the northern California coast. At the
850-hPa level, the trough had moved eastward to Idaho
(Fig. 6c). The surface front had passed through Oregon,
high pressure was building offshore, and the surface
low had continued to deepen, with the 982-hPa closed
contour located north of Idaho (Fig. 6e). Infrared sat-
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FIG. 3. (a) NCEP 500-hPa analysis with 300-hPa winds greater than 110 kt shaded at intervals of 20 kt, (b) MM5
500-hPa 12-h forecast with 300-hPa winds shaded every 20 kt, (c) NCEP 850-hPa analysis, (d) MM5 850-hPa 12-h
forecast, (e) NCEP sea level pressure analysis, and (f) MM5 12-h forecast of sea level pressure. All for 1200 UTC
13 Dec 2001.

ellite images (Fig. 4c) indicated the colder clouds were
well east of the study area, with residual low-level
clouds along the Cascades and coastal mountains. The
model’s 36-h forecast for 1200 UTC 14 December 2001

shows upper level (Figs. 6b,d) and surface features (Fig.
6f) consistent with observations, with the exception of
the model’s predicted jet streak at 300 hPa having progressed farther south and east than analyzed.
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b. Frontal structure

FIG. 4. Geostationary Operational Environmental Satellite
(GOES) 4-km infrared satellite images over the Pacific Northwest
for (a) 1200 UTC 13 Dec 2001, (b) 0000 UTC 14 Dec 2001, and (c)
1200 UTC 14 Dec 2001.

To determine the vertical structure of the baroclinic
zone as it crossed the area, a time–height cross section
of potential temperature () from 1200 UTC 13 December 2001 through 1200 UTC 14 December 2001 was
constructed (Fig. 7a) using six soundings taken at Salem, Oregon. Prior to 2200 UTC 13 December 2001,
warm advection was occurring at all levels as suggested
by the veering of wind direction with height. At approximately 2200 UTC 13 December 2001, the leading
edge of a strong baroclinic zone, depicted by a solid
gray line, crossed Salem between 650 and 700 hPa. The
front was tilted forward from the surface to approximately 650 hPa, and tilted backward with height above.
Coincident and immediately preceding the passage of
the midlevel front there was an area of strong southwest winds reaching approximately 40 m s⫺1 (shaded
region in Fig. 7a). Following the front, the winds weakened and veered to westerly. The  gradient was strongest between 400 and 700 hPa, with  decreasing by 10
K in 8 h at 650 hPa. The passage of the baroclinic zone
aloft and associated cold air advection were reflected at
the surface by a decrease in the rate of the sea level
pressure fall [see Fig. 5 of Woods et al. (2005)]. The
forward-tilted structure of the  gradient is similar to
the type of split cold front described in Browning and
Roberts (1996). These types of fronts have been observed in the Pacific Northwest previously, as discussed
in Locatelli et al. (2005).
A model time–height cross section of  is shown in
Fig. 7b. The model resolved the frontal structure of the
baroclinic zone with the gradient in  sloping forward
with height from the surface. The leading edge of the
baroclinic zone at 650 hPa was simulated to cross Salem
at 2200 UTC 13 December 2001, which compared well
with observations. The gradient in  was also well simulated, decreasing by 10 K in eight hours at 650 hPa. The
model was not able to capture the 40 m s⫺1 winds associated with the baroclinic zone between 700 and 850
hPa, being weaker by approximately 10 m s⫺1 for a
two-hour period. Outside of this area, the model accurately portrayed the observed wind speeds to within 5
m s⫺1. Above 650 hPa, the model’s baroclinic zone did
not tilt backward with height as observed. Similar to
observations, model wind speeds increased to 40 m s⫺1
in the layer above 500 hPa.
Special soundings (location indicated by the UW on
Fig. 2b) provided measurements of the environment
upstream of the elevated topography of the study area.
Figure 8a is a profile from a sounding just before frontal
passage taken at 2100 UTC 13 December 2001. The
sounding indicated veering of winds between 1000 and
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FIG. 5. (a) NCEP 500-hPa analysis with 300-hPa winds greater than 110 kt shaded at intervals of 20 kt, (b) MM5
24-h 500-hPa forecast with 300-hPa winds shaded every 20 kt, (c) NCEP 850-hPa analysis, (d) MM5 24-h 850-hPa
forecast, (e) NCEP sea level pressure analysis, and (f) MM5 24-h forecast of sea level pressure. All for 0000 UTC
14 Dec 2001.

600 hPa, with a wind speed of 40 m s⫺1 in a layer between 700 and 650 hPa. A saturated layer was present
between 900 and 550 hPa and the freezing level was at
approximately 780 hPa, or slightly above 2 km. The

model sounding for 2100 UTC 13 December (Fig. 8b)
verified well, depicting a saturated stable layer between
900 and 550 hPa with the freezing level at approximately 790 hPa.
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FIG. 6. (a) NCEP 500-hPa analysis with 300-hPa winds greater than 110 kt shaded at intervals of 20 kt, (b) MM5
500-hPa 36-h forecast with 300-hPa winds shaded every 20 kt, (c) NCEP 850-hPa analysis, (d) MM5 850-hPa 36-h
forecast, (e) NCEP sea level pressure analysis, and (f) MM5 36-h forecast of sea level pressure. All for 1200 UTC
14 Dec 2001.

Three hours later at 0000 UTC 14 December 2001,
the University of Washington (UW) sounding (Fig. 8c)
showed cooling of 3°–7°C between 700 and 450 hPa,
signaling the passage of the frontal feature at midlevels.

Above and below this level the temperature remained
nearly constant. Winds veered between 800 and 1000
hPa indicating warm air advection at lower levels. The
model sounding for 0000 UTC 14 December 2001 (Fig.
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UTC 14 December 2001 (Fig. 8d) indicated a decrease
in temperature between 1000 and 400 hPa with the
freezing level dropping since 0000 UTC 14 December
2001 to approximately 820 hPa or 1.8 km. The 0400
UTC sounding indicated that the model correctly simulated the magnitude of the cold-air advection (Fig. 8e)
and the drop of the freezing level behind the front. The
moisture field appeared well depicted with the exception of a layer between 425 and 500 hPa where the
model’s dewpoint was much lower than observed.

c. Radar verification

FIG. 7. Time–pressure cross sections for the time period from
1200 UTC 13 Dec to 1200 UTC 14 Dec at Salem (SLE), OR. Solid
lines are contours of potential temperature every 4 K. Time increases from right to left on the x axis. The observed front is
represented by a solid gray line. Wind barbs in m s⫺1 (whole barb
⫽ 10 m s⫺1) with the shaded region indicating wind speeds exceeding 40 m s⫺1. (a) Observed and (b) 1.33-km MM5 forecast

8d) captured the amplitude and location of the cooling
between 700 and 400 hPa behind the baroclinic front at
midlevels. The model did not resolve the stronger 40
m s⫺1 winds at around 750 hPa. Instead model winds
were 10–15 m s⫺1 lower than observed at this level. The
model profile was saturated with respect to water between 900 and 400 hPa. This was different from observations that only had a layer saturated with respect to
water between 900 and 650 hPa and was close to saturation between 650 and 400 hPa.
After passage of the surface front, cold-air advection
occurred at all levels. The UW special sounding at 0400

Associated with the passage of the upper-level baroclinic zone was a large area of moderate to heavy stratiform precipitation that was oriented southwest–
northeast. The Portland Weather Surveillance Radar1988 Doppler (WSR-88D) radar (located north of the
study area) shows the expansive area of stratiform precipitation spreading over the study area from the northwest at 1830 UTC 13 December 2001 (Fig. 9a). Prefrontal showers were present ahead of this stratiform precipitation band. After passage of the stratiform
precipitation band, there was a distinct break in the
precipitation as shown Fig. 9b. The transition from
widespread radar echoes to areas of more sporadic reflectivities was associated with an area of subsidence
and drying aloft coinciding with the passage of the
midlevel baroclinic zone in the layer between 600 and
400 hPa (Fig. 7a).
The surface front passed Salem, Oregon, at approximately 0300 UTC 14 December 2001, almost 5 h after
midlevel frontal passage. A narrow band of high reflectivity (⬎30 dBZ ) crossed PDX at 0130 UTC 14 December 2001 (Fig. 9b), accompanying passage of the surface
front. The precipitation band was more convective and
shallower than the midtroposphere stratiform rainband
and was associated with low-level instability between
1000 and 800 hPa (Fig. 7a). After the surface frontal
band, the precipitation became more sporadic and
showery in the postfrontal air mass (Fig. 9c).
Figure 10a shows reflectivity from the NCAR S-band
dual-polarization Doppler radar (S-Pol; located at SPL
in Fig. 1b; Stoelinga et al. 2003) for a 1.5° elevation
angle at 1921 UTC 13 December 2001. The transition
from prefrontal showers to stratiform precipitation was
evident, with the leading edge of the heavier precipitation (greater than 17 dBZ ) west of the S-Pol site. Figure
10b is a depiction of a model-based reflectivity at 700
hPa for 1900 UTC 13 December 2001 (13-h forecast).
The 700-hPa level is approximately the mean elevation
of the S-Pol 1.5° radar scan displayed in Fig. 10a. The
model reflectivity values were computed using an algorithm relating effective reflectivity to the assumed pre-

Unauthenticated | Downloaded 01/09/23 09:18 AM UTC

3482

JOURNAL OF THE ATMOSPHERIC SCIENCES—SPECIAL SECTION

VOLUME 62

FIG. 8. (a) 2100 UTC 13 Dec 2001, (b) 15-h 1.33-km MM5 forecast, (c) 0000 UTC 14 Dec 2001, (d) 18-h 1.33-km MM5 forecast, (e)
0400 UTC 14 Dec 2001, and (f) 22-h 1.33-km MM5 forecast profiles from the UW sounding site.

cipitation number distribution of the model (Fovell and
Ogura 1988). The algorithm uses the intercept parameters for snow and graupel (Thompson et al. 2004) from
the model BMP.

The timing and orientation of the modeled precipitation (Fig. 10b) was similar to the observed but did not
show the change in character from prefrontal showers
to steady stratiform precipitation. To the east, lower
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reflectivity values were present over the crest of the
Cascades with no precipitation evident in the lee. At
0042 UTC 14 December radar images indicated a back
edge to the organized precipitation band with the highest dBZ values to the east of the S-Pol site (Fig. 10c).
To the west of the precipitation band, dBZ values were
smaller and echoes less widespread. The model reflectivity at 0045 UTC 14 December 2001 (Fig. 10d) was
consistent with observations, depicting the most intense
dBZ values to the east of the S-Pol site.
Although the model indicated a surface pressure rise
and wind shift over the Willamette Valley with the passage of the surface front, it did not produce an organized band of precipitation as observed (Fig. 11a). Instead, the model produced scattered areas of higher
dBZ values over the coast and the Willamette Valley
with an enhancement of the echoes over the Cascades
(Fig. 11b). After frontal passage the precipitation was
less organized, with the presence of a more convective
and showery regime at 0600 UTC 14 December 2001
(Fig. 11c). The model also simulated a change to a shallow convective regime (Fig. 11d).

4. Description of mesoscale features and
comparison with high-resolution simulations

FIG. 9. Reflectivity patterns at an elevation angle of 0.5° from
the Portland (PDX) WSR-88D radar at (a) 1830 UTC 13 Dec
2001, (b) 0130, and (c) 0400 UTC 14 December 2001. The positions of Salem, OR (SLE), the S-Pol site (SPL), and Santiam
Junction (SJ) are also identified.

High-resolution 4-km and nested 1.33-km model
grids were used to simulate the mesoscale structures
associated with the 13–14 December 2001 storm system. The model topography was obtained by interpolating a 30-s topography dataset to the grid using a
Cressmen scheme and then filtering using a two pass
smoother–desmoother The 1.33-km domain’s terrain
(Fig. 2b) is substantially more complex than that of the
4-km domain (Fig. 2a), especially in resolving the windward ridges and valleys. The implications of the difference in terrain resolution are assessed below.
The National Oceanic and Atmospheric Administration (NOAA) P-3 performed five north–south legs
from the Willamette Valley to the lee (Fig. 12), permitting in situ sampling of thermodynamic and kinematic
fields over a large portion of the study area. Each of the
individual legs were flown at a constant altitude and
were approximately 130–140 km long with 20-km spacing between them. The P-3’s first leg was flown in the
Willamette Valley at a height of 2 km, with the three
subsequent legs increasing in height to a maximum
height of 4 km for the leg flown just to the lee of the
Cascade crest. The fifth and last leg was flown at a
height of 3.2 km on the lee side of the Cascade crest.
Vertical velocity was derived using in situ measurements from the P-3. First, the acceleration of the aircraft was computed from the inertial navigation system
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FIG. 10. Reflectivity patterns at an elevation angle of 1.5° from the NCAR S-Pol radar for (a) 1921 UTC 13 Dec
2001 and (c) 0042 UTC 14 Dec 2001. Circles at a 20-km interval away from S-Pol site are shown with outer circle
at 180 km. Model-depicted radar reflectivity at 700 hPa from the 4-km MM5 simulation at (b) 1900 UTC 13 Dec
2001 (13-h forecast), and (d) 0045 UTC 14 Dec 2001 (18.75-h forecast). The black circle is 180 km from the SPL
site.

and integrated in time to derive the vertical speed of
the aircraft. Then the vertical wind relative to the aircraft was estimated from pitot tubes (pressure sensors)
placed on the fuselage of the aircraft. The subtraction
of the vertical speed of the aircraft from the relative
vertical wind yielded an estimate of atmospheric vertical velocity. Errors in the vertical velocity are estimated
to be roughly 30–50 cm s⫺1 (N. Bond 2003, personal
communication).
Figure 13 shows a time series of four in situ meteorological variables measured by the P-3 during the five
legs from 2302 UTC 13 December through 0055 UTC
14 December 2001. The period of these legs coincided

with the passage of the large precipitation band associated with the middle-level front. A depiction of the
observed and simulated vertical velocities, along the
P-3 flight track overlaid on elevation data, is displayed
in Fig. 12. The model values were linearly interpolated
in time and space from 15-min model output.
The first P-3 north–south leg over the Willamette
Valley showed minor fluctuations in the meteorological
variables. Winds were relatively uniform at 234° and
35–40 m s⫺1 and temperatures averaged around 2°C
(Fig. 13). Vertical velocity measurements also indicated
minimal vertical forcing at flight level with most of the
leg showing vertical velocity perturbations of less than
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FIG. 11. Reflectivity patterns at an elevation angle of 1.5° from the NCAR S-Pol radar for (a) 0300 and (c) 0523
UTC 14 Dec 2001. Circles at a 20-km interval away from S-Pol site are shown with outer circle at 180 km.
Model-depicted radar reflectivity at 700 hPa from the 4-km MM5 simulation at (b) 0300 UTC (21-h forecast) and
(d) 0500 UTC 14 Dec 2001 (23-h forecast). The black circle is 180 km from the SPL site.

50 cm s⫺1 (Figs. 12a, 13). Along leg 1 of the P-3 flight
track both the 4- and 1.33-km nests (Figs. 12b,c) simulated relatively weak vertical velocities, as found in observations (Fig. 12a). The simulated values had less
variance than the observed but the differences remained within the 30–50 cm s⫺1 errors of the observations.
Over the foothills of the Cascades during the second
leg, there was larger variability in the terrain and meteorological variables compared to the other legs (Fig.
13). Figure 14 provides more details of the meteorological variables and underlying terrain along leg 2.
Along this leg, there are a system of ridges and valleys
extending west from the crest of the Cascades (Fig.

12a). The ridges rise upward to 1000 m and are on
average about 10–15 km wide while the valleys’ mean
elevation were about 500 m and varied in width from
10–15 km along the south–north-oriented flight track.
The significant elevation gradient between these valleys
and ridges (in some cases a 700 m rise over 10 km) and
the stable stratification of the airflow provided an environment favorable for the generation of gravity
waves.
In situ observations along leg 2 indicate the wind
speeds were approximately 34–40 m s⫺1, fluctuating in
direction between 230° and 240°. As this strong southwesterly wind impinged on the east–west-oriented
ridges, it was forced upward. Evidence of this is found
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FIG. 12. (a) Observed, (b) MM5 4-km model, and (c) MM5 1.33-km model vertical velocity
(cm s⫺1) along P-3 flight track from 2302 UTC 13 Dec 2001 through 0100 UTC 14 Dec 2001.
Elevation shading lightens with height at intervals of 300 m. Heights of flight legs are also
listed. Darkest blue colors along leg 5 in (c) depict areas outside the 1.33-km model domain
and are therefore spurious values.
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FIG. 13. The P-3 in situ meteorological variables from 2302 UTC 13 Dec 2001 through 0100
UTC 14 Dec 2001. (bottom) Underlying elevation of terrain. Vertical dashed lines delineate
the different N–S legs flown.

in Fig. 14, where positive vertical velocity perturbations
are generally collocated with the windward sides of the
ridges. In some areas vertical velocity reached sustained values of 200–300 cm s⫺1 over 10-km sections of
the flight track. In contrast, on the lee side of the ridges,
areas of pronounced subsidence were present. In some
areas along leg 2 vertical velocity measurements differed by 400 cm s⫺1 in a 10-km section of the flight
track.
The 1.33-km model realistically simulated (to within
50 cm⫺1) the general characteristics of the vertical velocity variations along leg 2, as seen by the dashed red
line in Fig. 14, although the amplitude of the vertical
velocities are often to small. This is much improved
from the 4-km simulation (green line in Figs. 14, 12b),
which indicated vertical velocity errors of almost 250
cm s⫺1 in places. Despite the more accurate vertical
velocity of the 1.33-km simulation, flight-level winds for
leg 2 were still 10 m s⫺1 weaker than observed. With
weaker winds, it might be expected the modeled vertical velocities would be lower since the flow would not
be forced up the barrier as rapidly. However, the
strength and direction of wind field in the layer below
the flight level of 2.5 km were well depicted by the
model as indicated by radial velocity scans from the

S-Pol radar (Colle et al. 2004), which may account for
the correct strength of the simulated vertical velocity.
Vertical velocity oscillations along leg 2 were responsible for temperature fluctuations as large as 2°C (Fig.
14). The complex terrain also appeared to modify the
direction of the horizontal flow. At various points
throughout leg 2, the wind direction had a more westerly component, in some cases being deflected by as much
as 20°. This directional change generally coincided with
valley locations, where winds accelerated eastward. Calculated subcrest Froude numbers from the UW sounding at 2100 UTC were around 2 and radar measurements showed low-level flow contained a significant
cross-barrier component indicating blocking was not an
important feature with this storm (Colle et al. 2004).
However, there was some suggestion in radar measurements that the airflow was retarded as in impinged
upon the terrain (Medina et al. 2005). The 4-km model
simulation did not appear to capture the modification of
the temperature and wind field as well as the 1.33 km.
Leg 3 was flown at 3.5 km about 20 km west of the
Cascade crest. The observed in situ winds increased
to 40 m s⫺1 and veered to a more westerly direction
of around 250° (Fig. 13). Similar to leg 2, alternating
areas of subsidence and rising motions occurred
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FIG. 14. Comparison of meteorological variables for leg 2 of the
P-3 flight track from 2330–2345 UTC 13 Dec 2001. (bottom) The
terrain under the flight track. Solid blue line is observed. Dashed
green lines are values from 4-km model simulation. Dashed red
lines are from 1.33-km model simulation.

along the flight track. The amplitude of fluctuations in
vertical velocity diminished compared to leg 2, despite
the fact the underlying terrain remained complex. To
explain this observation it should be noted that the
height of the terrain along leg 3 had a mean altitude of
1.5 km, which was 2.0 km below the flight level of 3.5
km. Therefore the impact caused by orographic forcing
was less compared to leg 2, which was flown closer to
ground level. Additionally, the gradient of the terrain
was not as large as in leg 2. A comparison of the observed vertical velocity along leg 3 (Fig. 12a) with
model simulations indicated that the 4-km model (Fig.
12b) was not able to resolve the wavelengths and amplitudes of the terrain-induced gravity waves while the
1.33-km simulation (Fig. 12c) was more successful.
Legs 4 and 5 were flown to the lee of the Cascade
crest. The horizontal wavelength of the vertical velocity
oscillations along these legs was considerably larger
than for the windward legs (Fig. 12a). Two noteworthy
areas of subsidence were located around 44° and 44.8°N
along leg 4. These areas of downward vertical velocity
resulted from large-amplitude mountain waves downwind of the major volcanic peaks of the Cascades. For
leg 4, both the 4- and 1.33-km nests (Figs. 12b,c) were
able to depict the larger-scale downward vertical velocities to the lee of the volcanic peaks. However, the 4-km
simulation had errors depicting the upward vertical velocity centered over Black Butte (BB).
Although the in situ measurements provided useful
information at flight level, a more comprehensive 3D

FIG. 15. (a) Observed precipitation totals and (b) bias scores for
1400 UTC 13 Dec 2001 through 0800 UTC 14 Dec 2001 for the
4-km domain simulation.

picture is necessary for the verification of the model
simulations. The P-3 was equipped with a dual-Doppler
radar, which provided a three-dimensional view of the
wind flow and precipitation structures during the 13–14
December 2001 case. An assessment of the amplitude
and depth of the mountain wave structures over and to
the lee of the Cascades will be provided in a future paper.

5. Verification of the quantitative precipitation
forecast
Observed precipitation totals from 1400 UTC 13 December 2001 through 0800 UTC 14 December 2001
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over the 4-km domain are displayed in Fig. 15a. The
precipitation totals were compiled from a variety of
National Weather Service and Federal Aviation Administration locations, National Climatic Data Center
cooperative observer sites, and special precipitation
gauges deployed over the Oregon Cascades for IMPROVE (Stoelinga et al. 2003). Observed precipitation
over the coast and Willamette Valley was between 10
and 50 mm during the 18-h period, with the majority of
the precipitation occurring within the stratiform precipitation band associated with the middle-level front.
Over the more elevated terrain of the coastal mountains and the Cascades, precipitation totals were over
50 mm, while in the lee of the Cascades most stations
recorded less than 10 mm.
There is a substantial gradient in observed precipitation over the study area especially along the crest and
lee slopes of the Cascades, with precipitation totals decreasing rapidly from around 61 mm at Corbett (CO) to
less than 10 mm at the Parsl site (PAR) less than 25 km
away (Fig. 16). Additionally, there was significant spatial variability in precipitation totals over the windward
slopes, with the Falls Creek site (FC) at an elevation of
approximately 530 m recording 46 mm of precipitation,
while a short distance to the east Jump Off Joe (JOJ) at
1067 m recorded 84 mm of precipitation (Fig. 16). The
variability in precipitation amounts over small distance
demonstrates the sensitivity of precipitation processes
to the complex terrain as discussed in Garvert et al.
(2005).
To verify the model precipitation, totals from the
model were interpolated to each observation site using
the method outlined in Colle et al. (1999). The modeled
precipitation was then divided by the observed precipitation and multiplied by 100 to give a percentage bias
score. Figure 15b displays the 4-km domain bias scores
for the 18-h period from 1400 UTC 13 December 2001
through 0800 UTC 14 December 2001. A bias score
between 90% and 120% was considered an accurate
precipitation forecast since undercatchment is expected
at most observation sites (Colle et al. 1999).
Areas with accurate (bias scores of 90%–120%)
quantitative precipitation forecasts (QPF) occurred
where orographic forcing was less pronounced, such as
along the coast and within the Willamette Valley. A
slight underprediction was evident to the lee of the
coastal mountains and in parts of the Willamette Valley. Over the windward slopes and crest of the Cascades, there was substantial variability in the bias scores
over short distances with a tendency toward overprediction. A large area of overprediction (bias scores
⬎150%) was present to the lee of the Cascades, however considering the low values of precipitation in these
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FIG. 16. Observed precipitation totals over the 1.33-km domain
for 1400 UTC 13 Dec 2001 through 0800 UTC 14 Dec 2001.

areas, the magnitude of these errors were generally less
than 1 cm.
The 1.33-km bias scores indicated substantial variability over relatively short distances along the windward slopes (Fig. 17b). Nineteen precipitation sites are
examined along the windward slopes and placed into
two categories: windward hill and windward valley. For
example, JOJ was considered a hill while FC was classified as a valley site. Sixteen of the windward gauges
were located in valleys with 11 of those sites having bias
scores of over 120% and only two underpredicting precipitation amounts. The valley sites had a mean bias
score of 154% and bias scores varying between 61%
and 250%. Of the three hill sites examined, the bias
scores were between 92% and 110% with a mean bias
score of 101%. Thus there appears to be tendency for
high bias scores to be present over the valleys sites,
while over the ridges bias scores appear to be lower.
Yet, because of the relatively small number of measurements, possible errors in precipitation gauges, and
sparse distribution of precipitation sites, further analysis of future storms is needed to validate this trend.
The bias scores for the 13–14 December 2001 storm,
in which there is a great variability in bias on the windward slopes, contrast with past studies that indicated a
model tendency of broad overprediction of precipitation on the windward slopes of mountainous terrain
(Colle and Mass 2000; Colle et al. 1999, 2000). In addition, the overprediction over the lee slopes was not
consistent with these studies that had indicated underprediction downwind of terrain. The 1.33-km domain
produced relatively similar bias scores when compared
to the 4-km (Figs. 17a,b) despite the fact that the 1.33-
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FIG. 18. Time series of the 1.33-km model forecast and observed
hourly accumulated precipitation (cm) at Salem (SLE), Falls
Creek (FC), Jump off Joe (JOJ), Corbett (CO), and Parsl site
(PAR) from 1400 UTC 13 Dec 2001 through 0800 UTC 14 Dec
2001. Locations of precipitation sites are shown in Fig. 16.

FIG. 17. Bias scores for the (a) 1.33- and (b) 4-km model simulations for 1400 UTC 13 Dec 2001 through 0800 UTC 14 Dec 2001.

km simulation more accurately represented smallerscale mesoscale structures.
Accumulated precipitation at five sites ranging from
the Willamette Valley to the lee of the Cascades is
shown in Fig. 18. The location of the precipitation sites
are shown in Fig. 16. At SLE in the Willamette Valley,
slightly more than 3 cm of precipitation accumulated
between 1900 UTC 13 December 2001 and 0100 UTC
14 December 2001 during passage of the stratiform precipitation associated with the middle-level front. The
model predicted almost 2 cm of precipitation at this
location, which was almost 1 cm less than observed

(Fig. 18). After 0100 UTC 15 December 2001 both the
observations and model showed precipitation accumulation to be small.
Over the windward slopes (FC and JOJ) and the
crest (CO) of the Cascades, precipitation prior to 1900
UTC was light and predominately the result of orographic forcing (Woods et al. 2005). The model appeared to represent accurately this small accumulation
in precipitation. The observed precipitation rates increased dramatically after 1900 UTC 13 December
2001 as the precipitation band crossed higher terrain. A
large overprediction by the model was recorded at CO
and FC during this time period. At JOJ precipitation
was well simulated. After 0200 UTC 14 December
2001, both the model and observations showed that the
precipitation rate decreased as the back edge of the
synoptic band passed over the area. An additional spike
in the accumulated precipitation was observed at FC
between 0500 and 0600 14 December 2001 associated
with the passage of the surface frontal precipitation
band, which was unresolved by the model.
Along the lee slopes of the Cascades, precipitation
shadowing was clearly evident in the observations as
less than 0.5 cm of precipitation accumulated at PAR
between 2300 UTC December 2001 and 0300 UTC 14
December 2001. The model produced an excess of precipitation, with almost 3 cm of precipitation prior to
0300 UTC 14 December 2001. PAR did not measure
any appreciable precipitation with the surface frontal
passage at 0630 UTC 14 December 2001, but did indi-
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cate a wind shift to the west and a rise in surface pressure.

6. Conclusions
This paper describes the synoptic and mesoscale features of a major precipitation event that affected the
IMPROVE-2 study area on 13–14 December 2001. The
fifth-generation Pennsylvania State University–
National Center for Atmospheric Research Mesoscale
Model (MM5) was utilized to simulate the system and
run at various resolutions to evaluate the model’s ability to simulate the synoptic- and mesoscale features associated with the storm. Extensive model verification
was performed utilizing the wealth of observational assets available during the field project, including aircraft
measurements, upper air radiosonde measurements, radar data, and surface observations.
The 13–14 December 2001 event featured the passage of a strong forward-tilting frontal system. The
front extended southward from an intensifying surface
low that deepened to 984 hPa as it passed north of the
study area. The MM5 was able to represent accurately
the synoptic-scale features associated with the storm
system, including the rapid intensification of the surface
low, amplification of the 500-hPa trough, and the position and strength of the 300-hPa jet streak.
Ahead of the front, winds over the study area were
from the southwest and warm advection was occurring
at all levels. The front tilted forward with height to 650
hPa, above which it tilted backward. Concurrent and
immediately preceding the passage of the front between 650 and 850 hPa, wind speeds approached 40
m s⫺1. After the front,  rapidly decreased and winds
backed with height. The model was shown to depict
accurately the tipped-forward structure of the front as
well as the strength of the associated baroclinic zone.
Despite the accurate portrayal of the frontal structure,
the model did not resolve the strength of the winds
preceding the midlevel baroclinic zone. Modeled winds
were 5–10 m s⫺1 too weak between 850 and 650 hPa for
a 3-h period.
Radar analysis indicated a broad area of precipitation extending well ahead of the middle-level front. After the frontal passage aloft, a distinct back edge to the
precipitation shield was observed. The model was able
to represent accurately the orientation and timing of
the precipitation band and subsequent subsidence. Radar analysis also indicated the presence of a welldefined convective precipitation band associated with
the surface front. The model was able to capture the
presence of a surface feature, but did not simulate the
precipitation band associated with it.
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Two high-resolution simulations using 4- and 1.33km grid spacing were compared with in situ P-3 observations to assess the model’s ability to simulate mesoscale structures as the flow impinged on the higher terrain of the Cascades. It was seen that short-wavelength
perturbations in the meteorological variables were
present along the P-3 flight track, especially along the
windward slopes of the Cascades. These variations in
vertical velocity, temperature, wind direction, and wind
speed were directly related to small-scale mountain
waves caused by the complex terrain. Especially noteworthy were the large-amplitude vertical velocity perturbations along the leg 2 of the P-3 flight track, which
will be shown in Garvert et al. (2005) to have a significant impact on the microphysical processes and precipitation totals. It was found that the model required 1.33km grid spacing to capture the small-scale oscillations.
For the lee legs, there were longer wavelength variations in the meteorological variables than for the foothill legs. A more complete discussion of the orographic
flows and embedded mountain waves using P-3 dualDoppler radar will be addressed in a future paper.
An examination of simulated precipitation for the 4and 1.33-km MM5 simulations indicated the model was
able to predict accurately the precipitation totals over
the coast and Willamette Valley. In contrast, over the
lee slopes of the Cascades, numerous sites experienced
a substantial overprediction with bias scores of greater
than 150%. The precipitation sites over the windward
slopes showed substantial variations in the bias scores
with many but not all sites experiencing significant
overprediction. A time series of precipitation totals at
various sites show the errors were most profound during the passage of the midlevel baroclinic zone when
precipitation was the most intense.
The performance of the model in simulating both the
synoptic and mesoscale features associated with the 13–
14 December 2001 storm system was sufficiently accurate to permit future comparisons of microphysical data
with the model bulk microphysical parameterization.
Errors in the model simulation regarding the speed of
the low-level jet and slope of the front above 650 hPa
will need to be taken into account when performing
microphysics verification. Additionally, any in situ comparison of microphysics especially at lower levels
should utilize the 1.33-km model simulation in order to
reduce errors in simulating small-scale mesoscale forcing.
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