662

WEATHER AND FORECASTING

VoLuUME 18

A Rocky Mountain Storm. Part |I: The Forest Blowdown over the West Slope of the

Northern Colorado Mountains—Observations, Analysis, and Modeling

MicHAEL P MEYERS
NOAA/National Weather Service, Grand Junction, Colorado

JOHN S. SNOOK

Colorado Research Associates, Boulder, Colorado
DoucLAs A. WESLEY

Boulder, Colorado

GREGORY S. PouLos

Colorado Research Associates, Boulder, Colorado

(Manuscript received 18 June 2002, in final form 3 January 2003)

ABSTRACT

A devastating winter storm affected the Rocky Mountain states over the 3-day period of 24—26 October 1997.
Blizzard conditions persisted over the foothills and adjoining plains from Wyoming to southern New Mexico,
with maximum total snowfall amounts near 1.5 m. (Part | of this two-part paper describes the observations and
modeling of this blizzard event.) During the morning of 25 October 1997, wind gusts in excess of 50 m s—*
were estimated west of the Continental Divide near Steamboat Springs in northern Colorado. These winds
flattened approximately 5300 ha (13 000 acres) of old-growth forest in the Routt National Forest and Mount
Zirkel Wilderness. Observations, analysis, and numerical modeling were used to examine the kinematics of this
extreme event. A high-resolution, local-area model (the Regional Atmospheric Modeling System) was used to
investigate the ability of alocal model to capture the timing and strength of the windstorm and the af orementioned
blizzard. Results indicated that a synergistic combination of strong cross-barrier easterly flow; very cold lower-
tropospheric air over Colorado, which modified the stability profile; and the presence of a critical layer led to
devastating downslope winds. The high-resolution simulations demonstrated the potential for accurately capturing
mesoscal e spatial and temporal features of adownslope windstorm more than 1 day in advance. These simulations
were quasi forecast in nature, because a combination of two 48-h Eta Model forecasts were used to specify the
lateral boundary conditions. Increased predictive detail of the windstorm was also found by decreasing the
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horizontal grid spacing from 5 to 1.67 km in the local-area model simulations.

1. Introduction

A destructive wind event during the morning hours
of 25 October 1997 affected a broad area on the western
slope of the Continental Divide in northern Colorado.
Wind gusts in excess of 50 m s~* were observed just
west of the Continental Divide. These windswere strong
enough to flatten ~5300 ha (13 000 acres) of old-growth
forest in the Routt National Forest and the Mount Zirkel
Wilderness northeast of the town of Steamboat Springs
(SBS; Fig. 1). The effective barrier height in the vicinity
of the Mount Zirkel Wilderness is about 1000 m, which

Corresponding author address. Michael P Meyers, National
Weather Service, 792 Eagle Dr., Grand Junction, CO 81506.
E-mail: mike.meyers@noaa.gov

© 2003 American Meteorological Society

is roughly one-half that of the Colorado Front Range.
The lower barrier height allows forest growth, which is
nonexistent over the higher terrain of the Front Range.
According to the U.S. Forest Service (USFS), this was
the largest known forest blowdown ever recorded in the
Rocky Mountain region, with an areal extent of several
miles wide and 20 mi long. In addition, several hunters
who were trapped by the fallen trees required nearly 2
days to exit the devastated forest, because trees were
stacked up to 10 m in some locations. Very cold moun-
taintop temperatures around —20°C created extreme
wind chill temperatures colder than —50°C.

The wind event of 25 October 1997 was unlike the
more typical Colorado Front Range downslope wind-
storm, in that the strong winds were easterly and, there-
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Fic. 1. Routt National Forest and Mount Zirkel Wilderness forest blowdown area. Hatched
areaislocation of wilderness. Black shading is area of blowdown. Continental Divideisindicated
by the darker dotted line. Symbols: Storm Peak Laboratory (SPL), Mount Zirkel (MTZ), and

Mount Ethel (MTE). Adapted from the USFS.

fore, the damage was | ocated to the west of the mountain
barrier. This event was aresult of the same winter storm
that paralyzed much of the Colorado Front Range and
southern Wyoming with heavy snow during the 3-day
period of 24-26 October 1997. Observations showed
total snowfall amounts of more than 1.0 m in many
Colorado foothill and mountain locations east of the
Continental Divide. An observational and modeling ac-
count of the snowstorm portion of this unique case is
detailed in a companion article by Poulos et al. (2002,

hereinafter Part 1). In combination, these two impacts
from a single event are unprecedented in the recorded
history of Colorado weather.

Recent advancesin computer technology have created
the capability to generate high-resolution, local-domain
numerical weather prediction (NWP) in real time using
affordable computer hardware (Mass and Kuo 1998).
Severa projects (e.g., Cotton et al. 1994; Snook and
Pielke 1995; Snook et al. 1995, 1998; Manobianco et
al. 1996; Horel et al. 2002) have demonstrated the utility
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of NWP in the local forecast office. Results from these
studies indicate that local NWP can add value to nu-
merical forecast guidance generated at a central facility.
Local NWP is not designed to replace central-facility
products, but rather it has been shown that both central-
facility and local-office NWP can be used synergisti-
cally to provide acomplete numerical guidance package.
Indeed, the National Centers for Environmental Predic-
tion (NCEP) suite of numerical prediction models pro-
vided good regional-scale guidance for the general area
and timing of heavy snow for this event (Part 1). These
national-domain models, however, are not configured to
provide detailed forecasts of mesoscal e phenomenasuch
as the snowfall variahility and the local areas of extreme
winds observed in the October 1997 Rocky Mountain
storm. Local-area NWP products are designed to pro-
vide additional mesoscale prediction guidance and un-
derstanding of local weather events to the local forecast
office, and their utilization here helps to define the
unique mechanisms that caused the forest blowdown
event.

The purpose of this study is to investigate and de-
termine the kinematics responsible for this rare event
and to assess qualitatively any additional value provided
by quasi-operational local-area NWP. Consideration of
these factors contributes to an understanding of what
conditions forced the forest blowdown associated with
the strong winds observed in this study. Numerous stud-
ies investigating downslope windstorms along the Front
Range have been conducted (e.g., Klemp and Lilly
1975; Clark and Peltier 1977; Peltier and Clark 1979;
Clark and Farley 1984; Durran and Klemp 1987; Lee
et al. 1989; Brown et al. 1992; Cotton et al. 1995, Doyle
et al. 2000), in part because of the higher frequency of
high-wind events east of the Continental Divide, be-
cause the predominant winds aloft have awesterly com-
ponent. None of the studies have described high-wind
events resulting from easterly winds traversing the Con-
tinental Divide in Colorado. However, examples of
downslope wind events caused by easterly windsin oth-
er regions, such as the Santa Ana (Svejkovsky 1985)
and Croatian bora (Smith 1987), have been observed.
Both Durran (1990) and Colle and Mass (1998b) de-
scribe several common characteristics found in these
and other studies on downslope windstorms:

1) strong cross-barrier flow at crest level with weak
vertical shear above it, where the upper-tropospheric
winds are not excessively strong;

2) an inversion or layer of strong stability near the
mountain crest with lower stability above;

3) the presence of a critical layer (layer of zero wind
or flow reversal), which reflects gravity-wave energy
downward; and

4) synoptic-scale downward forcing.

Durran (1990) further suggests that these conditionspro-
mote the development of larger-amplitude mountain
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waves that create an environment in which breaking
waves (Clark and Peltier 1977) are more likely.

To investigate this case, an observational description
of the event is documented in the next section, outlining
the environmental conditions responsible for the down-
slope windstorm. The Regional Atmospheric Modeling
System (RAMS) mesoscale model (Pielke et al. 1992)
developed at Colorado State University is also used to
simulate this case study. Two 60-h quasi-forecast sim-
ulations are run: the first with the use of a fine grid of
5-km grid spacing and the second with two additional
fine grids of 1.67-km grid spacing. The second simu-
lation was the same run used to examine the blizzard
event over the Front Range of Colorado and Wyoming
as detailed in Part |. The numerical portion of this in-
vestigation examines the longer-temporal -rangeforecast
capabilities of local NWP and verification improvement
from increased horizontal resolution.

2. Case study

The Rocky Mountain blizzard and blowdown events
were characterized by strong forcing on the synoptic
scale. During the day on 24 October 1997, adeep closed
low developed over the Four Cornersregion in response
to adiving jet maximum over the desert Southwest (Fig.
2a). Asthe surface low pressure developed over south-
ern Colorado, strong northeast winds developed over
northern Colorado and southern Wyoming as evidenced
by the 850-hPa analysis at 0000 UTC 25 October (Fig.
2b), resulting in heavy snow and wind acrossthisregion.
A strong northwest—southeast pressure gradient persist-
ed through the morning hours of 25 October. West of
the Continental Divide, the weather during the day of
24 October was characterized by widespread light to
moderate snow, which was primarily due to large-scale
forcing (Part 1). After 0000 UTC 25 October, surface
winds across mountain locations of northern Colorado
increased dramatically, with a strong easterly compo-
nent. By 1200 UTC 25 October (Fig. 3a), the 500-hPa
closed low deepened slightly as it moved into north-
eastern New Mexico with easterly winds (40 m s1)
over eastern Colorado. The 850-hPa analysis shows that
the closed low had moved over the Texas Panhandle,
with winds (35 m s*) having become more northerly
across eastern Colorado (Fig. 3b). Figures 2b and 3b
also depict the 700-hPa temperatures for 0000 and 1200
UTC 25 October, respectively. This modified arctic air
mass was drawn south into the low overnight on 25
October, with the —10°C isotherm moving into northern
New Mexico by 1200 UTC. The 700-hPa temperatures
dropped 5°C across northern Colorado during this 12-
h period.

Because of the sparsity of observations along and
west of the Continental Divide, there is not much doc-
umentation of the winds. Two locations, however, did
take atmospheric measurements during this event. The
Arapahoe Basin Ski Area (ABS; Table 1), just west of
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Fic. 2. (a) Rapid Update Cycle (RUC) 500-hPa analysis of heights Fic. 3. Same as Fig. 2 but at 1200 UTC 25 Oct 1997.
and winds at 0000 UTC 25 Oct 1997. Heights are contoured every
6 dam. Wind barbs are in meters per second. (b) RUC analysis of
850-hPa heights and winds at 0000 UTC 25 Oct. Heights are con-
toured every 3 dam. Wind barbs are in meters per second. RUC
analysis of 700-hPa temperatures (°C) at 0000 UTC 25 Oct is aso
shown. Contour interval is 10°C as indicated by the dashed line.

the Continental Divide at 3800 m, measured wind gusts TaBLE 1. Area observations at Arapahoe Basin Ski Area
in excess of 40 m s~ (100 mi h—*) each hour between (elev 3800 m) on 25 Oct 1997.

1000 and 1700 UTC (0400 and 1100 local time), and Hour  Min tem i -
. . pera- Peak wind Wind speed
a peak wind gust of 51 m s™* (114 mi h™*) fromthe  (Utc) twe(C) gust(ms?) (ms?) Direction ()

east was recorded at 1340 UTC. Temperatures during

o ; . o 0600 -19 26 13 18
this time period were around —20°C, resulting in wind 0700 ~19 3 10 21
chill temperatures below —50°C. Just several hours ear- 0800 —-19 37 14 23
lier and to the north of ABS, the extreme wind gusts 0900 —-20 33 17 37
flattened 5300 ha (13 000 acres) of old-growth forest 1‘1)88 *%8 2‘6‘ ;‘i’ 22
in the Routt National Forest and the Mount Zirkel Wil- 1200 :21 49 2 29
derness. South of the blowdown area at the Desert Re- 1300 20 49 32 86
search Institute’'s Storm Peak Laboratory (SPL; Borys 1400 -19 51 30 71
and Wetzel 1997) on the top of Steamboat Springs Ski 1500 -19 a7 31 8
Area (approximately 7 km southeast of SBS; Fig. 1), 1690 -18 48 29 83
| o 1700 -18 44 22 101

peak winds were measured at 25 m s~* around 0800 1800 17 37 o1 118
UTC 25 October. However, no evidence of forest blow- 2000 -16 38 19 123
down occurred in the vicinity of SPL, with all of the 2100 —-16 29 13 137
forest blowdown occurring north of SPL as indicated 2200 -15 23 9 156
2300 -14 28 12 140

in Fig. 1.
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FiG. 4. The Platteville, CO, wind profile (kt) from 1200 UTC 25 Oct 1997 to 1200 UTC 24
Oct 1997. Platteville is located approximately 50 km north of Denver, CO. Ordinate is height

(MSL) in meters.

Observational data indicated that the potential of
strong winds occurring over the Colorado mountains
existed during the morning of 25 October. Wind profiler
data at Platteville, Colorado (PTL; Fig. 4), located ap-
proximately 50 km north of Denver, depict the evolution
of the wind profile with time on 24 and 25 October. As
the cutoff low pressure system (Fig. 2b) devel oped over
the Texas Panhandle by 0000 UTC 25 October, the layer
of predominantly easterly winds [~3000 m above mean
sea level (MSL)] strengthened significantly and deep-
ened. As noted earlier, the onset of strong easterly winds
was observed along and west of the Continental Divide
during the morning hours of 25 October. This timing
coincides with the onset of strong winds evident in the
PTL profiler data.

Model guidance from NCEP also showed support for
strong winds west of the Continental Divide. Figure 5
show short-range 1500 UTC 24 October Meso EtaM od-
el forecasts of wind speed, potential temperature, and
vertical motion for a vertical cross section extending
from Grand Junction, Colorado, to Scottsbluff, Nebras-
ka, valid at 0900 UTC 25 October. Figure 5a shows that
the model did predict significant low-level winds (~25
m s—1) to the west of the Continental Divide over north-
ern Colorado. Upstream stability below 500 hPa (4.0°—
4.5°C km~1*) was significant (Fig. 5b) both in the short-
range Meso Eta forecast and the observed Denver
sounding at 1200 UTC 25 October (not shown); how-
ever, the environment was less stable above 500 hPa.

A typical measure of the upstream blocking and the
potential for nonlinear behavior is expressed by the di-
mensionless quantity called the Froude number:

Fr = U/NH,

where U isthe upstream wind speed and N is the Brunt—
Vaisdla frequency representative over the mountain
depth H (Carruthers and Hunt 1990). There are some
concerns with the use of Fr in an unbounded realistic
atmosphere, despite it widespread use. That is, Fr was
first defined for shallow-water theory in which the den-
sity interfaceisastep function (e.g., Durran 2002). Also,
whereas the theory allows for constant N and U, no such
simple upstream state existsin this case study. However,
the fact that the upstream environment here contains a
significant stability interface at ~500 hPaallowsfor the
application of U and N, which are the mean upstream
wind speed and Brunt-Vaisda frequency through the
mountain depth h. Approximating U = 15 m s~* and
N = 0.016 s~* from model guidance, with an effective
barrier height of 2000 m for the Front Range, a Froude
number of ~0.5 was measured for the north-central por-
tion of Colorado during this time. Other calculations
using estimated wind and stability from the model guid-
ance with an effective barrier height of 1000 m for the
Mount Zirkel Wilderness yielded Froude numbers be-
tween 0.5 and 0.7. These values correspond to partially
blocked flow, nonlinear flow behavior, including accel-
eration to the lee of the barrier, and possible wave break-
ing (e.g., Klemp and Lilly 1975; Poulos et al. 2000).
Poulos et a. (2000) presented numerical modeling ev-
idence that winds can increase on the lee side by afactor
of 2.5 or more when compared with the upstream moun-
taintop-level wind under conditions with the Froude
number near 0.5 (a variety of methods were tested, all
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Fic. 5. Short-range Meso Eta Model forecasts of (a) wind speed
(contour interval is 5 m s71), (b) potential temperature (contour in-
terval is 2.5 K), and (c) vertical motion (contour interval is 2 ubar
s~t, with downward motion shaded) for a vertical cross section ex-
tending from Grand Junction, CO (GJT), to Scottsbluff, NE (BFF).
Vertical coordinate isin pressure (hPa). All figures are 18-h forecasts
valid at 0900 UTC 25 Oct 1997.

of which fell in the nonlinear regime). The potential
temperature profile (Fig. 5b) also showed a stable lower
troposphere and a decrease in stability in the middle and
upper troposphere. Smith (1985) and Durran (1986)
have noted that conditions similar to these can switch
the atmosphere to supercritical flow over a mountain
barrier (in which the flow over the barrier continues to
accelerate as it descends along the leeward slope) and
produce strong downslope winds at the surface. Strong
ascent caused by terrain and large-scale forcing was
predicted by the Meso Eta Model (Fig. 5¢) over eastern
Colorado, but much of the West Slope of Colorado was
influenced by synoptically forced downward motion.
The observations and NCEP model guidance indi-
cated conditions were favorable for strong winds west
of the Continental Divide during the morning of 25
Octaber. The performance of the models benefited from
the fact that the 24—26 October 1997 storm was forced
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strongly on the large scale. However, quantitative pre-
dictions of surface winds from NCEP guidance were
nearly a factor of 3 lower than observed. Recent liter-
ature has documented shortcomings of the Eta vertical
coordinate system in complex topographic regions that
may account for this underprediction of the winds (Gal-
lus 2000; Gallus and Klemp 2000). Another possible
explanation for the underprediction of the winds may
be thefact that the EtaModel at thetime had ahorizontal
grid spacing of 48 km. There have been several inves-
tigations that have documented verification improve-
ment with regard to wind speed in orographic environ-
ments when the horizontal grid spacing is decreased to
below 10 km (McQueen et a. 1995; Colle and Mass
1998a, 2000). Doyle and Smith (2002) noted more re-
cently that decreasing the grid spacing from 4 to 1 km
improved the capability of the model in resolving a lee
wave over the Hohe Tauern. Mass et al. (2002) sum-
marized the results of an objective multiyear verification
over western Washington State. In their investigation,
there was a clear improvement found as the grid spacing
was decreased from 36 to 12 km, with only small im-
provements found as the grid spacing was decreased
from 12 to 4 km. Mass et al. mention that these findings
may be overly pessimistic and that the 4-km forecasts
generated more detail and structure, which may not have
had an impact on the traditional objective verification
scores. They also point out that a sparse observational
network further hinders verification as the grid spacing
decreases. The nested-grid simulations described in the
following sections address the issues of using alternative
horizontal grid resolutions in a high-wind event over
complex topography.

3. Local-model simulations

Numerical investigations performed in a *‘research
mode”’ setting 10 years ago are now run in an opera-
tional environment today. As computer power continues
to increase, the research-mode simulations of today will
be the operational standard of tomorrow. The case study
simulations presented in this section use higher grid
resolutions with alonger forecast period to evaluate two
questions: 1) does higher horizontal grid resolution pro-
duce more accurate high-wind predictions for the blow-
down and 2) can the mesoscale details of these systems
be predicted more than 1 day in advance?

Two simulations were conducted using a nonhydro-
static nested-grid version of RAMS. In the first simu-
lation, a single nest was used. In the second simulation,
two additional finer-scale grids were employed to ex-
amine the high winds that occurred during the forest
blowdown. Next, the experiment design and forecast
results for both simulations are presented.

a. Experiment design

To investigate both the forest blowdown west of the
Continental Divide and the blizzard over eastern Col-
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FiG. 6. The topography (200-m contour interva) from grid 2. The southwest corner is 38.01°N,
107.79°W. Latitude and longitude lines (dashed) are 1.0° intervals. Grid 3 and grid 4 (Ax = Ay
= 1.67 km) domains are also shown. Symbols: Steamboat Springs (SBS), Denver (DEN), Denver
International Airport (DIA), Cheyenne, WY (CYS), Platteville wind profiler (PTL), Limon (LIC),

Colorado Springs (COS), and Pueblo (PUB).

orado, these quasi-forecast runs utilize the nonhydro-
static nested-grid version of RAMS to generate 60-h
simulations. The analyses and the 6-h forecast from the
0000 UTC 24 October 1997 NCEP operational 48-km
Eta Model (Black 1994) are used to initialize and pro-
vide the 6-h lateral boundary conditions for this RAMS
run. Because the Eta had a forecast duration of 48 hin
1997, we used the analysis and each subsequent 6-h
forecast from the 1200 UTC 24 October 1997 EtaModel
as forecast lateral boundary conditions for the RAMS
simulation from 12- out to 60-h simulation time (1200
UTC 26 October 1997). Because of the unique initial-
ization and boundary conditions, the experimentswould
be a better representation of a true forecast from the
1200 UTC 24 October initialization.

In the preliminary simulation (simulation 1), the out-
ermost grid encompasses Colorado and a portion of the
surrounding states with a 15-km grid spacing (61 X 61).
Grid 2 (Fig. 6) employs a 3:1 nest ratio with a 5-km
grid spacing (77 X 80). The higher-resolution run (sim-
ulation I1) uses the identical design of simulation I, ex-
cept for two additional nests (grid 3 and grid 4—de-
picted in Fig. 6) to capture the finescale detail needed
for this investigation. Grids 3 (68 X 53) and 4 (32 X
41) use a 1.67-km grid spacing. Grid 3 is positioned
along the Colorado Front Range to capture the heavy
upslope precipitation, as documented in Part I, and the
high winds at the Arapahoe Basin Ski Area. Grid 4 is

located northeast of SBS to cover the forest-blowdown
region. Part | examines the sensitivity of two different
microphysical schemes[Walko et al. (1995) and Schultz
(1995)] on the heavy-snow event. For the high-wind
investigation, however, the outcome is nearly identical
for both microphysical schemes, and therefore only the
results using the Walko et al. physics are discussed.

b. Smulation I: Single-nest configuration

Figure 7 shows a horizontal depiction of the 34-h
wind forecast from the RAMS 5-km grid at the lowest
model level [~50 m above ground level (AGL)] valid
at 1000 UTC 25 October. The forecast indicatesanorth—
south extension of winds that exceed 15 m s—2, with
peak values of 20 m s~*. This area of higher winds
extends just to the west of the higher terrain along the
Continental Divide and corresponds well to the area of
forest destruction; however, the magnitude of the wind
speeds are underforecast, based on the amount of forest
destruction. The discrepancy is partially due to the mod-
el predicting a sustained wind, and it is unrealistic to
expect the model to capture the strength of peak gusts
using these model grid resolutions. SPL is located just
west of the strongest winds near the 15 m s—* contour.

A west-to-east vertical cross section through the re-
gion of strongest winds north of SBSis depicted in Fig.
8 for the 34-h RAMS forecast valid at 1000 UTC 25
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Fic. 7. Plan view of wind speed (m s~*) at 50 m AGL on grid 2
for simulation | after 34 h of simulation time, valid at 1000 UTC 25
Oct 1997. Wind speed contour interval is5 m s~ (minimum contour
level is 15 m s1). Wind arrows are plotted every grid point, with
speed legend at bottom of figure. The figure is focused over the
blowdown area. The solid horizontal line indicates the cross-sectional
location shown in Fig. 8. Note that SPL is located just outside of the
grid box.

October. As noted earlier, Froude numbers were esti-
mated to be around 0.5, which corresponds to partially
blocked flow, acceleration to the lee of the barrier, and
possible wave breaking. The cross section suggests that
the destructive winds that occurred over the Mount Zir-
kel Wilderness were aresult of downslope windsforced
by easterly winds flowing over the Continental Divide.
The simulation shows a very stable lower troposphere
and a less stable middle and upper troposphere. The
very stable boundary layer is partly aresult of unusually
cold air that advected south across the area between
0000 and 1200 UTC on 25 October. Peak easterly winds
of 36 ms~*arefound to thelee of the Continental Divide
(in proximity to the blowdown area), with a relative
wind speed minimum of 3 m s-* (easterly) at approx-
imately 9500 m MSL. Even though the flow does not
reverse, the cross-barrier flow approaches zero.

Figure 9 shows high winds along the Continental Di-
vide west of Denver in the vicinity of ABS (20 m s71),
but again the magnitude of the wind speeds is weaker
than the observed values. Another area of high winds
was forecast on the northwest portion of the grid along
and west of the Continental Divide in Grand County.
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Fic. 8. West-to-east vertical cross sections on grid 2 at Y = 185
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valid at 1000 UTC 25 Oct 1997, with potential temperature (2-K
intervals) for simulation |. The U component of the wind is shaded
[less than —35 m s~* (near 3000 m MSL) and greater than —5 m
s 1 (near 9500 m MSL)].

Although high winds and forest destruction were not
observed in this sparsely populated area of Grand Coun-
ty, which is mostly above treeline, it is reasonable to
expect that high winds did occur in this region. Model-
predicted winds are comparable in magnitude to those
at ABS and the forest blowdown region northeast of
SBS. This result suggests that peak wind gusts in the
blowdown region were on the same order of magnitude
as the 50 + m s=* gusts observed at Arapahoe Basin.
This is consistent with the USFS (D. Pipher 1998, per-
sonal communication) estimates of 54 m s=* (120 mi
h~*) peak winds based on visual inspection of the forest
damage.

c. Smulation II: High-resolution multiple-nest
configuration

Simulation Il includes grid 3 and grid 4 (1.67-km
grid spacing) as detailed in section 3a. Grid-4 topog-
raphy is shown in Fig. 10. The 34-h RAMS forecast,
valid at 1000 UTC 25 October (approximately the time
of strongest observed winds over the Routt National
Forest), of winds at the lowest model level (50 m AGL)
for grid 4 isillustrated in Fig. 11. A north—south elon-
gated region of easterly winds in excess of 20 ms=tis
similar in extent but stronger than in simulation I. SPL
is located outside of the strongest wind speeds (near the
15 m s~* contour). Two areas of maximum wind speeds
reaching 28 m s—* are embedded within the elongated
region. These maxima are positioned to the lee of the
two most prominent peaks in the region, Mount Zirkel
(3725 m) and Mount Ethel (3640 m) (Fig. 9). Forest
blowdown observations (Fig. 1; L. Drogosz, USFS,
1998, personal communication) indicated more wide-
spread damage in the lee of these higher peaks. These
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Location of grid 4 is shown in Figure 6. Note that SPL is located
just outside of the grid box.

b 1oy

10

maxima are not evident in simulation | in which acoars-
er grid spacing and topography are used.

A west-to-east vertical cross section through the
southern wind maximum from the 34-h RAMS forecast
is depicted in Fig. 12, which shows a much more pro-
nounced mountain wave than in simulation |. Peak east-
erly winds of 43 m s~* (20% stronger than simulation
I) are found to the lee of the barrier (in proximity to
the blowdown area) with a flow reversal (3 m s—* west-
erly winds) at approximately 8000 m MSL. This flow
reversal is evidence of a broad critical layer in simu-
lation 1. However, only aweakening of the cross-barrier
wind to near zero is evident in simulation .

From aforecaster’s perspective, it isimportant to cap-
ture the timing as well as the intensity of the event.
Figure 13 shows the time-height evolution of a point
in grid 4 at which the strongest winds were simulated
(location is immediately west of MTE in Fig. 10). The
vertical component of the wind shown in Fig. 13ashows
an extended period of strong downward velocity from
0000 to 0600 UTC on 25 October. From 0600 to 1030
UTC, an evolution in the vertical structure takes place
in which the downward vertical velocity strengthensto
nearly 5 m st by 0800 UTC. By 1030 UTC, the flow
reverses and an upward vertical velocity of 1 m st is
predicted. The horizontal component (u component) of
the wind (Fig. 13b) shows a persistent pattern of very
strong winds from 0000 to 0600 UTC. However, by
0600 UTC the horizontal winds increase by nearly 50%
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Fic. 11. Plan view of wind speed (m s71) on grid 4 after 34 h of
simulation time, valid at 1000 UTC 25 Oct 1997 for simulation I1.
Wind speeds are contoured every 5 m s, with minimum contour
15 m s~t. Wind arrows are plotted every other grid point, with speed
legend at bottom of figure. The solid horizontal line indicates the
cross-sectional location shown in Fig. 12. Note that SPL is located
just outside of the grid box.

(300-800 m AGL) to a maximum of 46 m s—*, which
compares well with observed accounts of the strongest
winds occurring between 0700 and 1000 UTC.

A plan view of the wind speeds on grid 3 is shown
in Fig. 14. An area of high winds with peak speeds of
26 m s~tisfound near ABS. Similar to Fig. 9, another
area of high winds of about 20 m s~* is found aong
and west of the Continental Divide in Grand County,
which islocated in the northwestern portion of the grid.
Figure 15 shows a vertical time series on grid 3 over
ABS. The onset of strongest winds near the surface is
forecast around 1000 UTC. Winds slowly diminish after
1800 UTC, with a further weakening of winds around
0000 UTC on 26 October. This timing compares very
well with the winds shown in Table 1.

4. Discussion and conclusions

The findings from the high-resolution, local-area
model forecast highlight several of the features that
came together, resulting in a rare event of old-growth
forest blowdown on 25 October 1997. The effective
barrier height in the vicinity of the Mount Zirkel Wil-
dernessis relatively low by Rocky Mountain standards,
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Fic. 12. West-to-east vertical cross sections on grid 4 at Y = 185
km (solid horizontal line in Fig. 11) after 34 h of simulation time,
valid at 1000 UTC 25 Oct 1997, with potential temperature (2-K
intervals) for simulation 11. The U component of the wind is shaded
(near 3500 m MSL: horizontal stippling denotes less than —35m st
and vertical stippling denotes less than —40 m s~*; near 8000 m
MSL: thick stippling denotes greater than —5 m s~* and thin stippling
denotes greater than 0 m s1).

with an average height of about 1000 m, which isrough-
ly one-half that of the Colorado Front Range. The lower
effective barrier height allows forest growth, which is
nonexistent over the higher terrain of the Front Range.
The fact that old-growth forest exists in the areas north-
east of Steamboat Springsistestimony to the rare nature
of this event. The indication of very strong downslope
winds over a relatively low barrier demonstrates the
importance of nonlinear effects in this event. Forecast
model output corroborates this argument as evidenced
by afavorable upstream Froude number (nonlinear flow
regime), the generation of awave-induced critical layer,
and enhanced cross-barrier wind speeds beneath this
layer.

Observations and forecast model results indicate the
unusual juxtaposition of two features: 1) strong syn-
optically driven easterly flow and 2) very cold lower-
tropospheric air contributing to a stability profile that
favors the enhancement of mountain-wave development
by nonlinear effects. Although both of these features do
occur with some regularity over Colorado during the
cold season, the strength of both features at the same
time in this event was unusual. Strong easterly winds
over the mountain barrier typically result from a deep
cyclonic system, as was the case for the blowdown
event. These cyclonic systems, however, are generally
not accompanied by an extremely cold boundary layer.
Very cold boundary layers are more typically observed
with shallow anticyclonic events, which normally gen-
erate weaker easterly flow over a portion of the moun-
tain barrier. In this event, amodified arctic air masswas
drawn southward into the strong cyclone. The likely
explanation for the strong winds is the combination of
a deep, very cold boundary layer and strong, cyclonic
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easterly flow over a relatively low mountain barrier,
which created the proper conditionsto generate a severe
downslope windstorm that destroyed many acres of old-
growth forest.

The two RAMS simulations have successfully pre-
dicted the high winds observed along the Continental
Divide of Colorado. These results suggest that the po-
tential exists to capture mesoscale events of this type
accurately more than 1 day in advance. These simula-
tions were quasi forecast in nature, because two 48-h
Eta forecasts were used to specify the lateral boundary
conditions. The results also suggest that the 1.67-km
grid spacing simulation provides even greater predictive
detail than the coarser-grid simulation for this investi-
gation. Forecast wind speeds were 20% greater in the
high-resolution simulation, whereas the coarser-grid
simulation was unable to resolve the dua wind maxima
found in the higher-resolution run. A simple comparison
of the terrain features resolved by the 5-km grid spacing
simulation and the 1.67-km grid spacing simulation sug-
gests that adequate depiction of terrain relief isamajor
factor.

High-resolution, local-area model forecasts provide
an important component in formulating conceptual
models of highly variable mesoscale events, including

the Mount Zirkel Wilderness forest blowdown. This
case study demonstrates the capability of predicting
these events by using local-area models combined with
other operational products. This study has helped to
increase the understanding of downslope windstorms
along the West Slope of Colorado for the Grand Junction
National Weather Service Forecast Office (GJT).
Several high-wind events, albeit weaker and more
isolated, have been forecast well subsequent to the 1997
blowdown event, one of which is an event in April of
1999, summarized by Jones et al. (2002). In another
event in March of 2000, high winds were forecast sev-
eral days in advance for Steamboat Springs and the
surrounding area by GJT. The resultant storm damaged
the ski areawith 40 m s~* winds and required amountain
rescue of nearly 300 people who were trapped on the
mountain. Increased scrutiny for these kinds of events
by the GJT staff indicates that downslope windstorms
over the West Slope of the Continental Divide in Col-
orado may occur more often than initially thought.
Therefore, it is important to understand the antecedent
conditions responsible for these kind of eventsin order
to aert the public with timely warnings and statements.
The inclusion of a high-resolution, local-area model in
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the forecasters' set of operational tools would facilitate
this process.
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