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Abstract

Severe windthrow in the Bull Run watcrshed of the Oregon Cascade Range has occurred infrequently over the last 50 yr, yet
individual storm events have generaled extensive windthrow. In this case study, we consider two storm events known to have
caused windthrow in the Bull Run. Using long-term meteorological records, we characterize the events und use the Gumbel
extreme value distribution o analvze the wind speeds, estimating return intervals [or the two storms. When all annual maximum
wind speeds are considered for the 47-yr period of data. the 1973 and 1983 storm wind speeds may occur as frequently as every
5 yr or less, but this increases to a 10-15 yr interval when we analyze only east wind cvents. Extremely low air temperatures,
characterislic of the storms, may have increased the likelihood of windthrow, though on at least ene occasion a seemingly similar
storm event failed to generate any windthrow, This exercise illustrates the complexity of natural disturbances such as windthrow
and the inadequacy of simplistic, meteorclogically-based models to predict a stochastic event accurately, particularty when natu-

ral patterns of windthrow are regularly altered by forest cutting.

Introduction

The Columbia River Gorge. cutting through the
Cascade Range at the border of Oregon and Wash-
ington, is known for strong winds. Regionally,
winter storms that develop over the Pacific Ocean
are characterized by southwesterly winds. Less
frequently, an easterly-wind storm pattern devel-
ops in response to a gradient between continen-
tal high pressure systems north and east of the
Gorge and oceanic low pressure systems west of
the Gorge (Cramer 1957). This phenomenon may
be associated with a strong temperature gradient,
especially when a continental high moves south-
ward towards the Gorge from Canada and the
Arctic. Strong easterly winds and low tempera-
tures develop in the vicinity of the Gorge, which
is the only near-sea level passage through the
Cascade Range (Cameron 1931, Cameron and
Carpenter 1936).

Windthrow, or the uprooting and snapping of
trees by wind. is often associated with these high
winds. Windthrow has occurred sporadically over
the past century in the Bull Run watershed. a 265
km? basin located in the Mt. Hood National For-
est, ~20 km south of the Columbia Gorge and
west of Mt. Hood in north-central Oregon (Fig-
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ure 1), Storms in 1973 and 1983, and several storms
between 1890 and 1931, blew down a total of more
than 1 0% of old-growth conifer stands in the Bull
Run watershed (Sinton 1996).

Assessing windthrow risk is an important is-
sue for forest management, ecology, and public
safety in western forests. Windthrow has been
associated with insect outbreaks, forest fires, and
sedimentation of streams (Ruth and Yoder 1953,
Gratkowski 1956, Franklin and Forman 1987, Agee
1993, Powers et al. 1999). Because the Bull Run
watershed is the primary municipal water source
for Portland, Oregon, extensive windthrow is a
concern to the watershed’s two managers, the city
of Portland Water Bureau and the Mt. Hood Na-
tional Forest.

The observed patterns of windthrow in the Bull
Run have been linked to temporal changes in forest
susceptibility, as happens when fresh edges are
created by forest cutting (Franklin and Forman
1987. Sinton 1996, Sinton et al. 2000). An active
timber harvesting program in the Bull Run was
initiated by the U. S. Forest Service in 1958, and
by the end of 1972, 10% of the forested part of
the basin had been logged in scattered clearcut
patches (Sinton 1996). Windthrow is commonly
found at the edges of openings, such as clearcuts,
and the windthrow in 1973 and 1983 displayed a
strong spatial correlation with clearcut openings
in the forest canopy (Franklin and Forman 1987,
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Figurc 1. Bull Run watershed (Oregon), its vicinity, and climatic data collection sites. PDX = Portland Airport; HW = Headworks

al Reservoir Two; DAM = Dam at Reservoir Two.

Sinton 1996, Sinton et al. 2000). In fact, much of
the 1983 windthrow was contiguous to the sal-
vage-related clearcuts that followed the 1973 storm
event (Sinton 1996, Sinton et al. 2000).

The precise metearological conditions contrib-
uting to windthrow at a site are rarely observed,
making the prediction of windthrow from meteo-
rological data a difficult task. Several windthrow
studies suggest that the primary contributing cli-
matic factors are high wind speeds and precipita-
tion. leading to saturated soils that cannot firmly
hold tree root systems (Day 1950, Fosberg 1986,
Quine and White 1993, Stokes ct al. 1995). How-
ever, it is not clear whether extreme gusts of wind
arc responsible for the damage, or sustained high
winds over hours or days.

Furthermore, numerous non-meteorological
factors contribute to windthrow, including indi-
vidual tree or species characteristics, root decay,
topography, and logging activities (Hubert 1918,
Ruth and Yoder 1953, Gratkowski 1956, Fraser
1962, Stathers et al. 1994, Sinton et al. 2000).
For example, during the Columbus Day Storm
(12 October 1962), windthrow was extensive in
the Pacific Northwest, particularly in the coastal
regions (Lynott and Cramer 1966). On that day,
Portland Airport recorded its highest wind speeds
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of the century (28.1 m/s), yet virtually no
windthrow occurred in the Bull Run, the result
of both its distance inland and a possible physi-
ological resistance of the trees from chronic ex-
posure to southwesterly winds (Sinton 1996),

Risk assessment may be performed by calcu-
lating a return interval for an event of a certain
magnitude, estimating that the event has a cer-
tain probability of re-occurrence during that pe-
riod (Gumbel 1958, Olsen et al. 1998), Using long-
term records of wind speeds or stream flow, for
example, we can then calculate a 100- or 500-yr
event. In reality, an event of similar magnitude
could occur multiple times or not at all during
that time, as the event only occurs on average once
during that period.

This case study identifies the meteorological
conditions in the vicinity of the Columbia River
Gorge that have been associated with windthrow
in the Bull Run watershed. We describe two
windthrow-generating storms (1973 and 1983} and
consider the rarity of the storms’ characteristics.
We use a 47-yr record of annual maximum wind
speeds to calculate a Gumbel reduced variate, a
technique used to classify extreme events (Gumbel
1958), and compute return intervals for the two
storm events.




Methods
Study Site

The temperature and precipitation regimes in the
Bull Run watershed are typical of the Pacific
Northwest: summers are warm and dry, and win-
ters are cool and wet. Average annual precipita-
tion in the Bull Run basin ranges from 2280 to
4300 mm, depending on elevation {Sinton 1996).
Steep canyons and broad glacial valleys charac-
lerize the basin: 16% of the basin is <5° slope
and 24% of the area 1s >20° slope. Elevation ranges
from 225 m to over 1400 m. and 32% of the water-
shed is oriented towards the south and southwest.
The primary vegetation is coniferous forest, com-
posed principally of Douglas-{ir (Pseudotsuga
menziesif), western hemlock (Tsuga heterophylia).
Pacific silver fir (Abies amabilis). and western
redcedar { Thuja plicata). Since 1958, about 17%
of the basin has been clearcut; most of the re-
maining old-growth forest dates from a fire ap-
proximately 500 yr ago {(Agee and Krusemark
2001).

Climatic Data Collection

We obtained meteorological data from a station
located at the dam below Reservoir #2 in the Bull
Run (DAM), the Headworks (HW) below this dam,
and the Portland Airport (PDX), ~40 km to the
west (Figure 1). We selected daily maximum and
mean wind speeds, barometric pressure, wind
directions, air temperature and precipitation
amounts, because of their demonstrated associa-
tion with windthrow events (Table 1} (Ruth and
Yoder 1953, Gratkowski 1956, Quine and White

1993, Stathers et al. 1994). Long-term wind data
were available only from PDX; wind speed cor-
relations between PDX and DAM were strongest
during east wind events in the winter months (r =
0.47) (Sinton 1996}. Daily precipitation values
measured at HW were also summed over a pre-
ceding 7-day period to create a variable indica-
tive of antecedent soil moisture.

The Bull Run watershed has a moderate ma-
rine climate (Table 2). Measurable precipitation
occurs on more than 60% of days throughout the
year, but daily precipitation is moderate, with fewer
than 5% of days receiving more than 2.5 cm of
precipitation. Most mean and maximum daily wind
speeds at the Portland Airport were low (Table
2). The highest daily mean wind speeds oceur in
winter, when winds from the east or southeast
are more common, whereas low wind speeds char-
acterize the summer months when winds are from
the north and northwest. Winds came from the
north, northeast, and east only 17% of the time,
yet these wind directions are most associated with
windthrow in the Bull Run (Sinton 1996},

Windthrow Data Collection

Documented windthrow was limited to events
extensive enough to alter stand compositions, in
patches greater thun .56 ha, and be interpreted
on gerial photographs (1:7920 or 1:12000, true
color} {Sinton 1996). A mylar sheet marked with
0.6 cm’ grid cells was placed over each photo-
graph, and the presence of windthrown trees vis-
ible in any cell was noted. These data were en-
tered into an ArcInfo (Version 6.0 and 7.01)
geographic information system (GIS). Only two

TABLE 1. Climatic data collected in and around the Bull Run watershed, Oregon.

Station Portland Bull Run, Dam at Bull Run
Alirport (PDX) Reservoir #2 (DAM) Headworks {HW)
Period of record 1948-1995 1993-1994 1931-1995
Data source Oregon Climate Services (OCS) QCs QCs
Wind speed and direction
hourly X b
3-hourly X
Daily barometric pressure X
Daily air temperature X
Daily precipitation X

* Wind speed observation (requency changed from hourly 10 3-hourly at Portland Airport in 1985, The daily maximam wind
represents an ohserved maximum gust within a one- or three-hour peried, not a continuously measured variable or a fastest mile.

P Earlier records for the period 1978-1985 were not used because the data collected {rotations of device/day) were inconsistent

with the other types of data.

Extreme Winds and Windthrow in Western Columbia Gorge 175




TABLE 2. Characleristics of the climare around the Bull Run watershed, Oregon, 1948-1994. Precipitation and temperature data
were recorded at HW; wind speeds and barometric pressure were recorded at PDYX (see Figure 1). Variables are daily
values, unless otherwise noted.

Precipitation Air temp, Wind speed Barometric pressure
Precipitation (antccedent (maximuim, Wind speed {maximum, (change from

Descriptor {mm) T-days. mm) ) (meuan, m/s) m/s) previous day, cm/Hg)
Minimum 0.0 0.0 -11.1 0.0 04 0.0
Maximum 1727 365.3 41.1 15.2 228 0.78
Mean 5.6 392 16.1 37 6.3 0.11
Standard Error 0.08 0.31 0.06 0.01 0.02 0.001
Median 0.0 28.2 15.6 3.6 6.3 0.09
Mode 0.0 0.0 10.0 31 4.5 0.2
15t Percentile 0.0 0.0 0.6 0.0 22 0.001
3th Percentile 0.0 0.0 3.9 1.8 3.1 -0.23
95th Percentile 26.2 120.1 30.0 6.7 10.8 (.25
99th Percentile 46,7 176.5 339 8.3 13.4 0.4

such storm events {January 1973 and December
1983) overlapped with our period of wind data
availability (1948-1994), and each of these trig-
gered extensive salvage logging efforts (Sinton
1996).

Analytical Approach

We generated histograms and cumulative frequency
distributions of the climatic data to characterize
the climate of the Bull Run and describe the 1973
and 1983 storm events. We then used the maxi-
mum wind speeds per annum to gencrate Gumbel
reduced variates to estimate the extremity of the
wind speeds during the 1973 and 1983 storms.
The Gumbel equation, also known as the Fisher-
Tippett Type I, is commonly used for describing
a generalized extreme value distribution with
annual maxima data (Graham 1983), including
events such as extreme stream and surge flows
(Bardsley 1989, D’ Onofrio et al. 1999), tempera-
tures (Graham 1983), earthquakes (Dargahi-
Noubary 1988) and wind speeds {(Cook 1982,
Revfeim and Hessell 1984, Linacre 1992,
Galambos and Macri 1999, Brabson and Palutikof
2000). In our analysis, we further refined our char-
acterization of the storm winds by recalculating
the vuriate using only casterly maximum winds.
With these techniques, we estimate rcturn inter-
vals for storms of similar magnitudes.

Results
Extremity of wind speeds
Gumbel variates and return intervals were calcu-

lated by using the annual maximum wind speeds
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during the 47-year-period of data from the Port-
land Airport {Table 3), Over two-thirds of these
years had maximum winds from the south or south-
west. With that data set, a wind speed of approxi-
mately 27 m/s would be a 100-year wind event,
calculated with a Gumbel variate of 4.6 (-In[-In
0.991) (Figure 2). Using annual maxima from alt
directions, the wind speeds {rom both the 1973
and 1983 storms have return intervals of <5 yr
each,

Using only the highest annual easterly wind
speeds to calculate Gumbel variates creates dif-
ferent return periods (Table 4). For winds from
the east only, the 100-yr wind event would equal
about 20 m/s (Figure 3). Based on these variates.
the wind speeds recorded during the 1973 storm
event would occur on average about every ten years,
and the 1983 storm event was abouta 15-yr wind
event.

Storms in 1973 and 1983

Both the 8-9 January 1973 and 23-25 December
1983 storms were characterized by high maxi-
mum and mean daily wind speeds and maximum
daily temperatures that tailed to reach above freez-
ing (Table 5). During both storms, the mean and
maximum wind speeds were from the east and
above the 99th percentile in their respective fre-
quency distributions. This is consistent with the
day-to-day barometric pressure changes of up to
0.3 em/Hg, an amount that ranks in the 97th per-
centile (Table 5). Precipitation amounts were neg-
ligible in the 1973 storm, and during the 3-day




TABLE 3. Ranked wind speeds, return periods, and Gumbel reduced variates for all annual maximum winds [rem the Portland

International Airport (PDX). 19481994, After Table 6.8 in Linacre {1992).

Annual Number
maximum wind of values 100 C(U) Exceedance Return period®:  Gumbel reduced

U: {m/s) In U <t"m percentile® 100 E(Uy T years variate®
12.5 2.33 6 2.5 88 1.14 -0.73
13.0 2.36 7 14.6 85 1.17 -0.66
13.4 2.60 8 16.7 83 1.20 -0.58
14.3 2.66 13 27.1 73 1.37 027
14.8 2.69 18 315 03 1.60 0.02
157 2,75 22 45.8 54 1.85 0.25
17.0 283 24 50.0 50 2.00 0.37
17.5 2.86 28 58.3 42 2.40 0.62
17.9 2.89 36 75.0 25 4.00 1.25
18.4 291 40 83.3 17 6.00 1.70
18.8 2.93 41 85.4 15 6.86 1.85
19.3 2.96 43 89.6 10 9.60 2.21
19.7 2.98 44 91.7 8 12.00 2.44
224 3.1 45 938 il 16.00 2.74
228 313 46 95.8 4 24.00 3.16
282 3.34 47 979 2 48.00 386

“m is the rank order of the value U

"ie. 100 m/ (N + 1}, the number of values (N) being 47

“re. 100 — 100 C(U) per cent

die, 1/EWU, or (N+ 13/ (N+1-m)

¢ —In [-1n C(LY].

TABLE 4. Runked wind speeds, return periods, and Gumbel reduced variates for the annual maximum easterly winds, Portland
International Airport {PDX), Oregon, 1948-1994. After Table 6.8 in Linacre (1992).

Annnal Number
maximum wind of values 100 C(LY Exceedance Return period:  Gumbel reduced
U (m/s} In 1 <Uzm percentile® 100 E(U) T years variate®
9.9 2.29 | 2 98 1.02 -1.35
1.2 2.42 4 8 92 1.09 -0.91
1.6 246 5 10 90 1.12 -(.82
12.] 2.49 8 17 83 1.20 -0.58
2.5 253 18 38 63 1.60 0.02
13.0 256 19 40 60 1.66 0.08
13.4 2.60 26 54 46 218 0.49
13.9 2.63 29 60 40 2.53 0.69
14.3 2.66 36 75 25 4.00 1.25
14.8 2.69 39 51 19 533 1.57
137 275 42 88 13 8.00 2.01
17.0 2,83 43 90 10 9.60 2.21
17.5 2.86 44 G2 8 12.00 2.44
17.9 2.89 46 56 4 24.00 3.16
18.4 2.91 47 98 2 48.00 3.860

“m iy the rank order ol the value U

"ie. 100 m /(N + 1), the number of values {N) being 47

“ie. 100 — 100 C(UY per cent

i 1/E(,or (N+ D/ (N+ 1 -m);

c-1n [-1n C(LD].
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Figure 2. Plot of the Gumbel reduced variale against annual maximuom wind speed at PIIX {sec Table 4).

TABLES. Meteorological characteristics of the January 1973 and December 1983 wind storms. Wind speed and barometric
pressure data are from Portland International Airport (PDX), Oregon. Temperature and precipitation data are from the
Heudworks (HW) Station within the Bull Run watcrshed. Oregon.

Variabte §-Jan-73 9-lan-73 23-Dec-83 24-Dec-83 25-Dec-83

Mean wind speed (m/s) 12.5 13.9 10.8 15.2 10.8

Maximum wind speed (m/s) 129 15.7 15.7 17.5 14.8

Directien of maximum wind cast east east casl east

Change in barometric pressure from -0.21 -0.54 0.02 .81 -0.78
orevious day (cm/Hg)

Maximum temperature (°C) -3.3 -0.6 =72 -7.8 0.6

Mean maximum temperature or -9 -3.3 -6.9 -7.5 -7.5
preceeding two days (°C)

Precipitation (mm) 0.0 0.0 0.0 2.3 53

Precipitation total from previous 26.2 7.6 7.9 i0.2 11.9

seven days (mm)

1983 event, the precipitation amounts ranked in
the 70th percentile or below.

The combination of high easterly wind and low
air lemperatures occurs infrequently in the Bull
Run. There were only 18 days during the years
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1945-1994 when both the mean and maximum
wind speeds were in the top 1% of their frequency
distribution, and maximum air temperatures were
in the lowest 19 of their distribution (Table 6).
When we group consecutive days into storm events,
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Figure 2. Plot of the Gumbel reduced variate against annual maximum casterly wind speed at PDX (see Table 5). Return intervals
for selected years and associated wind speeds are shown on the graph.

TABLE 6. Individual and consceutive days when easterly wind and temperature conditions are within the top 1% of their fre-
quency distribution, 1948-1994. Wind speeds are from PDX and temperature data are from HW. Dates when windthrow
Is known to have occurred in the Bull Run are highlighted in bold.
Mean wind Maximum Direction
speeds wind speed of max Maximumn air Maximum air temp, on
Dutes Urfs) {m/s) winds temp, (°C) preceding 2 days (°C)
20-Jan-6(} 12.1 14.3 east 1 1
03-Mar-60) 94 14.3 east 0 6
12-Jan-62 1.8 14.3 east -3 4
19-Dec-04 9.0 134 east 1 -2
05-Dec-72 10.3 17.9 cast -3 5
06-Dee-72 9.9 14.3 east 1 -2
08-Jan-73 12.5 13.9 east -4 -1
09-Jan-73 13.9 15.7 east -1 -4
02-Jan-74 9.0 14.3 east 0 4
04-Jan-79 13.0 14.3 east i -1
035-Jan-79 12.1 14.3 cast -1 |
23-Dec-83 10.8 15.7 east -7 -G
24-Ihec-83 15.2 17.5 east -8 -7
25-Dec-83 10.8 14.8 east -1 -7
02-Feh-89 134 144 east -2 10
03-Feb-89 15.2 18.6 east -11 2
04-Feb-89 G.0 10.8 east -4 -2
07-Juan-93 10.4 149 east 1 3
08-Jan-93 8.7 11.2 eust 0 1
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we find that windthrow occurred in the Bull Run
on two out of six, 2- or 3-day storms.

Discussion

The casterly winds that generated extensive Bull
Run windthrow were not particularly rare or in-
frequent ones. Meteorclogical controls on
windthrow may be obscured by low spatial and
temporal resolution of available data, and because
reliable long-term wind records were available
only at a site about 40 km from the basin. Accu-
rate prediction of windthrow in the Bull Run would
bencfit from reliable local wind speed monitor-
ing. rather than extrapolation from a distant site.
During the 1983 cvent, the wind-monitoring de-
vice at HW ceased to function on the second day
of the storm, so estimating the extremity of local
winds was impossible. Furthermore, windthrow
may be produced by the highest wind speed sus-
tained for one or two minutes, rather than an ar-
bitrarily selected five- 1o ten-minute sampling
period once an hour, but only recently have wind
data at Portland Airport begun to be collected as
sich fing temporal resolution.

Understanding the infrequent combination of
high, caslerly winds and sub-freezing tempera-
tures may be critical for windthrow prediction in
the Bull Run. Ice-loading in tree canopies has been
suggested as a factor contributing to the 1983 Bull
Run windthrow (Nancy Diaz and Ivars Steinblums,
Mt. Hood National Forest, personal communica-
tion), and the conditions existed to create rime
ice. formed when fog or other moisture-laden air
is blown against a cold surface. While little pre-
cipitation was measured during either the 1973
or 1983 storm event itself, fog is a common char-
acteristic of the Bull Run watershed (Harr 1982).

A Gumbel distribution of extreme values can
be affected by the nature of the data set. The
Gumbel method is designed for use with monthly
or annual maxima, with at least a 20-yr-period of
data availability (Tabony 1983, Linacre 1992).
Brabson and Palutikof (2000) found that their wind
speed data {it the Generalized Extreme Value
(GEV) {i.e. Gumbel} distribution poorly. while
Galambos and Macri (1999} found the Gumbel
distribution a good match with their wind data.
Mitsiopoulos et al. (1991} evaluated several dis-
tributions and found that Gumbel had rates of
estimated error similar to or better than the nor-
mal, Weibul, and lognormal distributions. The
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particularly strong linear relationship found with
the easterly wind data (Figure 3) suggests that
the Gumbel distribution approximates the PDX
data set well.

Restricting the Gumbel distribution to only
easterly winds was an appropriate step for the Bull
Run, but would not be suitable for other sites in
the region. Given the prevailing southwesterly
winter storm pattern in the Pacific Northwest.
windthrow in the region is typically generated from
southwesterly storms, particularly along the Coast
(Gratkowski 1956, Fredriksen 1965). However,
all of the windthrow obscrved in the Bull Run
watershed during the 20th century has been gen-
erated by northeast- and cast-wind events, with
downed trees lying towards the southwest (Sinton
1996), and throughout the western half of the
Columbia River Gorge, tree morphology indicated
that trees were more frequently affected by east-
erly winds (Lawrence 1939).

Monitored meteorological conditions alone do
not adequately explain the observed patterns of
windthrow in the Bull Run. Observed windthrow
in 1973 and 1983 was spatally associated with
hoth ephemeral and perennial openings in the forest
canopy (Sinton 1996, Sinton et al. 2000). On the
other hand, a severe storm of two days duration
occurred in February 1989 (Figure 3), with east-
erly winds of 18.4 m/s, approximating a 50-yr
storm event. Aithough new fresh forest edges had
been created by recent salvage of 1983 windthrow,
and air temperatures during this event were also
tow (Table 0), no measurable windthrow was de-
tected in the Bull Run (Sinton 1996). Vulnerable
trees along openings may have 1) already been
removed by earlier storms; 2) been pruned by other
winds and thus had low risk of windthrow; or 3)
produced adaptive growth to accommodate an
additional wind load (Telewski 1993).

Nevertheless. the lack of windthrow associ-
ated with the 1989 storm supports our understand-
ing that meteorological information alone is in-
sufficient to predict windthrow. Topographic,
edaphic, and vegetative fuctors must be consid-
ered in each individual case. Windthrow over the
past few decades in the Bull Run represents an
interaction between two dynamic patterns, the
spatial pattern of forest fragmentation and the
temporal pattern of infrequent, severc cast wind
events, While the combination of low air tempera-
tures and high, easterly wind speeds is relatively




uncommon, a similar e¢vent in the future could
still put Bull Run trees at risk for windthrow.
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