TOWARD AN INTEGRATED
ASSESSMENT OF THE IMPACTS
OF EXTREME WIND EVENTS
ON BARROW, ALASKA
BY A . H . LYNCH, J. A . CURRY, R. D . BRUNNER, AND J. A . MASLANIK

Involving local residents in the integrated assessment of the impacts of climate change on
their community redirects the project focus to extreme events.

"When the heavy ice is way out, old timers say, 7 hope
we don't have that storm.'"
—KENNETH TOOVAK

striking aspect of anticipated global climate
change in response to increasing greenhouse
gases is that the largest warming is predicted to
occur in the Arctic (Houghton et al. 2001). The pre-
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dieted Arctic warming, though spatially variable, is
supported by both current climate observations
(Serreze et al. 2000) and paleoclimate reconstructions
(Overpeck et al. 1997). This observed warming has
affected glaciers, sea ice, ecosystems, and permafrost.
Increasing amounts of open water in the arctic seas,
combined with rising sea level and the coastal geography, are contributing to increased harshness of
storm impacts on coastal areas, resulting in damages
from high winds, storm surges, flooding, and shoreline erosion (BESIS 1997; Cohen 1997). Storm surges
and waves are greater when little or no sea ice is
present. Further, less persistent landfast ice (ice
grounded near shore) can reduce protection from
erosion. In some areas of the North American Arctic, the coastline has eroded by more than 1 m yr_I.
Coastal wetlands and moist tundra regions are unstable and easily changed by erosion, flooding, and the
invasion of saltwater. Villages are frequently located
on the coast to provide proximity to marine resources.
Flooding of low-lying coastal communities threatens
infrastructure such as harbors, water supplies, fuel
storage, and sewage disposal systems.
This paper introduces a project to apply an improved understanding of climate variability to inform
local decision making regarding coastal communities,
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management of marine mammals, marine transportation, and offshore resource development for the
North Slope of Alaska (Fig. 1). The North Slope Borough (NSB) encompasses 89,000 square miles on this
coastal plain, with a population of approximately
8000. Permanent residents, the vast majority of whom
are Inupiat Eskimos, are concentrated in eight villages; the largest is the city of Barrow. The North
Slope Borough was incorporated in July 1972, following an assessment of the implementation of the Alaska
Native Claims Settlement Act (Berger 1985). This
incorporation provided "the self-government needed
to better the life-style of Inupiat people on the North
Slope" (Kaleak 1993). Approximately half of the
Inupiat adult workforce engage in a subsistence
lifestyle (see sidebar 1). Another 5200 people work at
least half the calendar year in the Prudhoe Bay and
other oil fields (NSB 1999). This region was selected
for this study for several reasons: it is modest in geographic scope and relatively isolated from remote
events that cannot be adequately anticipated or controlled, there are significant current issues of economic and policy relevance associated with climate,
and authority and control for governing the region
are concentrated in the NSB. Further, dramatic
change is already evident in this region, and hence it
represents a relatively simple model of larger problems and opportunities that may later become apparent in other regions of the globe.
The Alaskan nearshore region comprises the Beaufort and Chukchi Seas, including Kotzebue Sound,

and is bordered by a broad coastal plain (Fig. 1). The
coast is predominantly low-lying, wetland tundra,
dotted by numerous thaw lakes. The continental shelf
has a gently sloping bottom with relatively flat terrain
inland. Offshore islands and shoals moderate the local influence of polar pack ice on the coast. Most of
these islands are sand and gravel barrier islands
bounding shallow lagoons, while others are relics of
earlier coastal retreat processes and lie farther offshore. The islands themselves, and mainland coast
where unprotected by islands, are subject to considerable erosion by wave action. Aided by thermal erosion of the tundra, erosion rates average 1-3 m yr_1
along the mainland coastline, but in some locations
may reach 38 m in a single severe storm. Because of
this geography, much of the Chukchi-Beaufort coast
is vulnerable to high storm surges. The fall storm
season is the most dangerous time of the year, when
high winds and wind-driven high tides place residents
in greater danger of coastal flooding than at any other
time of the year (P. Patterson 2002, personal
communication).
Since the 1960s, the social, economic, and cultural
life of the North Slope has changed in response to the
Alaska Native Claims Settlement Act, oil and gas development, migration, the environment movement,
and technological change. The growth of the NSB, the
Inuit Circumpolar Conference, the Alaska Eskimo
Whaling Commission, and other local institutions
reflects the increasing social complexity of the region.
The interplay of federal, state, and local concerns in
coastal zone planning and
environmental protection
has also been important
during this period of rapid
change. Permanent community residents want to
protect the Inupiat culture,
subsistence whaling traditions and privileges, subsistence-resource harvest
areas, and locally based decision making.

FIG. I . Map of the N o r t h Slope of Alaska, showing B a r r o w and the N o r t h Slope
Borough, topography, and bathymetry. Digital elevation model 100-m grid created from U.S. Geological Survey ( U S G S ) data. B a t h y m e t r y obtained f r o m
l:250,000-scale National Ocean Service data. Inset shows a map of the BeringChukchi region, encompassing Alaska and eastern Siberia, Russia.
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Climate variability and
change are accepted as fact
by residents of the North
Slope because various signs
are prominent in their everyday experience. North
Slope residents have made
appropriate adaptations in
many aspects of their lives
(see Sidebar 1). Because of
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the vulnerability to environmental change, the N S B

roughly half a billion dollars (M. Aamodt, Borough

has b e c o m e a leader in the enterprise to involve local

assemblyman, 2 0 0 2 , personal c o m m u n i c a t i o n ) . T o

people in the p l a n n i n g , m a n a g e m e n t , and perfor-

m i n i m i z e vulnerability to extreme events, the N S B

m a n c e o f e n v i r o n m e n t a l s c i e n c e (Brewster 1 9 9 7 ) .

implemented a beach nourishment program, but this

This is due in large part to the establishment in 1947

has since been terminated. T h e N S B has also consid-

o f the Arctic Research Laboratory in Barrow in which

ered federally subsidized insurance, raising the height

Inupiat people were involved f r o m the very begin-

o f the road (see Fig. 6), and adding a concrete mat-

ning. Inupiat knowledge o f the arctic e n v i r o n m e n t

tress revetment to the seaward slope o f the coastal

has proved crucial to the success o f m a n y scientific

road and bluffs.

projects in the region and has led to new interdisci-

A n active partnership with residents is necessary

plinary approaches. T h e N o r t h Slope residents are

to u n d e r s t a n d h o w natural and social sciences re-

nevertheless very m u c h in doubt about how to mini-

search can be integrated with local knowledge to as-

mize the significant vulnerability o f people and prop-

sist North Slope residents in adapting to climate vari-

erty to e x t r e m e events. D e v e l o p m e n t o f B a r r o w ' s

ability and change (Korsmo 1999). For this study to

underground water and sewer pipelines (called the

succeed, we must understand residents' perspectives

"utilidor"), above ground structures, freshwater and

on climate variability and change in the region in or-

sewage lagoons, and the coastal road contributes to

der to focus our scientific research on their principal

the increased vulnerability o f the community to flood-

concerns and eventually to advise t h e m on possible

ing and erosion. Barrow's utilidor has been valued at

policy responses to priority problems. An active part-

THREATS TO THE SUBSISTENCE LIFESTYLE
T h e Inupiat rely on a variety of
marine resources as significant
sources of food. T h e harvesting,
sharing, and consuming of subsistence resources form an important part of the traditional Inupiat
culture and spiritual life. Subsistence activities and resources are
defined to be required for survival
and do not accumulate capital for
its own sake.
W a l r u s , numerous species of
seals, and whales all follow the ice
edge, taking advantage of the
ready access to food and (for seals
and walrus) the availability of ice
for sunning, mating, and raising
pups (Tynan and DeMaster 1997).
Threats to the marine subsistence
food supply arise, or are perceived
to arise, from
•

changes to the coastal ocean
environment associated with
climate change, such as sea ice
retreat;
• mineral resource extraction
activities, including offshore oil
drilling and the laying of
pipelines ( N R C 1994); and
• political issues (e.g., the recent
International W h a l i n g Commission revocation of a subsistence

exemption for Inupiat native
people because of a concern
with Japanese subsistence
allowances).
Inuit hunters are noticing
discolorations and thinning of sea
ice, changes in the leads and open
w a t e r areas, and the presence of
animals not previously found in
the region. It has been suggested
that early formation of extensive
ice-free conditions along the
N o r t h Slope in 1998 (Maslanik
et al. 1999) prevented a substantial number of polar bears from
migrating onto the pack ice.
Changes now being experienced
in the western Arctic are regarded as "portents of increasingly frequent disruptions in sea
ice dynamics" (D. N o r t o n 2002,
personal communication). F o r
now, however, native residents
appear to have adapted successfully to climate changes that have
made whaling m o r e dangerous
( E . Itta 2002, personal communication). A m o n g other things, they
have employed G P S , helicopters,
and other modern technologies in
search and rescue operations, and
larger boats for hunting, fishing,

and transportation to outlying
camps ( E . B r o w e r 2002, personal
communication). H o w e v e r , they
do not yet have a satisfactory
launching facility for the larger
boats. (J. Vorderstrasse 2001,
personal communication).
Calving of landfast ice, exacerbated by strong winds, is a
particularly important issue
because of the potential danger to
spring whalers. In May 1997, the
Anchorage Daily News reported
that 142 Inupiat whalers had to be
evacuated from drifting ice by
helicopter when landfast ice broke
away from the shore near Barrow.
A t that time, the landfast ice was
thinner than generally observed
( H . B r o w e r Jr. 2003, personal
communication). This event
prompted further research to
better understand the factors
affecting the stability of the
landfast ice, such as the installation by N S B Department of
Wildlife Management scientists of
sensors to monitor sea level
changes under landfast ice in
subsequent spring whaling seasons
( C . George 2003, personal
communication).
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nership is possible because residents continue to be

when allowance is made for the "urban heat island"

concerned about issues of climate change and variabil-

effect (Jones 1994). On a seasonal basis, warming is

ity on the North Slope (C. Pungowiyi 2003, personal

concentrated in the winter and spring, with areally av-

communication; Cochran et al. 1999). W e have be-

eraged trends in summer close to zero. Stone (1997)

gun to construct an active partnership through a se-

analyzed surface air temperature at Barrow over the

ries of meetings with a variety of local citizens and

period 1 9 6 5 - 9 5 and found that annual warming is

groups, as well as public seminars and liaisons with

most pronounced during late winter, including a sta-

local school teachers and students.

tistically significant 30-yr increase of 5.5°C in Febru-

CLIMATE VARIABILITY.

ary. For the period 1 9 4 9 - 9 8 , Stafford et al. ( 2 0 0 0 )
Chapman and Walsh

found the increase in mean daily temperature at Bar-

(1993) and Serreze et al. (2000) have documented

row to be around 1.6°C for the annual mean and just

increases in the annual mean and seasonal tempera-

under 3°C for winter.

ture trends in the northwest American sector of the

W e have conducted a more extensive analysis of the

A r c t i c over the period 1 9 6 6 - 9 5 (see Sidebar 2).

daily averaged surface air temperature record for Bar-

Locally, annual trends exceed 0.5°C per decade, even

row using data from the National Climatic Data Cen-

GE BY LOCAL RESIDENTS
There is a clear perception
among residents of the North
Slope that the climate of the
region has changed in living
memory. Factors influencing this
perception include the fact that
auguring for foundations in
Barrow has had to go deeper to
reach permafrost (M. Aamodt
2001, personal communication),
snowmelt onset at hunting camps
is becoming unpredictable (K.
Toovak 2002, personal communication), the sun is feeling hotter
(K. Toovak 2002, personal
communication), and the summer
mosquito population is increasing
(M. Carroll 2002, personal
communication).
Careful examination of the
climate records at Barrow
generally supports these perceptions. Directly associated with the
increasing air temperature is a
decrease in the amount and
period of winter snow cover and
increasing permafrost thaw depth.
W i n t e r total precipitation in
Barrow has decreased by more
than half in the last 50 yr (Stafford
et al. 2000). Snow cover onset
shows very little change, but
snowmelt onset shows a significant trend toward earlier spring
snowmelt—almost I month
earlier over the last 50 yr.
Further, the snowmelt date
(defined as the date on which

support long-term analyses in this
snow depth fell below 2.5 cm for
data-poor region. Annually, low
the first time) is showing incloud has decreased from an
creased variability over that same
average of 6.5 to 5.5 tenths in
period (Fig. S B I)—the window
Barrow (Curtis et al. 1998),
representing the 90% confidence
although cloudiness has generally
interval for snowmelt onset date
increased in winter and early
would have to be increased by
spring (Stone 1997). Gurney
nearly I day every 3 yr. This is
(1998) presents an analysis of
consistent with May air temperanoontime ultraviolet irradiance
tures, which show an abrupt and
measurements made at Barrow
rapid increase in variability since
from 1991 to 1996. After elimi1990.
nating the effects of clouds,
Soil temperatures measured at
increases between 3% and
Barrow since 1994 indicate that
10% yr -1 in the wavelengths
the end-of-season permafrost
known to cause biological damage
thaw depth has increased bewere found in all daylit months
tween 1994 and 1998, followed by
except June, with a strong
a decrease in 1999 and 2000
correlation to total column ozone
(Hinkel et al. 2001). A strong
amount.
correlation exists between the
maximum
annual thaw
depth and the
annual thawing
degree days
over the period
of record.
Data on
cloud cover
and radiative
fluxes are
relevant to
perceptions
that " t h e sun is
becoming
more intense"
FIG. S B I. Snow cover end date with linear trend (slope
but are insuffi-0.529 days yr -1 ) showing increasing variability for the
cient to
record over the last 50 yr.
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ter (NCDC), the National
Oceanic and Atmospheric
Administration (NOAA)
Climate Monitoring and
Diagnostics Laboratory
(CMDL), and the Geophysical Institute at the University
of Alaska, Fairbanks. The
National Weather Service
(NWS) record extends from
1921, with no missing data.
The station was moved in
1924,1925,1942,1944,1955,
and 1966—all moves involved distances less than a
mile and elevation changes
of less than 20 ft. Temperature instruments were lowered a few feet in 1977.
Barrow has experienced a
R-

.

FIG. 2. Record of B a r r o w temperatures since 1921 by

significant warming over
the last 80 yr, but this warming is not uniform or significant for all seasons, nor
is it uniform over the entire period (Fig. 2). A significant linear trend of increasing temperatures is evident
in winter and spring. Trends are positive regardless
of the time window chosen (from the present day) for
calculating slope, and the warming may be accelerating. As Stone (1997) found, the most intense warming was observed in late winter, with a statistically significant increase of 3.0°C over the 81-yr period in
February (Table 1). A comparison of temperatures
from the NWS and CMDL sites over the last 30 yr
showed no urban heat island effect within the limits
of the CMDL data record.
For the period 1953-98,6 of the 10 yr of minimum
summer ice extent in the Arctic basin have occurred
since 1990, and the past decade has been characterized by increased regional variability (Maslanik et al.
1999). Gloersen et al. (1999) analyzed the spatial distribution of trends in sea ice extent for the period
1978-96 and found that annual ice concentrations
have decreased by between 3% and 9% for the region
of the Beaufort and Chukchi Seas, the trend increasing toward the west. Of specific relevance to the
present study is the Barnett ice severity index (Drobot
and Maslanik 2002, manuscript submitted to /. Climate, hereafter DM). This is a combination of the
distance from Point Barrow northward to the ice edge
on 15 September, the number of days the entire sea
route from the Bering Strait to Prudhoe Bay is ice free,
and the length of the navigable season. The Barnett
index shows a significant trend toward lighter ice conAMERICAN METEOROLOGICAL SOCIETY
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TABLE 1. T e m p e r a t u r e trends ( ° C y r ' ) and
variability in B a r r o w 1 9 2 1 - 2 0 0 1 , by month,
season, and annually.
Linear trend

Std dev

Jan

0.0204

0.0176

Feb

0.0369*

0.0181

Mar

0.0204**

0.0120

Apr

0.0064

0.0134

May

0.0155**

0.0087

Jun

0.01 19*

0.0057

Jul

0.0064

0.0064

Aug

0.0015

0.0092

Sep

0.0092

0.0093

Oct

-0.0205

0.0150

Nov

-0.0078

0.0184

Dec

0.0046

0.0145

Winter

0.0205**

0.0107

Spring

0.0141**

0.0076

Summer

0.0066

0.0052

Autumn

-0.0064

0.01 15

Annual

0.0087

0.0057

*Significant at the 95% confidence level.
^Significant at the 90% confidence level.

ditions, but with considerable variability from year to
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ing these changes in ice distribution. The first factor
is the increase in surface air temperature described
above. The second factor is a shift in arctic air circulation patterns (Maslanik et al. 1999; Lynch et al.
2001). As a result, transport of thick, multiyear ice
into the southern Beaufort Sea during the preceding
winter and spring tends to be decreased, and relatively
warm air advected from arctic landmasses during
spring and summer melts some of the coastal sea ice
and transports the remainder away from the shore

and toward the central ice pack or westward into the
Chukchi Sea.
Of particular consequence to the present study is
the climatology of extreme conditions that include cyclones, high winds, and large fetch,1 which combine
to produce coastal flooding and erosion at Barrow.
McCabe et al. (2001) examined the frequency and
intensity of winter extratropical cyclones in the
Northern Hemisphere for the period 1959-97 and
found a statistically significant increase in high-latitude cyclone frequency and intensity. However, Curtis et al. (1998),
who focused on Barrow and Barter
Island over the period 1 9 4 9 - 9 8 ,
found a decrease in the variability of
sea level pressure. This suggests that
intensity and/or frequency of cyclones in this region of the Arctic has
decreased. Curtis et al. (1998) suggest that this decrease in cyclonic activity is linked to a shift in the Pac i f i c - N o r t h American (PNA)
teleconnection pattern. The PNA is
primarily a winter pattern (November through March). A positive PNA
index represents an amplified wave
pattern with a strong Aleutian low,
whereas a negative PNA represents
a more zonally oriented pattern. The
PNA index had some tendency toFIG. 3. B a r n e t t ice severity index from 1953 to 2 0 0 1 , calculated folward negative values in the early to
lowing D M and shown as departures from the climatological mean.
midseventies, and a tendency for
High numbers indicate light ice conditions.
more positive values in the late seventies through the late eighties, but
TABLE 2. Forty-year trends in cyclone frequency (number) and
shows no significant trend overall
intensity ( P a nrr2; significant in bold), together with the
since 1948.
correlation of these trends with the P N A teleconnection
pattern index, as defined by W a l l a c e and Gutzler ( 1 9 8 1 ) .
Linear trend

Correlation to P N A

Winter cyclone frequency

-0.003

-0.33a

Winter cyclone intensity

-0.009

-0.37b

Spring cyclone frequency

-0.005

-0.44c

0.017

0.08

-0.019

0.13

Spring cyclone intensity
Summer cyclone frequency
Summer cyclone intensity

0.048

-0.33a

Autumn cyclone frequency

0.000

-0.32a

Autumn cyclone intensity

0.023

0.16

Annual cyclone frequency

-0.015

-0.41b

To clarify the results of McCabe et
al. (2001) and Curtis et al. (1998) for
this region, we analyze cyclone frequency and intensity in the BeaufortChukchi sector using the same
Serreze (1995) dataset that was analyzed in the McCabe et al. (2001)
study, updated to 2000. For this
analysis, we restrict our domain to
the region bounded by 65°N to the
south, 78°N to the north, 170°E to

1

Fetch is defined as the distance of open

Significant at the 97.5% level.

ocean over which wind is blowing that de-

b

Significant at the 99% level.

termines the amplitude of wind-driven

Significant at the 99.5% level.

ocean waves.
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the west, and 230°E to the east.
Over the 41-yr time period 19592000, cyclone frequency and intensity in the Beaufort-Chukchi
sector have not significantly
changed on an annual basis
(Table 2). Further, the proportion
of storms that occur in each season has not shifted significantly
(Fig. 4a). The only significant
change is the intensity of summer
cyclones (Table 2), which shows
an average increase of 0.5 Pa m~2
per decade. This increase in summer cyclone intensity (shown also
in Fig. 4b) is manifest as an abrupt
shift in cyclone intensity in 1971,
an increase that has continued
over the following 30 yr.
From this analysis, it is clear
that trends in cyclone frequency
and intensity are generally insignificant for this region and hence
may not be strongly related to
indicators of large-scale circulation, such as the Arctic Oscillation
(AO) or Northern Hemisphere
annular mode (Thompson and
Wallace 2001), which have shown
strong trends over the last several
decades. Conversely, Stone (1997)
found that warmer conditions in
Barrow prevail when cyclonic activity increases in the North Pacific, resulting in advection of
clouds northward (see also HarFIG. 4. (a) Proportion of storms that occur in each season (winter, spring,
ris and Kahl 1994). If outflow
summer and autumn) by decade, (b) T i m e series of summer cyclone infrom anticyclones centered in the
tensity in the Beaufort-Chukchi region from 1959 to 2000.
Beaufort Sea is dominant, colder,
drier air influences the North Slope. Stone (1997) sphere flow is strongly zonal. More surprising is the
therefore argues that Barrow may be highly suscep- fact that summer cyclone intensity, the strongest
tible to changes in central Arctic circulation. How- trend, is correlated with this winter pattern. The work
ever, analysis of these trends in the context of the AO of Zhang et al. (1998) suggests that this may be due
showed no relationship between cyclones in the Beau- to the persistence of sea surface temperature anomafort-Chukchi region and this large-scale telecon- lies from one season to the next.
nection pattern, and hence the strong trend toward a
The more intense storms during the summer in the
positive AO index over the past 30 yr is not reflected Beaufort-Chukchi region, when sea ice is far from
in cyclone frequency and intensity.
shore, may cause more damage from flooding and
As expected, winter cyclone frequency and intensity is somewhat linked to the PNA index, as is spring
cyclone frequency (Table 2). A negative correlation
indicates more frequent and stronger storms in the
Beaufort-Chukchi region when the Northern HemiAMERICAN METEOROLOGICAL SOCIETY

erosion. However, not all high-wind events in Barrow
are associated with strong cyclones. High-wind events
at Barrow can be linked to a range of different synoptic conditions that may be characterized most generally by a Beaufort-Chukchi cyclone, an extremely
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large, strong Aleutian cyclone, or a strong BeaufortChukchi ridge (analysis of these patterns is ongoing).
We analyzed the occurrence of high-wind events
in Barrow over the past 55 yr, using available NWS
observations. Analysis of CMDL wind data revealed
some differences, but did not change the conclusions,
and hence CMDL wind data are not shown. The conclusions are somewhat confounded by instrument and
measurement changes over the time period in question, and this caveat should be borne in mind. Average
winds for each season displayed significant increasing trends in winter (at the 99% confidence level) and
spring (at the 95% confidence level), results that are
dominated by strong trends in December, January,
and March (Table 3). However, there is little apparent linear trend in the highest winds (Fig. 5a) in any
season. The increase in summer cyclone intensity is
reflected in a small increase in strong winds during
the summer months. The storm of August 2000 (discussed in Sidebar 3) is a clear outlier in the summer
record, whereas the very damaging storm of October
1963 does not represent such a strong departure from
autumn storm intensity.

TABLE 3. Average wind speed trends ( m s _l yr -1 )
and variability in B a r r o w 1 9 2 1 - 2 0 0 1 by month,
season, and annually.
Linear trend

Std dev

Jan

0.015 l a

0.0073

Feb

0.0120

0.0082

Mar

0.0099b

0.0059

Apr

0.0091

0.0062

May

0.0067

0.0065

Jun

0.0018

0.0046

Jul

0.0086b

0.0046

Aug

0.0056

0.0058

Sep

0.0048

0.0056

Oct

0.0018

0.0076

Nov

-0.0042

0.0085

Dec

0.0173a

0.0085

Winter

0.0158c

0.0056

Spring

0.00863

0.0043

Summer

0.0047

0.0035

Autumn

0.0008

0.0047

Annual

0.0047

0.0035

Significant at the 95% confidence level.
Significant at the 90% confidence level.
Significant at the 99% confidence level.
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From the record of highest winds, and through
interviews with Barrow residents, we extracted a subset of significant high-wind events (Fig. 5b). This
record of high-wind events is correlated significantly
with the AO (correlation coefficient of 0.3) and the
PNA pattern (correlation coefficient of 0.45), even
though cyclones in this region and average winds in
Barrow are not correlated with either of these largescale teleconnection patterns. Only three summer
storms are evident, in 1950, 1993, and 2000. Clearly
a longer record will be necessary to determine if summer storm intensity in Barrow is truly on the rise.
Dramatically apparent in the wind event record,
though, is a relatively quiet period in all seasons from
the late sixties to the early eighties, with the lowest
period in the late seventies (Fig. 5c).
Flooding at Barrow is caused by a combination of
storm surges and waves (which depend on atmospheric pressure, sustained wind, and fetch). A general rule of thumb used by the NWS is that a 30-hPa
decrease in surface pressure will cause a 0.3-m rise in
sea level. Hence, this effect on sea level is relatively
small in the weak cyclones affecting the North Slope
of Alaska. At Barrow, winds from the west cause
storm surge, whereas winds from the east cause a lowering of sea level (Hume and Schalk 1967). A common feature of many damaging storms is the presence
of large open-water fetch, which limits the damping
of waves and wind-driven storm surge by ice. Hence,
the season of greatest potential danger from flooding
is late summer and early autumn, when the sea ice extent is a minimum and the open water fetch is the
greatest. Figure 5b shows the time line of significant
storms and their average fetch (calculated as the distance in the direction from which the wind is blowing to the 50% ice concentration line). Of the three
summer storms, the storm of 1950 occurred when the
ice was completely in, and hence there was zero fetch.
The storms of 1993 and 2000 both exhibited an average fetch of 800 to 900 km over the lifetime of the
storm. Other storms exhibiting nonzero fetch, ranging between 560 km for the October 1963 storm to
1200 km for the October 1977 storm, all occurred in
the months of September and October. Autumn
storms have historically been most feared and prepared for by Barrow residents.
Greatest fetch and strongest winds are not sufficient conditions to predict flooding, erosion, and the
resultant damage to the town of Barrow. The storms
of October 1963 and August 2000 had comparable
winds from similar directions, comparable fetch, and
similar duration, and yet the flooding and damage in
1963 were much greater than in 2000. Moreover,
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more people and property were exposed in 2000 because of growth and
development in Barrow over the intervening decades (Fig. 6). A major
task of this project is to determine
the necessary and sufficient conditions for flooding and erosion.
REGIONAL IMPACTS OF
TENSE STORMS AND

IN-

COM-

M U N I T Y R E S P O N S E S . T h e im-

pacts of intense storms on Barrow
and the immediate vicinity range
from immediate impacts, such as
wind damage, flooding, overriding of
the shore by sea ice (known as icepush or "ivu" events), to longer-term
impacts on the environment. Damage to the built environment, including buildings, roads, boat landings,
airfields, utilities, and equipment, is
an important impact. The NSB Risk
Management Department has noted
that NSB property is fully insured
and that damages from recent storms
have been relatively small (P.
Patterson 2002, personal communication). The impacts of flooding can
be diverse and widespread. Saltwater
intrusion into freshwater supplies
can contaminate drinking water for

FIG. 5. Analysis of winds at Barrow,
(a) Highest wind events by season
for every year since 1945, showing
t h e highest daily a v e r a g e w i n d
speed r e p o r t e d for the season
(blue); the highest sustained wind
speed r e p o r t e d for t h e season
(purple; 1 9 6 5 - 7 9 , 1 9 8 4 - 2 0 0 1 ) ; the
highest observation reported for
the season, which is a good estim a t e for s u s t a i n e d w i n d ( p i n k ;
1 9 4 5 - 6 4 , 1 9 8 0 - 8 3 ) ; and the highest
wind gust reported for the season
(orange; 1 9 7 6 - 2 0 0 1 ) . (b) T i m e line
of extreme wind events (as defined
by a peak wind gust greater than
24 m s _ l , a sustained wind speed
greater than 20 m s~\ or an average daily wind speed greater than
14 m s _ l , depending on data availability) and associated fetch, ( c )
Ten-year moving sum of high wind
events (number of events).
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THE EXTREME STORMS OF OCTOBER
1963 AND AUGUST 2000
T h e most severe recorded storm along the
Beaufort Sea coast occurred from 3 to 5 October
1963 and caused extensive damage at B a r r o w
( H u m e and Schalk 1967). Sustained winds of
25 m s _l (based on the highest observation) w e r e
observed, with gusts unofficially reported at
33 m s"1. W a t e r moved inland 122 m from the
shore, and large chunks of sea ice w e r e washed
inland to about 4.6 m. W a v e s w e r e estimated to
be 3 m high with a storm surge of 3 m (shown as a
blue line in Fig. 6). Coastal areas in the vicinity of
the Naval Arctic Research Laboratory w e r e
flooded for distances up to 1200 m, and shorelines
backed by lakes w e r e flooded up to 1600 m inland,
contaminating local drinking water. Damage
included the destruction of 10 buildings, while
bluffs southwest of B a r r o w w e r e eroded 3 m, and
the shoreline retreated 18 m. T h e damage
estimate for the 1963 storm at B a r r o w was
$3.25 M (about $19 M in 2001 dollars). Since 1963,
additional development that includes underground
utilities, a hotel, and fuel storage tanks would have
substantially increased the losses associated with
this storm (Fig. 6).
More recently, the storm of 10-II August 2000
produced record wind gusts of 29 m s _l and 2-min
sustained winds of 25 m s _ l , according to the N W S
anemometer. This a n e m o m e t e r may have
"pegged o u t " — a maximum wind of 33 m s _l may
have been observed at the C M D L weather station
(D. Endres 2002, personal communication)—the
peak l-s wind at C M D was 31.3 m s _ l . Emergency
management teams had insufficient notice to
mobilize heavy equipment to build up temporary
berms for protection along the coast. T h e storm
eroded the beach to within 100 m of a main
freshwater and sewage lift (or pumping) station of
the utilidor, sank a dredge barge, washed out a
boat ramp, and removed roofs from 40 buildings.
A tidal gauge located in Prudhoe Bay showed that
the storm surge was within 6 c m of the 100-yr
event ( A . Morkill 2002, personal communication).
T h e final cost of this storm, mostly damage to the
dredge barge, was $7.7 M. S t o r m costs to the
Department of Municipal Services, which maintains and repairs roads and beaches among other
things, was $829,772.
Importantly, there have been no reports of
deaths or even serious injury due to the 1963 or
2000 storms.

FIG. 6. Map of the B a r r o w area f r o m 1964 and aerial
photograph of B a r r o w from 1997. N o t e the new roads
across Isatquaq Lagoon to access Browerville. T h e top
map, which is preliminary, was created from a 14 Jul
1964 1:10, 000 aerial photograph by the U . S . A r m y
Corps of Engineers Cold Regions Research and Engineering Laboratory ( C R R E L ) . T h e 3.5-m flood line was
chosen to emulate what flooding from the 1963 storm
may have looked like in Barrow. T h e r e are no records
of where the flooding actually took place in Barrow. T h e
location map digital elevation model ( D E M ) was developed by W . Manley from the 1955 1:63,360 U S G S topographical map. T h e b o t t o m aerial photograph was
borrowed from the N S B and was acquired by A e r o M a p
on 16 Jul 1997.
for freshwater supply. Airport flooding can isolate
outlying c o m m u n i t i e s for several days. Barrow uses
barges for regular supplies but receives a variety o f
goods by air and sends medical supplies, food, and fuel
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long time periods (see Sidebar 3). Flooding o f septic

by air to outlying communities. Further, if floodwa-

tanks can cause a significant public health hazard,

ters breach the sewage lagoon or buried fuel dumps,

particularly in locations where wells are relied upon

significant pollution could occur. Residents are al-
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ready concerned about persistent organic pollutants
in their environment. These pollutants in turn affect
many species that people rely upon for subsistence
hunting (e.g., Hurwich and Chary 2000).
There is a perception that dredging for military
construction in the 1940s may have initiated coastal
erosion problems. A dependable and comprehensive
understanding of such damages will be constructed
from multiple sources, including NSB documents and
interviews, during this project.
There are no surface weather stations to the northwest of Barrow, the direction from which most severe
storms come. Satellite imagery can alert forecasters
of an incoming storm but can give only limited information as to its strength. In any case, the National
Weather Service does not forecast outside of historical extremes, and the August 2000 storm set official
records for wind strength. Because the NSB had to
mobilize equipment rapidly, private companies'
equipment was used without contracts, contributing
to the high costs. Another issue was the instruction
that people go home during the storm—subsequent
reports suggest that people would have been safer if
they had stayed where they were rather than attempting to travel in the midst of the storm. Finally, there
was concern regarding the ability to evacuate people
from the former Naval Arctic Research Laboratory
facilities located along the coast, northwest of Barrow,
if the coastal road was to be flooded or washed out. It
is important to note that the standard procedure outlined in the Disaster Management Handbook for the
NSB was followed during the August 2000 storm.
Hence, the evidence suggests that minimizing risk and
damage from such storms depends critically, though
not soley, on storm prediction.
Development by the NSB Planning Department of
a coastal zone management plan began in the late
1970s, was adopted in 1988 by the NSB Assembly, and
is still in place. However, this plan is directed primarily toward protecting the environment amidst the
heavy concentration of oil industry activities on the
North Slope rather than vulnerability to extreme
weather events or the effects of ongoing coastal erosion. Federally subsidized insurance for property
along the coastline was considered in 1997-98 but was
abandoned in the face of federal zoning requirements,
high costs, and local opposition.
To minimize vulnerability to flooding and erosion,
the NSB initiated a beach nourishment program in
September 1986, after two storms (Fig. 5b) drew attention to erosion problems. The dredge Qayuutaq
was sunk by the storm of August 2000, discussed
above, effectively ending the program. The informal
AMERICAN METEOROLOGICAL SOCIETY

evaluations we have received to date from Barrow
residents note that the program may have maintained
the shoreline, but at a higher overall cost than originally planned. A $3-4 million Army Corps of Engineers feasibility study for storm damage reduction at
Barrow was proposed, and supported by the NSB
mayor, in 2001. The options being considered include
adding width to the beach (15 or 30 m), raising and
perhaps hardening the beach road along 8 km of
coastline, and adding a concrete mattress revetment
to the seaward slope of the road and bluffs. This is a
relatively expensive approach and relies strongly on
the presence of appropriate material in nearby Elson
Lagoon for building up the beach. Unless alternative
funds are found, options will be constrained by continued decline in the borough property tax base in
Prudhoe Bay (NSB 1999).
Improved understanding of the local climate variability and the interplay of coastal geography with
atmosphere, ocean, and sea ice dynamics can be used
to support the local decision-making processes. However, vulnerability is a function not only of climate
variability and natural geography, but also of human
geography. Community vulnerability has increased
over the decades with community modernization,
which includes increased structures, electricity and
telephone lines above ground, the underground water and sewage utilidor, and natural gas pipelines. In
addition, the diversity of storms and their impacts on
Barrow in the past implies that policies to reduce
community vulnerabilities cannot anticipate in sufficient detail major storms of the future. Hence, resilience is necessary to expedite recovery from impacts
of a severe storm, and flexibility is necessary to accommodate what is learned from each storm to reduce
vulnerabilities over the long term.
METHODOLOGY

FOR

INTEGRATED

A S S E S S M E N T . The process of integrated assessment is to analyze, synthesize, and communicate
knowledge from a range of scientific disciplines in
order to provide useful information for policy
(Rotmans and van Asselt 1996). As such, the process
is highly participatory in nature. Our strategy for integrated assessment has three main elements:
1) Description, analysis, and projection of climate
variability, including what has already occurred,
why, and what may be reasonably expected for the
near future, on decadal time scales. This research
will include the application of models to arrive at
plausible scenarios of climate variations, use of traditional knowledge, records, and remotely sensed
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data to document location and rate of shoreline
changes, and, where appropriate, application of
models and data analysis to arrive at plausible
impacts and response scenarios relevant to key environmental issues affecting the coastal zone.
2) Analysis of the regional impacts of variability. This
analysis is supported by development of a regional
information system using a geographic information system (GIS) to integrate the climate and impacts data. We have already supplied data and
analysis products to the NSB GIS department and
will continue to do so through the life of the
project. This element of the strategy integrates
scientific and local knowledge and information
into an initial conceptual model of the natural and
policy context. Relevant data include contemporary climate and geographical and human infrastructure maps.
3) Documentation and analysis of community responses, including efforts to enhance North Slope
decision making by conducting requested analyses or providing requested information. For example, the synoptic climatology of the Barrow
area has been requested for use as a training tool
by the Barrow National Weather Service office.

ties emerge, and allows for interactions over a long
enough time to build shared understandings and
mutual trust among core participants and others with
diverse disciplinary, cultural, and policy perspectives.
New priorities can emerge through improvements to
our conceptual model; for example, an understanding that the distance to the ice edge in the BeaufortChukchi Seas region has little impact on cyclone intensity (Lynch et al. 2003). Alternatively, new
priorities can arise from evolving community concerns, such as the importance of precipitation phase,
which arose during discussion at the last decision
seminar. At each iteration, we expect to show cumulative progress in these respects. At the end of the
project, success will be gauged by improvements in
policy responses to climate impacts on the North
Slope and by advances in knowledge that will inform
future scientific and policy research.
A C K N O W L E D G M E N T S . Thanks to Elizabeth Cassano
and Mathew Rothstein for the extensive data analysis that
went into the conclusions on climate variability reported
in this paper. William Manley and Leanne Lestak assembled geographic data and prepared the maps. Glenn
Sheehan and Anne Jensen of the Ukpeagvik Inupiat Corporation and the Barrow Arctic Science Consortium pro-

The policy research is being organized and coordinated through a continuing decision seminar in
Barrow, with members of the community and project
personnel as core participants. A decision seminar
(Lasswell and McDougal 1992) is designed to evaluate and integrate knowledge pertinent to a given
policy problem in order to articulate possible improvements in policy decisions and decision processes. An important component of the research strategy is to engage the participants in evaluating and
correcting the conceptual model of the policy context
and then using it to redirect further research. For
example, what parts of the initial model of the context are problematic from the standpoint of scientific
or local knowledge, or from a policy standpoint?
What are the most important problems? Some understandings of extreme wind events, erosion, and flooding in our initial model almost certainly will be called
into question on empirical grounds when exposed to
local knowledge. Such questions are candidates for
further research.
This iterative strategy factors the community's
overall concern about climate change and variability
into a shifting focus on smaller, more tractable concerns. Meanwhile, the initial model reinforces community interest and participation, leaves flexibility to
redirect scientific and policy research as new priori220

vided invaluable assistance in planning community meetings, arranging individual discussions with NSB residents,
and providing insights into community factors and issues.
The people of Barrow have been tremendously generous
with their time and information—particular thanks are due
to Mike Aamodt, Marie Carroll, Richard Glenn, and Kenneth Toovak. This work is supported by NSF Grants OPP0100120 and OPP-9732461 and through the International
Arctic Research Center by the National Science Foundation under Agreement OPP-0002239 and the National
Oceanic and Atmospheric Administration under Agreement NA67RJ0147.
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Forty-one years ago, the AMS published the Glossary
of Meteorology. Containing 7900 terms, more than
10,000 copies have been sold over four decades
through five printings. It is a tribute to the editors of
the first edition that it has withstood the test of time
and continued to be among the leading reference
sources in meteorology and related sciences.
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Now, over five years in the making, the second edition
is available. The volume contains over 12,000 terms,
including those from "new" disciplines, such as
satellite meteorology and numerical weather
prediction. In addition, related oceanographic and
hydrologic terms are defined.
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The Glossary of Meteorology, Second Edition, was
produced by an editorial board comprised of 41
distinguished scientists and the participation of over
300 contributors. The CD-ROM version is compatible
with Windows, Macintosh, and most UNIX platforms,
and features hyperlinked cross-references.
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