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ABSTRACT

Relationships between atmospheric blocking over the Alaskan region of the northeast Pacific, referred to as
Alaskan blocking, and weather extremes over North America during boreal winter 1979-2000 are examined. A
total of 37 atmospheric blocking events are identified with durations ranging from 8 to 25 days and a mean
duration of 11.3 days. A total of 15.6% of the days during the boreal winter belonged to an Alaskan blocking
event.

The number of blocked days over the Alaskan region was found to be sensitive to the phase of the ENSO
cycle with a reduced (increased) number of blocked days during El Nifio (La Nifia/neutral) winters. The average
number of blocked days during El Nifio winters was 12, compared with 31.2 and 27 for neutral and La Nifa
winters, respectively. The mature Alaskan block possesses characteristics, which are typical of blocking episodes,
including the equivalent barotropic structure of the blocking anticyclone, the meridional flow both upstream and
downstream of the block, the equatorward shift of the Pacific storm track, downstream development of 500-hPa
geopotential height, and sea level pressure anomalies over North America.

The surface temperature analysis revealed a significant shift in the daily mean surface temperature distribution
during Alaskan blocking toward colder temperatures in the region extending from the Yukon southeastward to
the southern plains of the United States, associated with a reduced variance of surface temperatures. Over
extreme western Alaska there is a shift in the daily mean surface temperature distribution toward warmer
temperatures. The shift toward colder (warmer) daily mean surface temperatures is also accompanied by a shift
in the tails of the distribution toward more extreme cold (warm) days in these two regions. During Alaskan
blocking, the regions of southern California, the Southwest, and the Intermountain West all possess a higher
frequency of heavy precipitation days when compared with the long-term winter climatology. Over the eastern
half of the United States, the Ohio Valley and the southeast regions experience a greater percentage of heavy
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precipitation days during Alaskan blocking.

1. Introduction

Episodes of prolonged extreme weather conditions,
such as droughts and floods (Trenberth and Guillemot
1996; Mo et al. 1997), and heat waves (Kalkstein et al.
1996; Karl and Knight 1997), are of considerable im-
portance to society. It is now widely recognized that
such weather extremes are often associated with recur-
rent atmospheric flow anomalies (Dole 1986a,b; Higgins
and Schubert 1994, 1996; Robertson and Ghil 1999)
that can last from several days up to a few weeks.

One feature that is often implicated in these events
is the persistent anticyclonic flow anomaly, which is
often referred to as an atmospheric ‘““blocking” episode
(Dole 1986a,b; Higgins and Schubert 1996; Higgins and
Mo 1997). Atmospheric blocking refers to the situation
where the normal zonal flow is interrupted by strong
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and persistent meridional flow (Rex 1950a,b). The nor-
mal eastward progression of synoptic disturbances is
obstructed, as the systems are forced to the north and
south of the blocking anticyclone, leading to anomalous
storm tracks (Nakamura and Wallace 1990).
Numerous studies have alluded to the inherent prob-
lems of numerical weather prediction models in fore-
casting events of atmospheric blocking (Tibaldi and
Molteni 1990; Anderson 1993; Tibaldi et al. 1994; Chen
and Van den Dool 1995; D’Andrea et al. 1998). Chen
and Van den Dool (1995) noted that the poor forecast
skill beyond a few days results principally from the
inability of numerical weather prediction models to sim-
ulate the onset and evolution of blocking flows. A find-
ing common to most studies is that medium-range fore-
cast models underestimate the observed blocking fre-
quency owing to their inherent problems in transitioning
to a blocked state. However, Tibaldi and Molteni (1990)
and Tibaldi et al. (1994) demonstrated that numerical
models perform measurably better in maintaining a
blocked flow once the signature of the atmospheric
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block is present in the initial conditions. Recently, with
the introduction of ensemble forecasting systems at both
the National Centers for Environmental Prediction
(NCEP) and at the European Centre for Medium-Range
Weather Forecasts (ECMWF), the forecasting of at-
mospheric blocking at the medium ranges has improved
(Watson and Colucci 2002; Pelly and Hoskins 2003b).

The region of the North Pacific has been identified
as a preferred region for atmospheric blocking during
the boreal winter season (Elliott and Smith 1949; Rex
1950b; Dole and Gordon 1983; Dole 1986a,b; Tibaldi
and Molteni 1990; Tibaldi et al. 1994; Renwick and
Wallace 1996; Higgins and Schubert 1996; Pelly and
Hoskins 2003a,b). Robertson and Ghil (1999) classified
weather regimes over the North Pacific sector and iden-
tified positive 700-hPa geopotential height anomalies
over Alaska as one of six principal weather patterns
dominating the boreal winter season. A similar classi-
fication of flow regimes over the Pacific—-North Amer-
ican sector identified ‘‘Pacific blocking,” characterized
by a high-amplitude ridge over the Gulf of Alaska and
a trough over the western United States, as the second
most commonly occurring 500-hPa flow regime for the
six winter periods from 1987/88 to 1992/93 (Stoss and
Mullen 1995).

The presence of persistent positive height anomalies
in the vicinity of Alaska has been linked to heavy pre-
cipitation over California and the southwestern United
States. A study by Ely et al. (1994) found that positive
700-hPa height anomalies situated over Alaska, pole-
ward of a low pressure anomaly off the west coast of
California, was the dominant circulation pattern con-
tributing to anomalous moisture transport and heavy
winter flooding over the southwestern United States.
Robertson and Ghil (1999) also found heavy precipi-
tation in the southwest United States to be preferentially
associated with Alaskan ridging, noting further that this
Alaskan ridging also favored more extreme cold days
in western Washington State and the southwest.

Extratropical low-frequency variability, and specifi-
cally how this variability changes as a function of the
ENSO cycle, has been the subject of several studies
(Mullen 1989; Renwick and Wallace 1996; Chen and
Van den Dool 1997; Renwick 1998; Chen and Van den
Dool 1999; Compo et al. 2001). Mullen (1989) inves-
tigated the impact of Pacific sea surface temperatures
(SST) upon blocking in the Northern Hemisphere by
means of a series of sensitivity experiments with a gen-
eral circulation model. He found that changes in the
Pacific SSTs acted principally to shift the preferred lo-
cations for atmospheric blocking, but did not strongly
affect the dynamics or persistence of individual blocking
events. The combination of a warm tropical SST anom-
aly and a cool extratropical SST anomaly over the Pa-
cific, as is found during El Nifio events (Lau 1997),
acted to shift North Pacific blocking activity eastward
from the Aleutian Islands toward the west coast of North
America (Mullen 1989).
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The strong impact of tropical Pacific SSTs upon
blocking was also noted in a study by Chen and Van
den Dool (1997). They noted that in the region between
180° and 140°W in the North Pacific blocking frequen-
cies increased from 10% during El Nifio winters to 15%
during La Nifia winters. Renwick and Wallace (1996)
attributed the increased frequency of blocking in the
Alaskan region of the North Pacific during the cool
phase of ENSO to the combined effects of a higher mean
and larger variance of the 500-hPa geopotential heights.
A recent study by Compo et al. (2001) drew similar
conclusions as Renwick and Wallace (1996).

The objective of this study is to examine the rela-
tionship between blocking in the Alaskan region of the
North Pacific, termed Alaskan blocking, and weather
extremes downstream over North America during the
boreal cold season. Alaskan blocking can be regarded
as one flow regime, and we are interested in investi-
gating the changes to the statistical distributions of tem-
perature and precipitation during the Alaskan blocking
regime as compared to the long-term winter climatol-
ogy. Are extremes of surface temperature and precipi-
tation more likely to occur during the Alaskan blocking
regime? Results from this study are intended to aid fore-
casters with extended-range outlooks.

The datasets and methodology used to identify block-
ing events are given in section 2. Interannual variability
of Alaskan blocking is considered in section 3. The
structure and evolution of the composite Alaskan block-
ing event is described in section 4 with emphasis on
precursors and anomalies during the blocking events.
Changes in daily mean surface temperature and precip-
itation distributions during blocking episodes are dis-
cussed in section 5. A summary and conclusions are
given in section 6.

2. Data and methodology

The NCEP-National Center for Atmospheric Re-
search (NCAR) reanalysis (Kalnay et al. 1996; hereafter
referred to as the NCEP reanalysis) daily averaged 500-
hPa geopotential heights for the 22-yr period 1979-
2000 are used to identify events of atmospheric block-
ing. Following the recent article by Kistler et al. (2001),
which concluded that the reanalysis climatology after
1979 was the most reliable, owing to the introduction
of satellite data, we restrict the analysis to the period
from 1979 onward.

A global gridded daily maximum and minimum sur-
face temperature dataset over land at 2.5° latitude—lon-
gitude resolution is used to document the temperature
impacts associated with the Alaskan blocking regime.
The data begin in 1979 and are derived from ‘“first
order” World Meteorological Organization (WMO) me-
teorological recording stations received over the Global
Telecommunication System (GTS), with typically be-
tween 6000-7000 stations reporting daily, including
roughly 950 stations over the North American region
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(15°-90°N, 60°-170°W) (P. Xie 2002, personal com-
munication). The interpolation procedure used to grid
the station data is the same as that used in Xie et al.
(1996). [The data can be obtained by contacting Dr. Xie
at the Climate Prediction Center (CPC)]. Daily mean
surface temperatures were calculated by averaging the
daily maximum and minimum temperatures at each grid
point.

Precipitation impacts are assessed via a U.S.—-Mexico
merged historical daily precipitation analysis. The dataset
is at a horizontal resolution of 1° latitude—longitude and is
derived from rain gauge measurements for the entire study
period (1979-2000). Extensive quality control measures
have been applied to the data as discussed in Higgins et al.
(2000b), [The Higgins et al. (2000b) reference can be found
at the CPC Web site (http://www.cpc.ncep.noaa.gov/
research_papers/ncep-cpc-atlas/7/index html), including in-
formation on how to access the data.] Mo and Berbery
(2004), and Mo and Juang (2003) have used this dataset in
their studies of summer precipitation regimes over North
America.

To identify blocking events over the Alaskan region
of the northeast Pacific we use the threshold crossing
procedure of Dole and Gordon (1983) applied to the
500-hPa geopotential height anomaly field. This pro-
cedure has been used in several previous studies related
to persistent anticyclonic anomalies and blocking (Hig-
gins and Schubert 1996; Renwick and Wallace 1996;
Black 1997; Higgins and Mo 1997; Renwick 1998;
Black and Evans 1998). For this study, the threshold
and duration criteria chosen were 100 m and 8 days.
The duration criteria of 8 days is shorter than the 10
days typically found in previous studies (Dole and Gor-
don 1983; Higgins and Schubert 1996; Higgins and Mo
1997), but was used to increase the sample size of at-
mospheric blocking events.

Prior to applying the threshold crossing procedure,
the 500-hPa geopotential height anomaly fields were
calculated by first removing the local seasonal cycle,
defined as the mean plus the annual and semiannual
harmonics of the 22-yr (1979-2000) mean annual cycle,
and then applying a 10-day low-pass Lanczos filter with
121 weights (Duchon 1979). Note that defining the local
seasonal cycle as the mean plus the first four harmonics
gave the identical set of blocking events. A blocked day
is defined as any day in which the 500-hPa geopotential
height anomaly exceeds 100 m at the “‘key point.” A
blocking event occurs when the 500-hPa geopotential
height anomaly exceeds 100 m at the key point for at
least 8 consecutive days.

The key point chosen in the northeast Pacific is lo-
cated at 62.5°N and 162.5°W, centered over extreme
western Alaska. A plot of the geographical distribution
of the total number of persistent positive 500-hPa geo-
potential height anomaly events (i.e., blocking events)
satisfying the selection criteria of (100 m, 8 days) for
the December—January—February—March (DJFM) peri-
od from 1979 to 2000 (not shown) revealed this location
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TABLE 1. Summary of atmospheric blocking events for the key
point located at 62.5°N, 162.5°W in the northeast Pacific. The onset
and end times for each event are given along with the duration in
days.

Event Duration

No. Onset date End date (days)

1 18 Feb 1979 26 Feb 1979 9
2 22 Mar 1979 2 Apr 1979 12
3 3 Jan 1980 10 Jan 1980 8
4 23 Jan 1980 30 Jan 1980 8
5 11 Feb 1980 18 Feb 1980 8
6 18 Dec 1980 25 Dec 1980 8
7 4 Feb 1981 11 Feb 1981 8
8 1 Feb 1982 12 Feb 1982 12
9 22 Feb 1982 5 Mar 1982 12
10 16 Dec 1983 29 Dec 1983 14
11 13 Jan 1984 20 Jan 1984 8
12 15 Dec 1984 30 Dec 1984 16
13 26 Jan 1985 10 Feb 1985 16
14 9 Feb 1986 20 Feb 1986 12
15 29 Dec 1987 6 Jan 1988 9
16 27 Jan 1988 4 Feb 1988 9
17 31 Jan 1989 19 Feb 1989 20
18 24 Feb 1989 17 Mar 1989 22
19 16 Mar 1990 26 Mar 1990 11
20 16 Dec 1990 9 Jan 1991 25
21 22 Jan 1991 29 Jan 1991 8
22 25 Feb 1991 4 Mar 1991 8
23 23 Dec 1992 11 Jan 1993 20
24 12 Feb 1993 22 Feb 1993 11
25 29 Jan 1994 5 Feb 1994 8
26 17 Feb 1994 25 Feb 1994 9
27 9 Feb 1995 16 Feb 1995 8
28 26 Feb 1995 9 Mar 1995 12
29 24 Jan 1996 2 Feb 1996 10
30 27 Feb 1996 8 Mar 1996 11
31 25 Mar 1996 1 Apr 1996 8
32 17 Dec 1996 30 Dec 1996 14
33 10 Mar 1997 17 Mar 1997 8
34 3 Jan 1998 11 Jan 1998 9
35 2 Mar 1998 9 Mar 1998 8
36 17 Dec 1998 26 Dec 1998 10
37 7 Feb 2000 14 Feb 2000 8

Mean duration (days) 11.3

as a local maximum. Renwick and Wallace (1996) chose
this same region to examine the interannual variability
of atmospheric blocking, noting that the circulation pat-
tern associated with Alaskan blocking had the largest
medium-range rms errors in the ECMWF model.

We restricted our analysis to those blocking events
with onset times, that is, the time when the 500-hPa
geopotential height anomaly first crosses the threshold
of 100 m, in DJFM. The periods of January—March 1979
and December 2000 were also included. A buffer period
was added at the end of March to allow for blocking
events that continue into early April. The procedure
yields a total of 37 blocking events (Table 1). A total
of 417 out of the 2668 days, or 15.6%, belonged to
blocking events. The blocking events have durations
ranging from 8 to 25 days with a mean duration of 11.3
days. Each of the events is well separated by at least
10 days except for events 17 and 18 (see Table 1), which
are separated by only 5 days. An examination of the
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FI1G. 1. Number of blocked days at 62.5°N, 162.5°W for each DJFM season. A blocked day is defined as any day
in which the 500-hPa geopotential height anomaly (as defined in section 2) exceeds 100 m. The CPC ENSO classification
has been used to classify each DJFM season. El Nifio winters are given in dark gray, La Nifa in light gray, and neutral
in medium gray. The number of blocking events in the given DJFM season is given at the top of each bar. The average
number of blocked days for El Nifio (moderate—strong warm conditions), La Nifia (moderate—strong cold conditions),

and neutral winters is shown at the top of the figure.

individual synoptic maps for the time period between
events 17 and 18 indicates that these are separate block-
ing episodes.

3. Interannual variability of Alaskan blocking

The interannual variability of Alaskan blocking, giv-
en by the total number of blocked days for each DJFM
season from 1979/80 to 1999/2000, is shown in Fig. 1.
Recall that a blocked day is defined as any day in which
the 500-hPa geopotential height anomaly (as defined in
section 2) exceeds 100 m at the key point of 62.5°N,
162.5°W located over extreme western Alaska. The
number of blocked days will in general be different
(larger) than the number of days belonging to blocking
events owing to the fact that a string of blocked days
may be shorter than 8 days, the minimum duration re-
quired to define a blocking event (see section 2). Each
DJFM season is classified by ENSO phase. The clas-
sification is based upon the pattern and magnitude of
SST anomalies in the tropical Pacific and can be found
online (http://www.cpc.ncep.noaa.gov/research_papers/
ncep-cpc-atlas/8/ensoyrs.txt). Each DJFM season is
classified as warm, cold or neutral, with the warm and
cold categories further subdivided into weak, moderate,
and strong. For the purposes of this study, El Nifo (La

Nifia) DJFMs are defined as moderate and strong warm
(cold) events, and neutral DJFMs are featured in the
remaining years. Higgins et al. (2002) utilized this same
index and noted that it is identical to the Nifio-3.4 index
classification of ENSO for the boreal winter season. Of
the 21 DJFM seasons considered, there are 4 El Nino
winters (1982/83, 1986/87,1991/92, and 1997/98),3 La
Nifa winters (1988/89, 1998/99, and 1999/2000), and
14 neutral winters. The El Nifio and La Nifia events are
consistent with those identified by Renwick and Wallace
(1996) and Compo et al. (2001).

El Nifio winters are associated with a much lower
number of blocked days than either neutral or La Nifa
winters (Fig. 1). The average number of blocked days
during El Nifio winters is 12, compared with 31.2 and
27 for neutral and La Nifia winters, respectively (see
top of Fig. 1). Despite the small sample size, the dif-
ference in the mean number of blocked days between
El Nifio winters and neutral winters is statistically sig-
nificant at the 99% level based upon a Student’s ¢ test
for the difference of means (Hogg and Tanis 1988). The
analysis is not sensitive to the key point of 62.5°N,
162.5°W as the eight surrounding grid points also show
a preference for a reduced number of blocked days dur-
ing EI Nifio winters as compared to either neutral or La
Nifia winters. Above each of the bars we show the num-
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FiG. 2. Time-averaged 500-hPa geopotential height (contours) and anomalies (shaded) averaged over the duration of
all 37 Alaskan blocking events. (Units: m.) Solid (dashed) contours represent positive (negative) anomalies.

ber of blocking events for each DJFM season. The total
is 35 instead of 37 owing to the fact that the events in
February and March of 1979 (events 1 and 2 in Table
1) are not shown. It is important to note that for the
first three El Nifio winters (1982/83, 1986/87, and 1991/
92) there were no Alaskan blocking events.

4. Composite structure and evolution

In this section we document the structure and tem-
poral evolution of Alaskan blocking events using com-
posites. Emphasis is placed on precursors and significant
circulation anomalies during Alaskan blocking events.

a. 500-hPa geopotential height

The 500-hPa geopotential height and anomalies, av-
eraged over the duration of the 37 Alaskan blocking
events, are shown in Fig. 2. Anomalies are calculated
by removing the mean plus the first four harmonics of
the 22-yr (1979-2000) mean annual cycle. The time-
averaged circulation is dominated by positive 500-hPa
geopotential height anomalies in excess of 230 m over
western Alaska. As is typical of classic blocking situ-
ations, pronounced geostrophic meridional flow is pres-
ent both upstream and downstream of the blocking ridge
(Rex 1950a,b), with a distinct equatorward shift of the
main westerly flow in the subtropical North Pacific. The
splitting of the midlatitude flow extends over approxi-
mately 60° of longitude (180°-120°W). There is also
evidence of downstream development with a large-scale
trough over the North American continent and ridging
off the U.S. southeast coast.

The temporal evolution of the 500-hPa geopotential
heights and anomalies prior to the onset of the composite
Alaskan blocking event are shown in Fig. 3. The plots
represent time-lagged composites over all 37 blocking
events keyed to the onset time (TO; Fig. 3f), defined as
the first day in which the 500-hPa geopotential height

anomaly crosses 100 m at the key point (62.5°N,
162.5°W) (see Table 1). A two-sided Student’s 7 test
(Hogg and Tanis 1988) was used to assess the statistical
significance of the 500-hPa geopotential height anom-
alies. Several days prior to onset (Figs. 3a—c) a pro-
nounced trough is observed upstream of Alaska with
negative height anomalies over the Alaskan region. A
similar result was noted by Higgins and Mo (1997) in
their study of persistent North Pacific circulation anom-
alies. The trough in the North Pacific deepens, while
the high-amplitude ridging associated with the block
strengthens and retrogrades from the west coast of North
America into the key region by day T — 1 (Figs. 3c—
e). On or around day T + 2 (Fig. 3h) the mature block
is clearly evident with characteristics similar to the time-
averaged flow shown in Fig. 2, including the equator-
ward trough in the subtropical North Pacific and the
pronounced trough downstream over North America.

The temporal evolution of the flow keyed to the decay
of Alaskan blocks is shown in Fig. 4. Here TO denotes
the decay time (i.e., the time when the 500-hPa geo-
potential height anomaly falls below the 100-m thresh-
old at the key point). At T — 3, 3 days prior to Alaskan
blocking decay (Fig. 4c), the 500-hPa geopotential
heights and anomalies look similar to those at T + 2
after the onset time (Fig. 3h) consistent with a rapid
onset and decay of the blocks, as noted in previous
studies (e.g., Dole 1989). The decay phase involves ret-
rogression of the main positive and negative anomaly
centers northwestward toward the northwest Pacific. At
T + 4 (Fig. 4j) a deep trough occupies the key region
over western Alaska.

b. Sea level pressure and vertically integrated
moisture transport

Figures 5 and 6 are similar to Figs. 3 and 4, except
that they show the composite sea level pressure (SLP)
and vertically integrated moisture transport anomalies
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(see Rosen et al. 1979; Trenberth and Guillemot 1995),
respectively. Consistent with the pronounced upper-lev-
el trough over the North Pacific (Figs. 3a,b) negative
SLP anomalies occupy the key region roughly 5 days
before onset (Figs. 5a,b). Two separate positive SLP
anomalies appear to merge as the main positive SLP
anomaly drifts northward into the key region by the

onset (Figs. 5b—e). Just prior to blocking onset a
strengthening negative SLP anomaly is found upstream
over the northwestern Pacific (Figs. 5d.,e). One can
clearly see the equivalent barotropic, or warm core
structure, of the blocking events with the large area of
positive SLP anomalies beneath the pronounced block-
ing ridge (Figs. 3f—j, and 5f—j). This warm core structure
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is characteristic of mid- to high-latitude blocks (Dole
1986a). Pelly and Hoskins (2003a,b) recently developed
a new atmospheric blocking index, based upon potential
vorticity and potential temperature, which implicitly
looks for a warm potential temperature anomaly on the
dynamic tropopause (Morgan and Nielsen-Gammon
1998) at high latitudes, indicative of atmospheric
blocks.

The ridging over Alaska extends southeastward over
central North America with a secondary area of pro-

nounced ridging off the U.S. southeast coast by T + 4
(Fig. 5j). Also evident is the equatorward displacement
of the Pacific storm track (Figs. 5h—j) to the south of
the blocking anticyclone. Pronounced southwesterly
moisture transport, emanating from the subtropical
North Pacific and converging into the U.S. southwest
is clearly evident (Figs. 5h—j). Previous studies have
shown that this ‘““‘Pineapple Express,” so named because
of the enhanced moisture transport across the Hawaiian
Islands, can lead to heavy precipitation along the U.S.
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west coast (Ely et al. 1994; Lackmann and Gyakum owing to the enhanced ridging off the U.S. southeast
1999; Higgins et al. 2000a). Additionally, at T + 3 and coast.

T + 4 (Figs. 5i,j) there is evidence of anomalous mois- The decay phase of the blocking events is accom-
ture convergence into the Ohio Valley and the southeast, panied by a deepening negative SLP anomaly in the
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given scale. Solid (dashed) contours represent positive (negative) anomalies. (a) Time average
over 11 day period prior to blocking onset. (b) Time average over duration of blocking events.
(c) Time average over 11-day period subsequent to blocking termination.

region of the Gulf of Alaska (Figs. 6f—j). Also evident
is a splitting of the main positive SLP anomaly, with
one region retrograding westward toward the northwest
Pacific, the other spreading southeastward over the cen-
tral United States (Figs. 6d—g) resembling a cold surge
anticyclone (Schultz et al. 1998). Colucci and Davenport
(1987) examined events of rapid surface anticycloge-
nesis over western North America and found that the
majority of the events were part of a downstream de-
velopment involving upstream explosive cyclogenesis
in the Pacific Ocean. Downstream of the explosive cy-
clogenesis, a 500-hPa ridge intensifies and is often as-
sociated with cold air outbreaks over North America.
One can see the enhanced ridging along the west coast
of North America (Figs. 4g—j) in association with the
deepening cyclone in the Gulf of Alaska (Figs. 6f—j).
Several days after the decay of the block the vertically

integrated moisture transport returns to the Pacific
Northwest as the Pacific strom track shifts to its more
poleward trajectory (Figs. 6h—j).

c. Mean daily surface temperature anomalies

Surface temperature changes during the Alaskan
blocking episodes are highlighted in Fig. 7. Similar to
the 500-hPa geopotential height, SLP, and vertically in-
tegrated moisture transport anomalies, the mean daily
surface temperature anomalies were calculated by re-
moving the mean plus the first four harmonics of the
22-yr (1979-2000) mean annual cycle. We consider
three separate time averages: (i) the 11-day period prior
to blocking, (ii) the time period during the blocking
event, and (iii) the 11-day period following the blocking
event. Eleven-day periods are chosen because this is
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approximately equal to the average duration of the Alas-
kan blocking events (see Table 1). A very pronounced
surface temperature signal is present during the Alaskan
blocking regime (Fig. 7b) as compared to the periods
before and after (Figs. 7a,c).

During the Alaskan blocking regime, negative surface
temperature anomalies extend southeastward from
northwestern Canada to the southern plains of the Unit-
ed States. Referring back to Figs. 5f—j, the near-surface
wind field is northwesterly and persistent over this re-
gion. To the northwest over western Alaska and Siberia,
where southerly and southeasterly flow dominates near
the surface (Figs. 5f—j), positive surface temperature
anomalies prevail (Fig. 7b).

5. Temperature and precipitation distributions
during Alaskan blocking

In this section we examine the linkage between ex-
tremes of surface temperature and precipitation and the
occurrence of Alaskan blocking. Specifically, we com-
pare the statistical distributions of daily mean surface
temperature and precipitation during the Alaskan block-
ing regime with the climatological December—March
1979-2000 distributions. The aim is to determine if ex-
tremes of surface temperature and precipitation are more
likely to occur during the Alaskan blocking regime.

a. Surface temperature distribution

We first calculate the daily surface temperature anom-
alies by removing a smooth annual cycle defined as the
mean daily values for each day of the year based upon
the 22-yr period from 1979 to 2000. We next consider
all days belonging to DJFMs and rank the daily anom-
alies to calculate the upper and lower terciles. Removing
the seasonal cycle and considering anomalies ensures
that cold (warm) extremes are not biased to occur in
December (March). By definition, each tercile will con-
tain one-third of the daily anomalies. The set of days
belonging to Alaskan blocking events represents a sub-
set of all 1979-2000 DJFM days, which we will refer
to as Alaskan blocking days. Finally, for all Alaskan
blocking days we calculate the number of days with
daily mean surface temperature anomalies in each of
the three climatological DJFM terciles.

We noted that negative or cold surface temperature
anomalies were pronounced during Alaskan blocking,
extending from northwestern Canada to the southern
plains of the United States (Fig. 7b). The percentage of
days during Alaskan blocking with daily mean surface
temperature anomalies in the lower tercile of the dis-
tribution is shown in Fig. 8a. A spatial pattern similar
to that in Fig. 7b is evident. In the region extending
from northern British Columbia southeastward to the
northern plains of the United States over 70% of the
Alaskan blocking days possess daily mean surface tem-
perature anomalies in the lower tercile of the distribu-
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FIG. 8. (a) Percentage of Alaskan blocking days with daily mean
surface temperature anomalies in the lower tercile of the 1979-2000
DJFM daily mean surface temperature anomaly distribution. (b) Per-
centage difference found as the percentage in (a) minus the expected
number of 33.3%. Solid (dashed) contours denote positive (negative)
values. The thick solid line in (b) denotes the 95% confidence thresh-
old based upon a binomial test (see text).

tion. The region encompassing 50% of the days extends
from the Yukon southeastward to northern Texas indi-
cating a significant shift in the daily mean surface tem-
perature distribution during Alaskan blocking toward
colder temperatures.

This shift in the daily mean surface temperature dis-
tribution is clearly demonstrated in Fig. 8b, in which
the expected value in the lower tercile of 33.3% is sub-
tracted from Fig. 8a. During the Alaskan blocking re-
gime the probabilities of daily mean surface tempera-
tures in each tercile are not equal. In the region ex-
tending from the Yukon southeastward to northern Texas
there is an increased likelihood of daily mean surface
temperatures in the lower tercile.

To determine the local statistical significance of the
departures from 33.3% (random chance) we can apply
a simple binomial test (Wilks 1995). The relevant pa-
rameters are n, the sample size, and p, the expected
probability of a given tercile. To attain the 95% confi-
dence threshold, assuming a one-sided test, the actual
number of cases in a given tercile must exceed E +
(1.65 X sd), where E is the expected number given by
np and sd is the standard deviation given by npq, where
g is (1 — p). Owing to the serial dependence or per-
sistence of surface temperature we define an effective
sample size n’, which is smaller than n. Following Wilks
(1995), we define the effective sample size (n') as

1 —
n' = n(—p‘) (1)
1 + p,
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FIG. 9. (a) Percentage of Alaskan blocking days with daily mean
surface temperature anomalies less than the 10th percentile of the
climatological DJFM distribution. (b) Percentage of Alaskan blocking
days with daily mean surface temperature anomalies greater than the
90th percentile of the climatological DJFM distribution. The dashed
line in both panels denotes the 95% confidence threshold based upon
a binomial test.

where p, is the lag-1 autocorrelation coefficient. For
surface temperature the lag-1 autocorrelation coefficient
is taken as 0.7 (Van den Dool et al. 1986; Barnston
1993). Performing the calculations we find that the 95%
confidence threshold is 42%, representing roughly a 9%
percentage difference (42% — 33.3%) in Fig. 8b. Hence
much of the negative surface temperature anomalies ex-
tending from northern Canada to the southern plains of
the United States are statistically significant.

The shift toward colder (warmer) daily mean surface
temperatures during Alaskan blocking (Fig. 8) is also
accompanied by a shift in the tails of the daily mean
surface temperature distribution toward more extreme
cold (warm) days. The fraction of Alaskan blocking
days with daily mean surface temperature anomalies
below the 10th percentile (defined as extreme cold) of
the DJFM 1979-2000 climatological distribution is
shown in Fig. 9a. Recall that the expected value is 10%.
The spatial pattern is similar to that of Fig. 8. Extreme
cold days during Alaskan blocking events are found in
the region stretching from British Columbia southeast-
ward to the central plains of the United States with more
than 25% of the days possessing daily mean surface
temperature anomalies below the 10th percentile. In this
region there is also a reduced variance in surface tem-
peratures (not shown). Over western Alaska the shift
toward warmer daily mean surface temperatures (Fig.
8) is also associated with the occurrence of extreme
warm days (Fig. 9b) and a reduced variance in surface
temperatures (not shown). Applying the binomial test
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F1G. 10. Rectangular and square boxes depict geographical areas
where the area-averaged precipitation is calculated. Areas outlined
in thick black represent locations with extreme precipitation events,
which are discussed in the text: PN'W, Pacific Northwest; SC, southern
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MW, Midwest; GL, Great Lakes; OV, Ohio Valley; SE, Southeast;
GC, Gulf coast; MA, mid-Atlantic; and NE, Northeast.

described above, the 95% confidence threshold to con-
clude that the 10th (90th) percentile classes have more
cases than expected is roughly 16%.

b. Precipitation distribution

To examine the relationship between Alaskan block-
ing and the occurrence of extreme daily precipitation
events we use a merged U.S.—Mexico historical daily
precipitation dataset, analyzed at a horizontal resolution
of 1° and derived from rain gauge measurements (see
section 2). We divided the contiguous U.S. landmass
into 12 geographical areas, as shown in Fig. 10, for the
purposes of calculating area-averaged daily precipita-
tion. These 12 geographical areas capture the major cli-
matic zones of the United States and are the same as
those used in the monthly Climate Diagnostics Bulletin
issued by CPC. From the time series of area-averaged
precipitation for each of the 12 geographical regions we
considered only those days during the DJFM 1979-2000
period with area-averaged precipitation greater than or
equal to 1 mm day ' (measurable precipitation days)
and calculated the 90th percentile of the daily area-
averaged precipitation. In this study, days with area-
averaged precipitation greater than the climatological
DJFM 90th percentile are considered to be extreme
heavy precipitation days.

Similar to the daily mean surface temperature analysis
we consider the set of Alaskan blocking days as a subset
of all DJFM days and calculate the number of days with
area-averaged precipitation greater than the climatolog-
ical DJFM 90th percentile. Table 2a summarizes the
findings. Three regions in the western half of the con-
tiguous United States, southern California (15.2%), the
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TABLE 2. The 90th percentile of area-averaged daily precipitation for a measurable precipitation threshold of (a) 1 and (b) 3 mm day'.
In (a) and (b), the first column refers to a given area over the United States (see Fig. 10): PNW, Pacific Northwest; SC, southern California;
SW, Southwest; IM, Intermountain West; GP, Great Plains; MW, Midwest; GL, Great Lakes; OV, Ohio Valley; SE, Southeast; GC, Gulf
coast; MA, mid-Atlantic; and NE, Northeast. The second column refers to the number of Alaskan blocking events with at least 1 day with
area-averaged precipitation (P) greater than the 90th percentile, the third column to the total number of days with P greater than the 90th
percentile, the fourth column to the total number of Alaskan blocking days with measurable precipitation, and the fifth column to the
percentage of Alaskan blocking days with P greater than the 90th percentile.

(2)

Total No. of Alaskan Percentage of Alaskan

Threshold blocking days with blocking days with P >
(1 mm day 1) No. of events Total No. of days P> =1 mm day! 90th percentile
PNW 13 25 274 9.1
SC 14 25 164 15.2
SW 10 17 101 16.8
M 15 28 154 18.2
GP 5 6 68 8.8
MW 11 14 157 8.9
GL 15 25 204 12.3
oV 23 34 225 15.1
SE 23 35 248 14.1
GC 14 20 245 8.2
MA 13 16 209 7.7
NE 12 16 177 9.0
(b)
Total No. of Alaskan Percentage of Alaskan
Threshold blocking days with blocking days with P >
(3 mm day ') No. of events Total No. of days P> = 3 mm day! 90th percentile
PNW 9 17 193 8.8
SC 9 14 111 12.6
SW 4 10 54 18.5
M 7 10 48 20.8
GP 1 1 12 8.3
MW 8 8 82 9.8
GL 9 9 76 11.8
ov 15 20 140 143
SE 14 21 171 12.3
GC 11 13 136 9.6
MA 6 9 117 7.7
NE 7 9 105 8.6

southwest (16.8%), and the Intermountain West region
(18.2%), all have a total number of Alaskan blocking
days with area-averaged precipitation above the cli-
matological 90th percentile of at least 15% or greater.
Recall that the expected value is 10%. This finding is
consistent with the equatorward shift of the North Pa-
cific storm track and area of anomalous vertically in-
tegrated moisture transport convergence (Figs. Sh—j)
during Alaskan blocking.

If we examine the southern California region in more
detail, we can see from the second column of Table 2a
that the heavy precipitation days were distributed among
14 Alaskan blocking events. We calculated the time-
averaged SLP and vertically integrated moisture trans-
port anomalies, averaged over all 14 Alaskan blocking
events associated with at least 1 day of heavy precipi-
tation over southern California (Fig. 11b). For reference,
Fig. 11b can be compared with the average for all 37
Alaskan blocking events (Fig. 11a). Alaskan blocking
events with heavy precipitation over southern California
possess a stronger negative SLP anomaly (i.e., more
pronounced storm track) equatorward of the blocking

anticyclone when compared to all blocking events. The
storm track over the Pacific extends farther eastward to
the U.S. west coast and the accompanying vertically
integrated moisture transport from the subtropical Pa-
cific is more pronounced.

Over the eastern half of the United States the Ohio
Valley (15.1%) and the southeast (14.1%) regions ex-
perience a greater percentage of heavy precipitation
days during Alaskan blocking. A total of 23 Alaskan
blocking events are associated with at least 1 day of
heavy precipitation over the Ohio Valley region (see
Table 2a). Figure 11c shows the time-averaged SLP and
vertically integrated moisture transport anomalies, av-
eraged over all 23 events. When compared with the plot
for all Alaskan blocking events (Fig. 11a), the Alaskan
blocking events with heavy precipitation days over the
Ohio Valley are associated with stronger surface ridging
off the U.S. southeast coast (Fig. 11c). This enhanced
ridging leads to a more pronounced southerly vertically
integrated moisture transport into the Southeast and the
Ohio Valley from the Gulf of Mexico. This region lies
downstream of a large-scale 500-hPa trough (Figs. 3
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FiG. 11. Time-averaged SLP and vertically integrated moisture transport anomalies (kg m~' s~') over (a) duration
of all 37 Alaskan blocking events, (b) duration of 14 Alaskan blocking events associated with heavy precipitation
over southern California, and (c) duration of 23 Alaskan blocking events associated with heavy precipitation over
the Ohio Valley. The contour interval for SLP is 2 hPa with shading as indicated and negative values dashed.

and 4). It is not surprising that 18 of the 23 Alaskan When the area-averaged precipitation threshold is
blocking events with at least 1 day of heavy precipitation raised to 3 mm day ! (Table 2b), the spatial patterns
over the Ohio Valley also have at least 1 day of heavy are similar indicating that the analysis is not sensitive
precipitation over the Southeast. to the choice of precipitation threshold.
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6. Summary and conclusions

This study examined the linkage between low-fre-
quency atmospheric variability and weather extremes.
Using a threshold crossing procedure applied to the 500-
hPa geopotential height field we identified 37 events of
atmospheric blocking over the Alaskan region of the
northeast Pacific, referred to as Alaskan blocking, dur-
ing the boreal winter season from 1979 to 2000. The
blocking events had durations ranging from 8 to 25 days,
with a mean duration of 11.3 days. A total of 417 out
of the 2668 (December—March 1979-2000) days, or
15.6%, belonged to an Alaskan blocking event.

The number of blocked days over the Alaskan region
was found to be sensitive to the phase of the ENSO
cycle. A reduced (increased) number of blocked days
was found during El Nifio (La Nifa/neutral) conditions.
The average number of blocked days during El Nifio
winters was 12, compared with 31.2 and 27 for neutral
and La Nifa winters. Despite the small sample size of
El Nifio winters, the difference in the mean number of
blocked days between El Nifio and neutral winters was
found to be statistically significant. The analysis was
not sensitive to the key point of 62.5°N, 162.5°W as the
eight surrounding grid points also showed a preference
for a reduced number of blocked days during El Nifio
winters as compared to either neutral or La Nifia winters.

An examination of the composite structure and tem-
poral evolution of the Alaskan blocking events revealed
the presence of a pronounced trough or negative 500-
hPa geopotential height anomaly over the Alaskan re-
gion prior to onset. The trough along the Asian coast
in the North Pacific deepens just prior to onset. The
high-amplitude ridging, which forms the Alaskan block,
appears to retrograde from the west coast of North
America into the key region. The mature block is as-
sociated with an equatorward trough in the subtropical
North Pacific and pronounced troughing downstream
over North America. The Alaskan blocking decay is
rapid and involves the retrograding of the main positive
and negative anomaly centers northwestward toward the
northwest Pacific.

The SLP and vertically integrated moisture transport
analyses revealed the strong equivalent barotropic na-
ture, or warm core structure, of the blocks. Also clearly
evident was the equatorward displacement of the Pacific
storm track to the south of the blocking anticyclone.
Anomalous moisture transport is found over the U.S.
southwest and the Ohio Valley and southeast regions.

An examination of the linkage between extremes of
daily mean surface temperature and the occurrence of
Alaskan blocking revealed a significant shift in the daily
mean surface temperature distribution toward colder
temperatures in the region extending from the Yukon
southeastward to the southern plains of the United
States, associated with a reduced surface temperature
variance. Similarly, over extreme western Alaska there
was a shift in the daily mean surface temperature dis-
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tribution toward warmer temperatures. The shift toward
colder (warmer) daily mean surface temperatures during
Alaskan blocking is also accompanied by a shift in the
tails of the distribution toward more extreme cold
(warm) days in these two regions.

A similar analysis of extremes in daily precipitation
revealed that the regions of southern California, the
Southwest, and the Intermountain West all possess a
higher frequency of heavy precipitation days when com-
pared with the long-term DJFM climatology. Alaskan
blocking events with heavy precipitation over southern
California possess a stronger negative SLP anomaly, or
more enhanced storm track, equatorward of the blocking
anticyclone when compared to all blocking events. The
storm track over the Pacific also extends farther east-
ward to the U.S. west coast and the accompanying ver-
tically integrated moisture transport from the subtropical
Pacific is more pronounced.

Over the eastern half of the United States, the Ohio
Valley and the southeast regions experience a greater
percentage of heavy precipitation days during Alaskan
blocking. When compared with the plot for all Alaskan
blocking events, the surface ridging off the U.S. south-
east coast is more pronounced. This ridging leads to
enhanced southerly vertically integrated moisture trans-
port into the Southeast and Ohio Valley regions from
the Gulf of Mexico.

This study addressed the large-scale aspects of the
atmospheric blocking—surface weather relationship in an
effort to provide guidance to climate forecasters at CPC,
who require information for large-scale areas, to pro-
duce the extended-range (6—10- and 8—14-day, and U.S.
Hazards Assessment) outlooks. For the 6-10- and 8-
14-day outlooks, forecasters attempt to make a proba-
bilistic forecast for surface temperature and precipita-
tion, expressing the deviation from the climatological
forecast of 33.3% for each tercile category. Given an
Alaskan blocking scenario forecasted with the model
guidance products, results from Fig. 8 can provide the
forecaster with information on how to alter the proba-
bilities of the given surface temperature tercile cate-
gories. The U.S. Hazards Assessment is intended to pro-
vide emergency managers, planners, forecasters, and the
public with advance notice of potential hazards related
to climate, weather, and hydrological events. The results
from Fig. 9 and Table 2 clearly demonstrate the strong
relationship between Alaskan blocking and extreme cold
and heavy precipitation. The regions chosen in Fig. 10
are ideally suited for the U.S. Hazards Assessment as
they summarize the atmospheric blocking and heavy
precipitation relationships on the larger scales.

Finally, as discussed in the introduction, the longi-
tudinal extent of the atmospheric blocking maximum
over the North Pacific is broad. In this study we focused
upon the region of Alaska, one of the preferred regions
for atmospheric blocking in the North Pacific. There are
other regions over the North Pacific that are preferred
regions for atmospheric blocking. The downstream
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weather impacts over North America depend largely
upon the location of the blocking anticyclone and down-
stream trough. In future work we plan to examine the
downstream weather impacts associated with atmo-
spheric blocking in other regions of the North Pacific.
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