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ABSTRACT

A method for ranking synoptic-scale events objectively is presented. NCEP 12-h reanalysis fields from 1948
to 2000 are compared to a 30-yr (1961-90) reanalysis climatology. The rarity of an event is the number of
standard deviations 1000—200-hPa height, temperature, wind, and moisture fields depart from this climatology.
The top 20 synoptic-scale events from 1948 to 2000 for the eastern United States, southeast Canada, and adjacent
coastal waters are presented. These events include the “ The Great Atlantic Low’ of 1956 (ranked 1st), the
““superstorm’ of 1993 (ranked 3d), the historic New England/Quebec ice storm of 1998 (ranked 5th), extratropical
storm Hazel of 1954 (ranked 9th), a catastrophic Florida freeze and snow in 1977 (ranked 11th), and the great
Northeast snowmelt and flood of 1996 (ranked 12th).

During the 53-yr analysis period, only 33 events had a total normalized anomaly (Mo, ) Of 4 standard
deviations or more. An M., Of 5 or more standard deviations has not been observed during the 53-yr period.
An Mo Of 3 or more was observed, on average, once or twice a month. October through January are the
months when a rare anomaly (Mo, = 4 standard deviations) is most likely, with April through September the
least likely period. The 1960s and 1970s observed the fewest number of monthly top 10 events, with the 1950s,
1980s, and 1990s having the greatest number. A comparison of the evolution of M., to various climate indices
reveals that only 5% of the observed variance of M;4;,. can be explained by ENSO, North Atlantic oscillations,
or Pacific-North American indices. Therefore, extreme synoptic-scale departures from climatology occur re-
gardless of the magnitude of conventional climate indices, a consequence of a necessary mismatch of temporal

and spatial scale representation between the M., @nd climate index measurements.

1. Introduction

Several methods have been developed to rank me-
teorological events in terms of severity, social impact,
or economic impact. The Fujitascal e (Fujita1981) ranks
tornadoes based upon wind damage patterns. The Saffir—
Simpson scale ranks hurricanes based upon the maxi-
mum wind speed (Simpson 1974). Palmer (1965) de-
veloped a scale for measuring drought severity. Dolan
and Davis developed a scale for ranking United States
coastal storms based upon wave height and duration
(Watson 1993).

Historically, the storms that are deemed the most sig-
nificant are those that usually achieve the greatest media
attention or impact the largest population centers (e.g.,
Kocin and Uccellini 1990). This subjectivity is com-
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pounded by preparedness issues. A winter storm of a
given size or intensity usually has greater impact upon
the population at lower latitudes than the same storm
would at higher latitudes. Further, the observation net-
work is biased toward the densely populated urban cor-
ridors and against rural and oceanic areas. Clearly, the
ranking of meteorological phenomena within both the
media and the meteorological community is subjective.

Accordingly, it is important to make the distinction
between a purely meteorological event that is rare and
a meteorol ogical—sociological event that israre. Not all
rare synoptic-scale meteorological events attract signif-
icant media attention. Several impact scarcely or non-
populated areas (70% of the earth’s surface is water),
or occur during the time of year when precipitation falls
as liquid. It is possible that several of the most anom-
alous events of the past century have impacted com-
pletely unpopulated areas, and are greatly underrepre-
sented in the literature. For example, The Queen Eliz-
abeth |1 storm might not have become a classic case
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TABLE 1. Pressure levels at which NCEP reanalysis data are
available.

Level
(hPa)

1000
925
850
700
600
500
400
300
250
200

Specific

Height Temperature Wind humidity

AN NN N N NS
AN NN N N NS
AN NN N N NS

NN N

study (Anthes et al. 1983; Gyakum 1983ab, 1991,
Uccellini 1986) had it not struck the ship. However,
since the most baroclinically active regions of the world
(Sanders and Gyakum 1980; Hoskins and Valdes 1990)
are located near populated coastal areas, it islikely that
most (but not all) extreme events during the past century
have been observed if not documented.

In this paper, a simple yet comprehensive method is
proposed for objectively ranking synoptic-scale events
from a purely meteorological and climatological per-
spective. The philosophy behind this method is that the
more unusual (with respect to the local climate) a cy-
clone, cold outbreak, heat wave, or flood of a given
intensity is, the higher ranked it must be. The highest
ranked events are those that represent the greatest de-
partures from climatology for that locale and time of
year. This method not only minimizes the biases dis-
cussed earlier, but also accountsfor the typical synoptic-
scale variability throughout the year. Therefore, a 970-
hPa April cyclone will be higher ranked than a 970-hPa
January cyclone in the same location.

The second goal of this paper isto examine the tem-
poral distribution of these objectively ranked events.
When are these extreme anomalies typically found and
how does their distribution change throughout the year,
from year to year, or from decade to decade? One ques-
tion that can be objectively addressed is whether the
1950s and 1960s were a more active time meteorol og-
ically, as conventional wisdom often suggests. Further,
the relationships between occurrence of these anoma-
lous events and climate indices, such as the North At-
lantic oscillation (NAO), the Pacific-North American
index (PNA), and ElI Nifio—Southern Oscillation
(ENSO), will be examined. Finally, an analysis of ex-
pected return periods for extreme events will be pre-
sented to give a temporal mindset for anomalies of var-
ious intensities.

A detailed description of the methodology is given
in section 2, followed by the results of the analysisin
section 3. A discussion of the application of these his-
torical liststo forecasted future eventsisgivenin section
4 with a concluding summary given in section 5.
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Fic. 1. Relative distribution of (a) 850-hPa temperature and (b)
corresponding 850-hPa normalized temperature anomaly for the pe-
riod 1948-2000 at 40°N, 75°W.

2. Methodology

In order to derive departures from climatology for a
specific event, a detailed and comprehensive climatol-
ogy was developed. An overview of the datasets and
definitions used in this approach are described below.

a. Datasets

The National Centers for Environmental Protection
(NCEP) reanalysis dataset (Kalnay et al. 1996) was used
for this analysis. The global dataset has a 2.5° X 2.5°
resolution at 17 pressure levels, extends from 1948
through December 2000, and is updated monthly. For
this analysis, four basic meteorological variables from
that dataset were used over the range of 1000 hPa
through 300 or 200 hPa (Table 1) at 12-h intervals. The
climatology (for each 2.5° X 2.5° grid point) was based
upon the 1961-90 subset. The analysis of ranking cli-
matological departures was performed for the entire re-
analysis period, 1 January 1948 through 31 December
2000. Thus, the rankings provided in this paper repre-
sent the analysis of a 53-yr period, of which 23 years
(1948-60 and 1991-2000) are therefore an independent
sample from the climatological period (1961-90).

Although the data analysis and assimilation method
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Fic. 2. Example output from the calculated climatology. (a) Mean
500-hPa height (shaded) and standard deviation (contoured) for 1
Jan. (b) Annual distribution of 500-hPa height (white line) and one
standard deviation range (shading) for 40°N, 75°W.

used in the NCEP reanalysis project (Kalhay et a. 1996)
is atemporally consistent one, there still exist unavoid-
able yet important changes in the dataset over the 53-
yr period. Routine offshore surface observations in-
cluding buoys became available only in the late 1970s.
In addition, the inclusion of satellite-derived products
in the data assimilation process was possible only in the
last decade. Asaconsequence of these changes, offshore
events may be less accurately represented during the
1950s and 1960s than in the | atter decades. These chang-
es in the dataset should be kept in mind when inter-
preting the results.

Labeling specific events with their impact and infor-
mal titles (e.g., ‘‘superstorm’” of 1993) was done using
Sorm Data, Weatherwise, and journals when case stud-
ies were available. This correlation was performed sim-
ply to give the reader areference for the date, type, and
location of the event, not necessarily to directly connect
the anomalies with the societal impact. Such conclusions
can only be made after detailed case studies and case
comparisons that are beyond the scope of this paper.
The analysis of eventswas limited to 25°-50°N and 95°—
65°W, to focus on events impacting the eastern half of
the United States.
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FiG. 3. Example NCEP-NCAR reanalysis-based anomaly fieldsfor
0000 UTC 14 Mar 1993. (a) The 500-hPa height anomaly field and
corresponding maximum absolute anomaly are marked by X. (b)
Same as in (&) except for 850-hPa specific humidity anomaly.

b. Definitions

The normalized departure from climatology (and
hence, a measure of event rarity) is given by

N=(X— wlo, )

where X is the value of avariable (e.g., 500-hPa height,
850-hPatemperature, from Table 1), w isthe daily mean
value for that grid point, and o is the standard deviation
from this daily mean. This process converts a pseudo-
normal distribution (e.g., 850-hPa temperature in Fig.
1a) into a standard normal distribution (normalized 850-
hPa temperature departure in Fig. 1b). The mean of the
distribution shown in Fig. 1b isindeed zero, as dictated
by the normalization process shown in (1). However,
since the original distribution (Fig. 1a) is skewed, the
peak frequency in Fig. 1b is not aligned with zero.

A 21-day running mean was used in the calculation
of the daily mean. This was performed instead of a
monthly mean climatology, the latter of which produces
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TABLE 2. Top 20 total normalized departures from climatology (M;ora, ) for the period 1 Jan 1948-31 Dec 2000.
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Rank Date MroraL Event type and description Event references
1 0000 UTC 9 Jan 1956 4.950 The Great Atlantic Low Ludlum (1956)
2 1200 UTC 15 Jan 1995 4.723 Deep Gulf of Mexico storm
3 0000 UTC 14 Mar 1993 4.577 Superstorm of 1993 Kocin et a. (1995); Dickinson et al. (1997)
4 1200 UTC 11 Jan 1975 4.567 Severe Minnesota Blizzard
5 1200 UTC 8 Jan 1998 4.536 NE U.S./SE Canada icestorm J. Gyakum and P Sisson (1999, personal
communication); DeGaetano (2000)

6 1200 UTC 28 Dec 1980 4.470 Deep Carolina coastal low
7 1200 UTC 17 Mar 1983 4.464 L ow-latitude intense cyclone Dickinson et al. (1997)
8 0000 UTC 26 Nov 1953 4.396 Deep E U.S. storm
9 0000 UTC 16 Oct 1954 4.392 Extratropical storm Hazel Knox (1955); Palmén (1958)

10 1200 UTC 8 Jan 1958 4.356 Intense coastal storm Ludlum (1958a)

11 1200 UTC 19 Jan 1977 4.341 Historic Florida freeze Schwartz (1977)

12 1200 UTC 19 Jan 1996 4.308 NE U.S. flooding/snowmelt Leathers et al. (1998)

13 0000 UTC 10 Jan 1978 4.261 Deep NE U.S. storm

14 1200 UTC 31 Oct 1993 4.232 E U.S. elevation blizzard Grumm and Nicosia (1997)

15 0000 UTC 4 Feb 1970 4.202 Eastern U.S. storm

16 1200 UTC 22 Dec 1972 4.199 Deep Gulf of Mexico storm

17 1200 UTC 11 Dec 1950 4.192 Intense offshore coastal storm

18 1200 UTC 26 Jan 1978 4.179 The Cleveland superbomb Gaza and Bosart (1990); Hakim et al.

(1995), (1996)
19 0000 UTC 20 Oct 1989 4.179 SE U.S. record cold and snow
20 1200 UTC 22 Jan 1959 4.176 Severe E U.S. snow/icestorm Treidl (1959)

ranking artifacts at monthly boundaries. An example
climatology field is shown in Fig. 2a, the mean 1 Jan-
uary 500-hPa height field and associated standard de-
viation. Also, a time series of the mean and standard
deviation 500-hPa height for near Philadelphia, Penn-
sylvania (grid point 40°N, 75°W), is shown to illustrate
the relatively smooth climatology that results when a
21-day running mean is used (Fig. 2).

According to (1), avalue of N = —3 means the field
is three standard deviations below average for that lo-
cation and day (a significant, but not extreme, depar-
ture). An example anomaly field is provided in Fig. 3.
500-hPa normalized height anomaly fields (Fig. 3a) and
850-hPa normalized moisture anomaly (Fig. 3b) for
0000 UTC 14 March 1993, the infamous superstorm of
1993 (SS93). The Xs indicate the maximum value of
N (Nyax) for the given field over the domain specified
earlier. Each event in the 53-yr period has four anomaly
measures: one each for height, temperature, wind, and
moisture. Each of these four measures is the mass-
weighted mean anomaly, using the pressure levelsavail-
able in the reanalysis dataset (Table 1):

1 P=200hPa

> INGax(P) )

p=1000hPa

Mugigir =

p=200hPa

> INax(P) €)

p=1000hPa

Migyp =

p=200hPa

> NS () €)

p=1000hPa

Mwino =

p=300hPa

> INSax(P)]- (5)

p=1000hPa

Myoisr =

S|k Sk Sk o

For each of the summations above, an interpolating pres-

sure increment of 25 hPa was used to more accurately
calculate the mass-weighted mean. The total tropo-
spheric anomaly (M;ora. ) iSthen the average of the four
components above;

MTOTAL = (MHEIGHT + MTEMP + MWIND + MMOIST)/4(6)

Thus, the most extreme events will be those that have
large departures from climatology extending the full
depth of the troposphere for each of the four basic var-
iables. For the wind anomaly, the maximum anomaly
of either component (u or v) was used. Typically the v
component produced the larger anomalies.

When calculating (2)—(5), the individual anomalies
were alowed to be displaced from one another, up to
the full distance of the analyzed domain (25°-50°N, 95°—
65°W). A height anomaly may be maximized at lower
latitudes, while the associated moisture anomaly may
be maximized at higher latitudes. Further, the maximum
height anomaly at 850 hPa is likely to be downstream
from the maximum height anomaly at 500 hPa (e.g.,
Fig. 3). This diagnosis freedom also allows for the full
tilt (both horizontal and vertical) of events to be ac-
counted for when the total anomaly magnitude [M:a,
(6)] is determined. Further, it is an important caveat to
note that we define the Mo, Vaue to refer to the
vertically integrated maximum anomaly across the do-
main. Therefore, only one M;q, Vaue is defined at
each 12-h time period.

Tropical cyclones within the domain were excluded
(the entire domain) for two reasons: 1) they are of small-
er scale than the events this analysis is intended to in-
clude, and 2) since the projected datais 2.5° resolution,
the grids grossly underestimate the true magnitude of
the tropical cyclone normalized anomaly. Since the true
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b) 500 hPa Temperature

FiG. 4. Conventiona analyses (contoured) and corresponding anomaly fields (shaded) for the top-ranked event since 1948—The Great
Atlantic Low of 0000 UTC 9 Jan 1956. (a) 300-hPa wind and zonal anomaly, (b) 850-hPa temperature and anomaly, (c) 850-hPa height and

anomaly, and (d) mean sea level pressure and anomaly.

anomaly magnitude was greatly underestimated, it was
believed to be misleading to include the tropical cyclone
statistics as part of the ranking. If the true tropical cy-
clone intensity was resolved, the top 10 events of each
month from June through September would be tropical
cyclones. However, because of the 2.5° X 2.5° resolu-
tion, only a fraction would actually make the rankings,
even though they are truly the largest summertime
anomalies. An exception to this rule was made for trop-
ical cyclones that have undergone extratropical transi-
tion. In cases where a tropical cyclone had undergone
extratropical transition according to the National Hur-
ricane Center historical *‘best track’” dataset (Jarvinen
et al. 1984), the cyclone was allowed to remain in the
database if the analyzed cyclone intensity was well
represented by the reanalysis fields. Only five such
cases appear in the rankings to follow: Hazel (1954),
Agnes (1972), Hugo (1989), the *‘unnamed’’ hurricane
of 1991 [or “‘perfect storm” of Junger (1997)], and
Opal (1995).

For each 12-h period from 1 January 1948 through

31 December 2000, an M., Value was calculated us-
ing the method just described. After the tropical cyclone
periods were removed, these anomalies were then sort-
ed. For each ranked event, only the highest-ranked time
and date was used. Thus, an event could not contribute
toward more than one place in the rankings, even if it
ranked for more than 12 h.

3. Results

The results are divided into two sections: rankings
and temporal distribution. As discussed in the meth-
odology, the results shown here are valid only for the
southeastern half of North America, from 25° to 50°N
and from 65° to 95°W.

a. Rankings

The top 20 total anomalies (Mgra. ) Of the 53-yr pe-
riod are summarized first, followed by a presentation of
the top 10 anomalies for each of the four component
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variables (MHE!GHTl Mremer Mwing and MMOIST) and the
top 10 anomalies for each month.

1) Tor 20 LARGEST NORMALIZED ANOMALIES
FROM 1 JANUARY 1948 10 31 DECEMBER 2000

The top 20 largest climatological anomalies (Table 2;
information from Storm Data, NOAA 1959-2000) rep-
resent the most spectacular climate departures of the
past half-century. The magnitudes of these top 20 anom-
alies range from M;gra, = 4.176 t0 Migra. = 4.950.
Of particular note within the events listed in Table 2
are SS93 [ranked third; Kocin et al. (1995); Dickinson
et al. (1997)], the historic southern Florida freeze and
Miami snow of 1977 [ranked 11th; Schwartz (1977)],
the historic New England and Quebec icestorm of 1998
[ranked 5th; J. Gyakum and P Sisson (1999, personal
communication) DeGaetano (2000)], extratropical hur-
ricane Hazel from 1954 [ranked 9th; Knox (1955); Pal-
mén (1958)], the great Northeast snowmelt and flood of
1996 [ranked 12th; Leathers et al. (1998)], and the
Cleveland *‘superbomb’™ of 1978 [ranked 18th; Gaza
and Bosart (1990); Hakim et al. (1995, 1996)].

Note that nearly one-third of the events shown in the
top 20 are not historically known for having a major
impact upon the population or economy of the United
States (Table 2: ranks 2, 6, 8, 15, 16, and 17). Docu-
mentation of these events could not be found with the
literature nor could reports of significant damage or im-
pact be found within Sorm Data. (Although synoptic
analyses for each of the top 20 events are beyond the
scope of this paper, they are available online at: http://
eyewall.met.psu.edu/.)

The most anomal ous synoptic-scal e event for the east-
ern United States of the past 53 years stands alone as
arecord. The event wasreferred to by D. Ludlum (1956)
as ““The Great Atlantic Low.” The associated M;gra,
was 4.950, at least 0.2 standard deviations higher than
the second-ranked event, a leap larger than any other
two consecutive events in the top 20. Given this dis-
parity between first and second place, this event may
well hold the top position for another half-century. The
surface and upper-air anomaly fields for 0000 UTC 9
January 1956 are shown in Fig. 4, since synoptic-scale
fields are not available as part of Ludlum’'s summary.
Further, since the top-ranked event is located offshore
and otherwise obscure, we quote below a paragraph
from Ludlum’s (1956) summary to accompany the
anomaly fields shown in Fig. 4:

The Great Atlantic Low—The index of westerly flow
reached its al-time low for this period of the year, and
for any period, on 7-11 January 1956. Just off the Middle
Atlantic coast a deep, almost stationary, low was found
with a central pressure on the 9th below 29.00 inches.
Directly to the north over extreme northern Quebec an
anticyclone of great magnitude was located with a central
pressure reported above 31.40 inches, the highest pres-

NOTES AND CORRESPONDENCE

2431

sure ever noted in that region. Zones of different precip-
itation were oriented longitudinally rather than along
lines of latitude. For the week ending 15 January, north-
ern Maine's temperature averaged 24 degrees above nor-
mal, while points in central Florida had readings 15 de-
grees below normal. From 8 to 14 January the mercury
did not dip below freezing at Caribou, while Florida had
nighttime readings below freezing most every night dur-
ing this period. The Great Atlantic Low of early January
1956 appears to have been without a parallel in recorded
weather history. No such occurrence appearsin the series
of historical weather maps which commence in 1899.

This top-ranked event is made more impressive since it
occursin adata-sparse region, where the reanalyses may
be underestimating the true intensity.

2) Top 10 ANOMALIES BY VARIABLE

As explained in the methodology, every event during
the 53-yr period has four anomaly magnitudes associ-
ated with it: one each for height, temperature, wind, and
moisture Egs. (2)—(5). In Tables 3a—d, the top 10 anom-
alies for each of these four variables are listed.

The largest value of M, g s (6.847, Table 3a) was
associated with a deep Gulf of Mexico cyclonein 1983.
Prior to SS93, this 1983 cyclone set the record for the
lowest non-tropical cyclone sea level pressure ever
measured over the Gulf of Mexico (Dickinson et al.
1997). Most of the remaining top 10 height anomalies
are associated with deep wintertime East Coast troughs
or closed cyclones at lower latitudes (e.g., SS93). Of
particular exception is the post-Agnes extratropical cy-
clonein June 1972 (DiMego and Bosart 1982a,b; Bosart
and Dean 1991).

The largest value of Mgye (5.355, Table 3b) was
associated with a remarkable early season record cold
outbreak in October 1989 that produced early season
snow well into the southeast United States (NOAA
19592000, vol. 31). The second largest value of M;¢yp
(5.020, Table 3b) was associated with the Florida freeze
and Miami snow of January 1977 (Schwartz 1977). This
event produced the only snowflakes ever recorded on
Miami Beach and in the Bahamas (NOAA 1959-2000,
vol. 19; Schwartz 1977). The other top-ranked M. cyp
events are predominantly associated with early or late
season snowstorms.

The largest M,,,\p Values (Table 3c) are associated
with intense cyclones at lower latitudes. The largest
wind anomaly in the 53-yr period (Mo Of 5.515) was
associated with a deep Gulf of Mexico storm in April
1997. The storm produced an 80-kt jet at 500 hPa over
the Gulf of Mexico, which intensified to a 150-kt jet at
200 hPa over Virginia. Such values would have been
impressive in January; that they occurred in late April
is what propels this event to the top of Table 3c. The
second-ranked M, Value (5.073) was associated with
SS93. The third-ranked M,y vVaue (5.012) was as-
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TaBLE 3a. Top 10 normalized height departures from climatology.

Rank Date Mugionr Event type/description Event references
1 1200 UTC 17 Mar 1983 6.847 Low-latitude intense cyclone Dickinson et al. (1997)
2 0000 UTC 9 Jan 1956 6.120 The Great Atlantic Low Ludlum (1956)

3 1200 UTC 19 Jan 1977 5.698 Historical Florida freeze Schwartz (1977)

4 1200 UTC 11 Dec 1967 5.419 Deep Gulf of Mexico storm

5 0000 UTC 28 May 1973 5.404

6 0000 UTC 21 Nov 1952 5.358 Record Appalachian snowstorm Ludlum (1952)

7 1200 UTC 23 Jun 1972 5.286 Extratropical storm Agnes DiMego and Bosart (1982a,b);
Bosart and Dean (1991)

8 0000 UTC 3 Feb 1998 5.252

9 1200 UTC 13 Mar 1993 5.195 Superstorm of 1993 Kocin et al. (1995);
Dickinson et al. (1997)

10 1200 UTC 8 Jan 1958 5.193 Intense coastal storm Ludlum (1958a)
TaBLE 3b. Top 10 normalized temperature departures from climatology.

Rank Date M+ewp Event type and description Event references
1 0000 UTC 20 Oct 1989 5.355 SE U.S. record cold and snow
2 1200 UTC 19 Jan 1977 5.020 Historical Florida freeze Schwartz (1977)
3 1200 UTC 26 Nov 1953 4.959
4 1200 UTC 7 May 1992 4.880
5 1200 UTC 2 Nov 1966 4.835 Heavy central Appalachian snowstorm
6 0000 UTC 2 Dec 1999 4.830
7 0000 UTC 10 Sep 1998 4.816
8 1200 UTC 18 Sep 1981 4.716
9 1200 UTC 4 Aug 1956 4.683

10 1200 UTC 28 Apr 1992 4.620
TaBLE 3c. Top 10 normalized wind departures from climatology.

Rank Date Muwino Event type and description Event references
1 1200 UTC 28 Apr 1997 5.515 Strong late season Gulf storm
2 0000 UTC 14 Mar 1993 5.073 Superstorm of 1993 Kocin et a. (1995);

Dickinson et al. (1997)
3 0000 UTC 26 Nov 1950 5.013 Historic E. U.S. storm Bristor (1951)
4 1200 UTC 9 Jan 1956 4.883 The Great Atlantic Low Ludlum (1956)
5 0000 UTC 27 Jun 1974 4.759 Transitioned subtropical storm
6 1200 UTC 28 Dec 1980 4742 Deep Carolina coastal low
7 1200 UTC 16 Jun 1989 4.714 Widespread SE/mid-Atlantic
severe outbreak
8 0000 UTC 12 Mar 1996 4.675 Deep offshore coastal storm
9 0000 UTC 12 Feb 1981 4,672 Extreme amplitude E. U.S. trough
10 1200 UTC 1 Aug 1972 4.584
TaBLE 3d. Top 10 normalized moisture departures from climatology.

Rank Date Myoist Event type and description Event references
1 1200 UTC 15 Jan 1995 7.734 Deep Gulf of Mexico storm
2 1200 UTC 22 Jan 1959 7.359 Severe E. U.S. snow-/icestorm Treidl (1959)

3 1200 UTC 8 Jan 1998 7.104 NE U.S./SE Canada icestorm J. Gyakum and P. Sisson (1999, personal
communication); DeGaetano (2000)
4 0000 UTC 20 Jan 1996 6.948 NE U.S. flooding/snowmelt Leathers et al. (1998)
5 1200 UTC 11 Jan 1975 6.767 Severe Minnesota blizzard
6 1200 UTC 4 Jan 1950 6.654
7 0000 UTC 10 Jan 1978 6.536
8 1200 UTC 26 Jan 1950 6.461
9 0000 UTC 24 Jan 1999 6.454
10 0000 UTC 5 Jan 1997 6.285
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TABLE 4a. Top 10 Jan total normalized departures from climatology.

Rank Date \V/ E— Event type and description Event references
1 0000 UTC 9 Jan 1956 4.950 The Great Atlantic Low Ludlum (1956)
2 1200 UTC 15 Jan 1995 4.722 Deep Gulf of Mexico storm
3 1200 UTC 11 Jan 1975 4.566 Severe Minnesota blizzard
4 1200 UTC 8 Jan 1998 4.536 NE U.S./SE Canada icestorm J. Gyakum and P. Sisson (1999, personal
communication); DeGaetano (2000)
5 1200 UTC 8 Jan 1958 4.356
6 1200 UTC 19 Jan 1977 4.340 Historic Florida freeze Schwartz (1977)
7 1200 UTC 19 Jan 1996 4.307 NE U.S. flooding/snowmelt Leathers et al. (1998)
8 0000 UTC 10 Jan 1978 4.260 Deep NE U.S. storm
9 1200 UTC 26 Jan 1978 4.179 Cleveland superbomb Gaza and Bosart (1990); Hakim et al.
(1995, 1996)
10 1200 UTC 22 Jan 1959 4.176 Severe E. U.S. snow-/icestorm Treidl (1959)
TABLE 4b. Top 10 Feb total normalized departures from climatology.
Rank Date \V/ E— Event type and description
1 0000 UTC 4 Feb 1970 4.201
2 0000 UTC 12 Feb 1981 4.041 Extreme amplitude E. U.S. trough
3 0000 UTC 12 Feb 1999 3.892
4 1200 UTC 3 Feb 1998 3.863
5 0000 UTC 23 Feb 1981 3.788
6 1200 UTC 10 Feb 1966 3.728
7 1200 UTC 13 Feb 1962 3.710
8 1200 UTC 21 Feb 1953 3.701
9 0000 UTC 21 Feb 1955 3.598
10 0000 UTC 24 Feb 1989 3571
TABLE 4c. Top 10 Mar total normalized departures from climatology.
Rank Date \V/ E— Event type and description Event references
1 0000 UTC 14 Mar 1993 4576 Superstorm of 1993 Kocin et a. (1995); Dickinson et al. (1997)
2 1200 UTC 17 Mar 1983 4.464 L ow-latitude intense cyclone Dickinson et al. (1997)
3 1200 UTC 11 Mar 1996 3.931
4 0000 UTC 16 Mar 1990 3.856 NE U.S. heat/SE U.S. flooding
5 1200 UTC 21 Mar 1958 3.789 Heavy NE elevation snowstorm  Ludlum (1958b)
6 0000 UTC 7 Mar 1987 3.781 North-central/NE U.S. heat wave
7 1200 UTC 4 Mar 1991 3.725
8 0000 UTC 18 Mar 1973 3.634
9 1200 UTC 5 Mar 1964 3.617
10 1200 UTC 23 Mar 1968 3.593
TaBLE 4d. Top 10 Apr total normalized departures from climatology.
Rank Date \V/ E— Event type and description
1 1200 UTC 28 Apr 1997 4.133
2 0000 UTC 1 Apr 1987 3.911 SE U.S. record cold outbreak
3 0000 UTC 30 Apr 1953 3.904
4 1200 UTC 14 Apr 1980 3.766
5 0000 UTC 29 Apr 1992 3.731
6 1200 UTC 5 Apr 1977 3.723
7 0000 UTC 17 Apr 1984 3.721
8 0000 UTC 12 Apr 1988 3.706 S Appalachian snowstorm
9 1200 UTC 18 Apr 1983 3.680
10 1200 UTC 30 Apr 1996 3.580

sociated with a damaging November 1950 snow- and Many rare storms (bottom half of Table 2) do not
windstorm that produced surface windsin excessof 100 have top-ranked moisture anomalies (Table 3d) because
mph from New York City through New England (Bristor they are deep cutoff cyclones at lower latitudes (where
1951). climatological mean moisture values are highest) with-
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out a significant positive moisture anomaly. The largest
moisture anomaly values occur at high latitudes (greater
than 40°N) in the winter when climatological mean val-
ues are lowest but variability is large. Examination of
the top 10 moisture anomalies (M,,o,sr, Table 3d) of the
past 53 years reveals many very familiar events. Fourth
ranked is the infamous Northeast (post-1996 blizzard)
snowmelt and flooding of January 1996 (Leathers et al.
1998). Another recent event of interest (ranked third)
is the major Northeast and Canada icestorm of 1998
where many went without electricity for weeks, includ-
ing 10% of the Canadian population (J. Gyakum and P
Sisson 1999, personal communication; DeGaetano
2000). The severe Minnesota blizzard of 1975, often
caled the northern plains’ ‘““storm of the century,”
shows up in the list as the fifth-highest My,o,sr Value.

Nearly half of the events listed in Tables 3a—d do not
make the top 20 total anomalies (Table 2). This suggests
that it is exceptionally rare for a pattern to develop
where each of the four variables simultaneously
achieves extreme levels. For example, in many cases
where M gye and M, gcnr @€ large (e.g., as a result of
a deep trough), values of absolute moisture are usually
less (since the atmosphere is colder than average and
fast flow precludes development of large, sustained
moisture anomalies) and thus M,,q,s; is smaller. This
limiting relationship between M;zyp and My, o5 1S fur-
ther dictated by the nonlinear relationship between sat-
uration vapor pressure and temperature.

3) Tor 10 ANOMALIES BY MONTH

When the rankings are expanded to the top events by
month (Tables 4a-l), a great many additional well-
known events appear. Such monthly analysis gives a
more detailed perspective on what types of record events
(and of what magnitude) occur during each month, and
how they vary from month to month. This monthly
breakdown is also significant because there is a clear
monthly bias in Table 2, with most spring and summer
months greatly underrepresented.

Top monthly ranked significant winter eventsinclude
two intense coastal storms of late December 1997 (Table
4l). Impressively, all 10 top January events (Table 4a)
are found in Table 2. Conversely, however, there are
surprisingly few memorable events in the top 10 Feb-
ruary anomalies, a result that has no clear meteorolog-
ical explanation. Top-ranked springtime events are pre-
dominantly record-setting cold or heat waves, or the
occasional late season intense cyclone. As mentioned,
while not included here, the largest summertime anom-
alies are major tropical cyclones. However, for those
summer events included here, top ranked are the major
flood and severe weather outbreak of 1996 (Pearce
1997) and the massive flooding caused by an extra-
tropical Hurricane Agnes (DiMego and Bosart 1982a,b;
Bosart and Dean 1991).

The autumn top-ranked anomalies are the most varied
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in type. Top ranked in October is extratropical storm
Hazel (Knox 1955; Palmén 1958) and a particularly
devastating 1993 early season snowfall along the ele-
vated areas of the Appalachians (Grumm and Nicosia
1997). Also ranked in October is the Halloween storm
of 1991, also known as the ‘“perfect storm” (Cardone
et al. 1996; Junger 1997), and extratropical storm Opal
(1995). In November, two additional cases of interest
are ranked: the aforementioned early season snowstorm

TABLE 4e. Top 10 May total normalized departures from

climatology.

Rank Date Mioral
1 0000 UTC 28 May 1973 4131
2 1200 UTC 15 May 1976 4.076
3 1200 UTC 7 May 1992 3.864
4 0000 UTC 7 May 1982 3.781
5 0000 UTC 26 May 1979 3.718
6 0000 UTC 13 May 1960 3.656
7 0000 UTC 6 May 1950 3.636
8 1200 UTC 20 May 1994 3.632
9 1200 UTC 17 May 1984 3.585

10 1200 UTC 29 May 1953 3.573
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TaBLE 4f. Top 10 Jun total normalized departures from climatology.

Rank Date \V/ E— Event type and description Event references
1 0000 UTC 13 Jun 1990 4.030
2 1200 UTC 29 Jun 1981 3.996
3 1200 UTC 27 Jun 1974 3.984 Transitioned subtropical storm
4 1200 UTC 23 Jun 1972 3.974 Extratropical storm Agnes DiMego and Bosart (1982a,b); Bos-
art and Dean (1991)
5 0000 UTC 4 Jun 1955 3.957
6 1200 UTC 11 Jun 1955 3.914
7 0000 UTC 27 Jun 1985 3.775
8 1200 UTC 28 Jun 1957 3.664
9 1200 UTC 2 Jun 1984 3.641
10 1200 UTC 10 Jun 1977 3.582
TABLE 4g. Top 10 Jul total normalized departures from climatology.
Rank Date Y/ — Event type and description Event references
1 1200 UTC 14 Jul 1990 3.906
2 1200 UTC 13 Jul 1975 3.653
3 0000 UTC 2 Jul 1988 3.622 NE U.S. record Jul cold
4 1200 UTC 28 Jul 1994 3.567
5 0000 UTC 12 Jul 1979 3.558
6 1200 UTC 20 Jul 1996 3.535 NE U.S. severe outbreak Pearce (1997)
7 1200 UTC 15 Jul 1967 3.534
8 1200 UTC 10 Jul 1963 3.525
9 0000 UTC 6 Jul 1993 3.499
10 0000 UTC 11 Jul 1983 3.485
TABLE 4h. Top 10 Aug total normalized departures from climatology.
Rank Date Mioral Event type and description
1 1200 UTC 22 Aug 1973 4.077 Deep Gulf of Mexico storm
2 1200 UTC 3 Aug 1964 3.811
3 1200 UTC 7 Aug 1950 3.735
4 1200 UTC 17 Aug 1980 3.722
5 1200 UTC 13 Aug 2000 3.589 Deep cutoff and mid-Atlantic flood
6 1200 UTC 26 Aug 1951 3.528
7 1200 UTC 21 Aug 1961 3.505
8 1200 UTC 3 Aug 1989 3.497
9 1200 UTC 4 Aug 1956 3.496
10 1200 UTC 11 Aug 1954 3.391
TABLE 4i. Top 10 Sep total normalized departures from climatology.
Rank Date MroraL Event type and description Event references
1 1200 UTC 19 Sep 1981 3.793
2 1200 UTC 23 Sep 1989 3.598 Extratropical storm Hugo and early snow Abraham et al. (1991)
3 0000 UTC 5 Sep 1997 3.588
4 1200 UTC 26 Sep 1982 3.562
5 0000 UTC 4 Sep 1998 3.546
6 0000 UTC 24 Sep 1994 3.516
7 1200 UTC 24 Sep 1975 3.514
8 1200 UTC 6 Sep 1988 3.436 3-day record cold wave
9 1200 UTC 22 Sep 1983 3.423
10 1200 UTC 13 Sep 1951 3.396

in 1966 and arecord cold outbreak of 1989. Thisrecord b. Temporal variability

cold outbreak followed a massive severe thunderstorm

outbreak and derecho in the northeast United States In the public mindset, the severity of awinter season
(NOAA 1989; Ruscher and Condo 1996a,b). is usually most greatly related to amount of snowfall,
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TABLE 4j. Top 10 Oct total normalized departures from climatology.

Rank Date Miorac Event type and description Event references

1 0000 UTC 16 Oct 1954 4.391 Extratropical storm Hazel Knox (1955); Palmén (1958)
2 1200 UTC 31 Oct 1993 4.232 E U.S. elevation blizzard Grumm and Nicosia (1997)
3 0000 UTC 20 Oct 1989 4.179 SE U.S. record cold and snow
4 1200 UTC 25 Oct 1959 3.915
5 1200 UTC 30 Oct 1991 3.856 The “*perfect storm” Cardone et a. (1996); Junger (1997)
6 0000 UTC 6 Oct 1995 3.782 Extratropical storm Opal
7 1200 UTC 13 Oct 1997 3.699
8 1200 UTC 9 Oct 1952 3.631
9 0000 UTC 15 Oct 1955 3.598

10 1200 UTC 17 Oct 1994 3.589

TaBLE 4k. Top 10 Nov total normalized departures from climatology.
Rank Date Miorac Event type and description Event references

1 0000 UTC 26 Nov 1953 4.396
2 1200 UTC 2 Nov 1966 4.145 Heavy central Appalachian snowstorm
3 0000 UTC 21 Nov 1952 4.081 Record appalachian snowstorm Ludlum (1952)
4 0000 UTC 17 Nov 1989 4.005 NE cold after severe outbreak Ruscher and Condo (1996a,b)
5 1200 UTC 12 Nov 1968 3.937 Severe coastal storm
6 1200 UTC 5 Nov 1950 3.895
7 0000 UTC 26 Nov 1950 3.850 Historic E U.S. storm Bristor (1951)
8 1200 UTC 20 Nov 1954 3.790
9 0000 UTC 4 Nov 1951 3.787 E U.S. autumn snowstorm Ludlum (1951)

10 1200 UTC 18 Nov 1958 3.746

TABLE 4l. Top 10 Dec total normalized departures from climatology.

Rank Date Miorac Event type and description
1 1200 UTC 28 Dec 1980 4.469 Deep Carolina coastal low
2 1200 UTC 22 Dec 1972 4.199 Deep Gulf of Mexico storm
3 1200 UTC 11 Dec 1950 4.192
4 0000 UTC 16 Dec 1992 4.101
5 1200 UTC 14 Dec 1997 4.084 Deep Gulf of Mexico storm
6 1200 UTC 11 Dec 1967 3.985 Deep Gulf of Mexico storm
7 0000 UTC 10 Dec 1957 3.926
8 0000 UTC 15 Dec 1953 3.923
9 0000 UTC 30 Dec 1997 3.922 Intense NE coastal storm

10 0000 UTC 11 Dec 1981 3.804

the length of time that snowfall remained on the ground,
the degree of public preparedness, and the paralyzing
nature of the storm. While these factors are clearly im-
portant societal and economic issues, they do not de-
scribe objectively the variability of past extreme events.
However, using the historical database of calculated
M;oral Values, we can examine more objectively wheth-
er earlier decades were indeed a time of greater fre-
quency of extreme events.

1) ANNUAL CYCLE

This methodology described in section 2 accounts for
the typical synoptic-scale variability found throughout
the year. Thus, a cyclone of a fixed departure from av-
erage will produce a larger normalized anomaly in the
summer than it will in the winter. However, the distri-
bution of events leading to the calculation of mean and
standard deviation is most greatly dominated by events

within one standard deviation of average (Fig. 1b). Rare
or extreme events are few in number and do not impact
the mean or standard deviation significantly. Therefore,
the frequency of occurrence of rare events (anomalies
more than 4 standard deviations from average) can be
nearly independent of the annual cycle of the standard
deviation (Fig. 2b). Consequently, rare event frequency
and magnitude will still vary throughout the year.
Figure 5a shows the monthly frequency distribution
of events having an M., value of 4 or greater. A clear
maximum in frequency exists during the winter with a
minimum during the summer. Although major depar-
tures from climatology are still possible in the summer,
the magnitude of Mo, typically cannot reach 4 or
greater because the nonlinear processes that |ead to such
great anomalies (baroclinic cyclogenesis, frontogenesis,
advection, and shear) are greatly limited in the summer.
Thus, athough the atmosphere is more variable in the
winter (and this increased variability is accounted for
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Fic. 6. Interannual frequency of extreme activity for the period
1948-2000. Shaded frequency plotted is the number of monthly top
10 events occurring by year (see Table 4). The solid line is a 5-yr
running mean.

in section 2), the winter season will still produce the
greatest normalized anomalies. A moreresistant statistic
illustrating the annual cycle would be the 10th highest
monthly Mg, Value (Fig. 5b). A similar cycle exists,
with a maximum of Mg, in the winter season and a
minimum in the late summer.

2) INTERANNUAL VARIABILITY AND CLIMATE
INDICES

In section 3b(1) considerable seasonal variability in
the occurrence of rare anomaly events (Fig. 5) was
found. We next examine how the occurrence of rare
events varies from year to year, and whether specific
decades were more prone to experiencing these extreme
events (Fig. 6). There are randomly spaced periods of
2-4 yr of alternating above average and below average
record events, athough no regular short-term cycle of
variability is evident. The approximate decadal trend,
however, can be seen when a 5-yr running mean (solid
line in Fig. 6) is applied to the time series in Fig. 6.
The 1950s were a decade of above average frequency
of monthly top 10 events, with the 1960s and early
1970s showing a clear decline in the frequency of
monthly top 10 events. With the exception of the middle
1980s, the period from 1980 through 1999 was a period
of increased activity of rare events. Certainly the period
of record here is not sufficiently long to determine de-
finitively a decadal signal. However, there is strong ev-
idence in Fig. 6 that there are long-term patterns to the
frequency of rare event frequency. The maximum of
rare event frequency in the 1950s (when data density
was at a minimum) offers support that this long-term
cycle in event frequency is a true atmospheric trend
rather than an artificial one solely associated with a
change in data density.
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Thus far we have focused on the frequency distri-
bution of extreme events. This is a narrow percentage
of the total distribution of events (Fig. 1b). Since ex-
treme events are so rare, the impact of climate signals
and patterns may be elusive thus far. Further insight
may be gained by examining the full 53-yr time series
of anomaly magnitude when the annual cycleisremoved
through a 365-day running mean (Fig. 7). If the only
periodicity within Fig. 7 were the annual cycle, then
Fig. 7 would exhibit a nearly flat distribution. However,
when we remove the annual cycle in this fashion, we
find regular interannual and decadal cyclesremain (Figs.
7a—€). Figures 7a—d displays the 53-yr time series of
each of the four component anomalies: M, ciciry Mrevps
Mwino, @nd My, respectively. The corresponding
Miora. Value is shown in Fig. 7e. Maxima in activity
are found in the middle 1950s, again in the early 1980s,
and after 1995 (Fig. 7€). A sustained period of decreased
activity is found in the 1960s and 1970s and again in
the late 1980s and early 1990s.

The trend in Myt (Fig. 7d) has an additional long-
term trend that is not seen in the other three components
(MHEIGHT1 MTEMF’! and MWIND)' Prior to 1960, MMOIST is
large but steadily decreasing, followed by an extended
period of below average M,,,sr until 1978. After 1978,
aperiod of generally above average M, iS Observed.
While this suggests a long-term periodicity (>30-40
yr), clearly the 53-yr analysis period is not long enough
to conclusively determine this climate-scale moisture
periodicity and its potential sources (e.g., oceanic sa-
linity and temperature cycles).

In addition to the decadal trends found in Figs. 7a—e,
there is also strong evidence of interannual trends. In
each of the panels, irregularly spaced periods of 2-5 yr
are suggested. Based upon previous research into inter-
annual variability in temperature and precipitation pat-
terns across North America and Europe (van Loon and
Rogers 1978), a comparison of M;or.,. (Fig. 7€) to the
PNA, NAO, and Southern Oscillationindex (SOI) indices
(Figs. 7F-h) appears warranted. The climate index data
were obtained from the NCEP Climate Prediction Center
(CPC) (which is available online http://www.cpc.ncep.
noaa.gov/data/indices/). The respective correlations be-
tween M. 4., and each climate index are given asthe R
value in each of the three panels. Expectedly, the NAO
has dlight correlation (—0.21) with M;gra, - Asthe NAO
becomes increasingly negative, the polar jet stream over
North America becomes increasingly meridional. Asthis
happens, the likelihood for a larger M;gra, iNCreases,
giving the weak negative correlation. The SOI also has
a margina correlation (—0.22), which suggests that as
the SOI becomes increasingly negative (stronger El
Nifio), the activity over the domain (Mg, ) increases
dlightly. However, this correlation is again weak (R? val-
ues are at most 0.05), which suggests that neither NAO
or SOI separately explain more than 5% of the observed
variahility in Mg, - Further, when atime-lag correlation
(varying between +6 and —6 months) was applied to
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Fic. 7. The 53-yr distribution of anomaly magnitude for each of the four components of
Mrorac: (a) Mugcrrs (b) Mreve, (C) Muino s and (d) Myoisr- (e) Distribution of Moorac itself,
which is the average of the four previous components. Climate indices: (€) Pacific-North Amer-
ican index (PNA), (f) North Atlantic oscillation (NAO), and (g) Southern Oscillation index
(SQlI). The R values printed on each panel are calculations of the correlation between M;gra,
and each climate index. A 1-yr running mean smoother has been applied to each time series

to remove the annual cycle in each.

the SOI, NAO, and PNA time series, correlations with
M;ora. did not improve significantly and, in most, cases,
decreased. Therefore, while the NAO and SOI do mod-
ulate the daily extreme activity in eastern North America,
the modulation is minimal compared to the natural at-
mospheric variability on shorter (synoptic) timescales.
Therefore, we are left with the finding that 90%—95%
of the observed daily M, Variability across eastern
North America cannot be explained by the PNA, NAO,
or SOI. This represents a significant result, since several
media reports have argued that ENSO in particular did
contribute significantly to the apparent increase in se-
vere weather across North American during the late
1990s. However, the analysis performed in Fig. 7. ex-
amines the complete cycle of activity for a 53-yr period
and thus represents a more robust analysis than the ex-

amination of a few individual events. The correlation
in Fig. 7h states that, as measured by Mo, Synoptic
periods of both extreme activity and extreme inactivity
are equally as likely to occur during periods of El Nifio
as they are during periods of La Nifia. The natural syn-
optic-scale variability, chaotic nature of the atmosphere,
and the scale mismatch between the long-term ENSO
and the shorter-term synoptic-scale M., measurement
are possible reasons for why 90%—95% of the variability
in Fig. 7e cannot be explained by long-term climate
indices.

In the first five panels of Fig. 7, a dramatic increase
in the anomaly magnitudes is observed late in 1994 or
early in 1995. Since the data assi milation approach used
in the generation of the NCEP reanalysis dataset is a
consistent one, such an increase cannot be explained as
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at an expected return period. Titles at the top of the figure illustrate
the qualitative relative comparison of event frequency.

a methodology change. However, there was a dramatic
increase in the availability of satellite-derived measure-
ments in the 1990s. Such an abrupt sustained increase
in anomaly magnitudes may be explained by the sudden
inclusion of this additional data source. The impact of
this additional dataset could be determined by perform-
ing the reanalysis without the inclusion of satellite-de-
rived data, atask beyond the scope of this paper. While
there was a simultaneous change in the NAO index at
that time (Fig. 7), it is hard to argue that a change in
the long-wave hemispheric pattern was solely respon-
sible for the M;q;, jump Since many previous jumps
in NAO in prior decades were not associated with sim-
ilar large swings in M;gra, (Fig. 7).

3) RETURN PERIODS

Given the extent of the database (over 30 000 12-h
periods during 53 yr), the expected return periods as-
sociated with an M., Of a given magnitude can be
approximated (Fig. 8). A bin width of 0.1 standard de-
viation for each 12-h M., Was used. For simplicity,
in this analysis all non—tropical cyclone 12-h periods
are included; consequently, the issue of data redundancy
(and event double counting) is necessarily present and
not easily resolved given the continuum of synoptic-
scale system evolution. The most common (shortest re-
turn period) single M;q;A, Vaue is 2.2 standard devi-
ations. Thus, at any given time we are most likely to
find an M;o;4, Of 2.2 standard deviations from average
across the domain. As M., decreases, the return pe-
riod increases very rapidly. An M;o;,, Of 1.3 standard
deviations represents the least active weather found in
the dataset with areturn period of over 4 yr. An Migra.
of less than 1.3 standard deviations has never been ob-
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served in the 53-yr period. It is difficult to produce a
pattern that supports ‘‘near average’ conditions si-
multaneously everywhere in the domain (M;gra. < 1).

Similarly, asthe My, increases beyond 2.2 standard
deviations, the return period increases (Fig. 8). AN Mg,
of 3 standard deviationsis observed approximately every
month, 4 standard deviations every 4-5 yr, and 4.5 stan-
dard deviations every 15 yr (only three times in this
dataset period; see Table 2). We can well represent the
return period (Fig. 8) as a function of M;4;,, USINg two
piecewise curves (not shown). Extrapolation of the func-
tion gives a return period of 80 yr for an Mg, Of 5
standard deviations and over 400 yr for an M, Of 5.5
standard deviations (both M., Values as yet unob-
served in this dataset). A once-a-millennium event would
be an M;gra, Of 5.75 standard deviations. All these ex-
trapolations assume that the climate defined by w, o in
(1) does not change. The distribution shown in Fig. 8
also can be well represented by a gamma function dis-
tribution (not shown).

4. Application of rankings to forecast events

This analysis provides the reader with an objective
historical context for synoptic-scale events. The utility
of thisanalysisisfurther enhanced if these rankings can
be compared to future events, as forecast by numerical
models. Accordingly, the National Weather Service in
State College, Pennsylvania, is producing real-time
forecasted anomaly fields based upon the Eta, Aviation
(AVN), Pennsylvania State University—National Center
for Atmospheric Research fifth-generation Mesoscale
Model: and Medium Range Forecast (MRF) ensemble
models. These forecast anomaly fields show the forecast
evolution of anomaly magnitude (similar to the analyses
in Figs. 3 and 4) out to 15 days in the future. Further,
the MRF-forecasted values of M;zyp, Mugicirs Muwins
Myoist» @ad M;ora, @re made available out to 7 daysin
the future (example shown in Fig. 9).

One important caveat that should be stressed is that
of grid resolution. While the climatology was devel oped
using 2.5° resolution fields, mesoscale model output is
of much higher resolution and able to resolve stronger
gradients, extrema, and anomaly magnitudes. Conse-
quently, anomaly fields derived from model output have
a significant grid resolution dependence. The authors
have found from experience that the high-resol ution Eta,
MMS5, and AVN analyses produce maximum anomaly
magnitudes 0.5 to 1 standard deviation larger than the
2.5° reanalysis produce for the same event in the post-
analysis. Such differences occur most often for the wind
and moisture calculations, where grid resolution has the
largest impact. These caveats must be taken into account
when examining the forecast anomaly fields available
online (cited above). Acknowledging thisissue, thefore-
cast time series of Mreves Mugigirs Mwino, Muoists and
Miora (Fig. 9) are produced for the 2.5° operational
MRF output. This MRF output has a resolution that is
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Fic. 9. Example real-time MRF 2.5° resolution forecast of M, and its components.

consistent with the reanalysis dataset and most reliably
compared to the historical rankings shown here.

5. Concluding summary

A method has been proposed for objectively ranking
extreme synoptic-scal e events over eastern North Amer-
icaby comparing gridded NCEP reanalyses to local cli-
matological means and variability. The maximum full-
troposphere departures from climatology for height,
temperature, wind, and moisture fields (Mygcrrs Mrewps
Mwinos Muoists respectively) are averaged to produce
an objective ranking (M., ). This method successfully
identifies and ranks rare or extreme synoptic-scale
events. An event having an Mg, Of 2, 3, 4, or 4.5
standard deviations from average is said to be meteo-

rologically significant, unusual, rare, or extreme, re-
spectively. An Mo, Of 4.6 or greater (historic) has
been observed only three times in the 53-yr period; an
M+oraL Of 5 has not been observed since the start of the
reanalysis project (1948).

While the state of the atmosphere required to produce
these eventsis unusual (extremely large amplitudelong-
wave troughs at low latitudes, occasionally with cutoff
cyclones), the resulting weather observed from these
major climatological anomalies varies considerably de-
pending on the time of year and the temperature of the
lower atmosphere with respect to freezing. Thus, the
method employed here cannot be used to identify the
storms that most greatly impacted the population. Ac-
cordingly, that was not the intent of the paper. The meth-
od does, however, provide away to objectively compare
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anomalous events to determine the rarity of the event,
minimizing the biases of land-based observational net-
work density, population density, elevation, and time of
year.

We must acknowledge that the decreased observa-
tions over oceanic areas produce a land versus ocean
anomaly representation bias that cannot be removed by
the current approach. However, by using the reanalysis
dataset (which includes satellite-derived measurements
of wind, temperature, and moisture over the otherwise
data-sparse oceanic areas), asignificant effort was made
to reduce the magnitude of this bias. Finaly, the tem-
porally changing density of data availability must be
remembered when comparing analyzed anomaliestoday
to those prior to the introduction of moored buoys
(1970s) and satellite-derived products (1990s).

The temporal distributions of rare meteorological
events were examined. Rare events are far more likely
in the late fall through early spring, when baroclinic
instability and a concurrent meridional jet stream allow
for large departures from climatological averages. How-
ever, the NAO index appears to have only a marginal
correlation to the observed frequency of M;gra, (R =
—0.21). The SOI index has a similar marginal corre-
lation (R = —0.22). Such low correlations suggest that
these climate measurements describe less than 5% of
the observed variability in Mo, , l€aving 90%—95%
of the observed variability unexplained using the con-
ventional climateindices. The M4, Valuegivesamea
surement of departure from climatology on the synoptic
scale, while climate indices such as ENSO, PNA, and
NAO give measurements of planetary wave scale de-
partures from climatology. The planetary-scale wave
pattern dictated by ENSO, PNA, and NAO may mod-
ulate slightly the occurrence of large Mo, €vents but
does not cause or prevent them from occurring.

There do appear to be long-term trends in the fre-
guency of extreme events. The 1950s represent adecade
when monthly top 10 events were more frequent than
average, with the 1960s and 1970s being decades of
relative inactivity. The 1980s and 1990s, however, were
two decades of dramatic increase in frequency of month-
ly top 10 events. Although the changing data density
over the 53-yr period introduces uncertainty into these
decadal trends, the increased activity during the 1950s
and dramatically decreased activity during the 1960s
suggests that the decadal trends are likely a real at-
mospheric cycle and not a consequence of data density.

As future anomalous events occur, the rankings will
be updated using the monthly updated reanalyses fields
provided by the National Oceanic and Atmospheric Ad-
ministration/Cooperative Institute for Research in En-
vironmental Sciences (NOAA/CIRES) through the Cli-
mate Diagnostics Center (CDC). Updatesto therankings
shown in Tables 2—4 will be made available online (http:
/leyewall.met.psu.edu.). Further, real-time forecast
fields from the NCEP Aviation, MRF, and Eta opera-
tional models and the local run of the MM5 model are
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being analyzed using the method shown here. Daily
forecast M, time series are also produced. This en-
ables the user to determine analogs and reference mag-
nitudes for upcoming events using the monthly and all-
time rankings provided.

6. Future research

Future research will include evaluating operational
model output to help forecastersidentify potentially sig-
nificant or historic weather events. Forecast products
will be produced to help evaluate weather events by
weather type using the climatological fields and those
from operational numerical models and ensembles of
these models. If these data prove useful, they could
eventually be used in human forecaster and artificial
intelligence applications to help assess the risks for
flooding, damaging winds, record heat or cold, or record
precipitation. Further, future verification methods based
upon climatological departures may provide for a more
stringent method of verification of events.

Finally, through the rankings provided here we hope
that many previously unknown—yet interesting and un-
usual—synoptic-scale events will be studied. Despite
their unusual climatological aspects and meteorological
significance, there are a great many cases in Tables 2—
4 for which areference could not be found outside Storm
Data. As a consequence of those potential case studies
and comparisons, a more complete literature on the
range of extreme weather events would result.
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