Forecasting the
12-14 March 1993
Superstorm
Abstract
This paper describes the decision-making process used by the
forecasters in the National Meteorological Center's Meteorological
Operations Division and in Weather Forecast Offices of the National
Weather Service to provide the successful forecasts of the superstorm
of 12-14 March 1993. This review illustrates 1) the difficult decisions
forecasters faced when using sometimes conflicting model guidance, 2) the forecasters' success in recognizing the mesoscale
aspects of the storm as it began to develop and move along the Gulf
and East Coasts of the United States, and 3) their ability to produce
one of the most successful heavy snow and blizzard forecasts ever
for a major winter storm that affected the eastern third of the United
States.
The successful aspects of the forecasts include the following.
1) Cyclogenesis was predicted up to 5 days prior to its onset. 2) The
unusual intensity of the storm was predicted three days in advance,
allowing forecasters, government officials, and the media ample
time to prepare the public, marine, and aviation interests to take
precautions for the protection of life and property. 3) The excessive
amounts and areal distribution of snowfall were predicted two days
in advance of its onset. 4) An extensive number of blizzard watches
and warnings were issued throughout the eastern United States with
unprecedented lead times. 5) The coordination of forecasts within
the National Weather Service and between the National Weather
Service, private forecasters, and media meteorologists was perhaps the most extensive in recent history.

1. Introduction
On 12-14 March 1993, the eastern third of the
United States was hit by a major winter storm of
historic proportions. The storm produced the most
extensive distribution of heavy snow across the eastern United States in modern times (Kocin et al. 1995);
established numerous low pressure records along the
East Coast; generated coastal flooding that severely
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damaged homes along the Florida, Cuba, and New
York coastlines; spawned tornadoes and damaging
wind squalls throughout Florida, Cuba, and other
Caribbean nations; sank several large container ships
and numerous smaller vessels; produced record-breaking snowfall amounts along the spine of the Appalachians from Birmingham, Alabama, to Syracuse, New
York; and created blizzard conditions that closed
major roadways and stranded thousands of people at
airports throughout the eastern United States. The
severity of the storm was demonstrated by a report
from the Department of Commerce that attributed
much of the economic downturn for the first quarter of
1993 to the occurrence of this storm and its impact
over such a large geographical domain.
The 12-14 March 1993 superstorm ranks with, or
perhaps exceeds, the magnitude of other storms that
have buried the eastern United States with winddriven heavy snows, such as the March blizzard of
1888 (Kocin 1983), the East Coast blizzard of February 1899 (Kocin et al. 1988), the New York City Big
Snow of December 1947 and the Lindsay Storm of
February 1969 (Kocin and Uccellini 1990), the New
England snowstorm of February 1978 (Brown and
Olson 1978), the Presidents' Day storm of February
1979 (Bosart 1981; Uccellini et al. 1984), and the
Megalopolitan snowstorm of February 1983 (Sanders
and Bosart 1985). With the exceptions of the 1899,
1978, and 1983 storms, these and other major East
Coast storms have become notorious for their lack of
predictability, even as heavy snows enveloped the
major cities along the coast (see, e.g., Kocin and
Uccellini 1990). The generally poor forecasts have
contributed to a public perception that these weather
systems are either unpredictable and/or the forecasters do not know what they are doing, a perception that
survives even the good forecasts.
In contrast to many of the previous major storm
events, the overall forecast for the March 1993
superstorm was very successful, as illustrated by the
front page of the Boston Herald newspaper (Fig. 1)
published on the morning prior to the storm's arrival.
The paper's emphasis on the potential for severe
winter weather, expected impacts of the storm, and
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FIG. 1. Headline from the Boston
1993. Reprinted with permission.

Herald newspaper, Boston, Massachusetts,

the emergency preparedness taken in anticipation of
the onset of a "meteorological bomb" indicates how
seriously the forecasts were taken by the media and
general public for this case. Furthermore, the general
public and media generally acknowledged and praised
the public and private weather forecasters for their
accurate snow and blizzard forecasts and cited the
importance of these forecasts for facilitating emergency preparedness actions (NOAA 1994). The suecessful forecasts for the March 1993 superstorm could
prove to be a turning point in dispelling the public
perception about the inability to forecast major coastal
winter storms. More importantly, the overall performance of the public and private forecasters could
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ultimately represent an important milestone in what has been
an ongoing long-term effort to
transform weather forecasting
from a subjective blend of observations and interpretations to
an intricate process based on
mathematics and applied physics.
Over the past 40 years, the
forecast process has evolved to
a "forecaster-machine" mix that
today involves more extensive
observations; model-based data
assimilation systems; global and
regional numerical models;
model output statistics (MOS);
forecaster interpretations of numerical model forecasts; production of national guidance products; coordination of the guidance products with local forecasters; production of local forecasts by government, private,
and media meteorologists; and
the timely coordination of
watches and warnings with local
officials prior to and during severe weather situations. The evolution of the forecast process
toward a forecaster-machine
mix has been based on the introduction and subsequent improvements in numerical models and model-based data assimilation schemes (see, e.g.,
Bonner 1989). It has also depended on the ability of fore-
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output and the MOS, recognizing the strengths and weaknesses of each, and to then make a judgment on the
most probable solutions (Stokols et al. 1991; Funk
1991; Tracton 1993). The steady improvement in
manual forecast scores, which have maintained their
edge over the model mean sea level pressure (MSLP)
and quantitative precipitation forecasts (Stokols et al.
1991; Tracton 1993; Uccellini et al. 1994), is thus
based on a number of factors, not the least of which is
the forecasters' ability to work with the new observations, model data, and derived products with increasing skill and confidence.
The purpose of this paper is to describe the successes and shortcomings of the forecast process
discussed above as it applied to the superstorm of 12Vol. 76, No. 2, February 1995
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14 March 1993. A brief synoptic overview is presented
in section 2. The performance of the forecasters in the
Meteorological Operations Division (MOD) of the National Meteorological Center (NMC) priorto and during
this storm is described in section 3. This section
highlights the actions taken by the forecasters who
had to make important forecast decisions despite the
sometimes conflicting numerical guidance available
for their use. In section 4, the actions of local National
Weather Service (NWS) forecasters are discussed to
illustrate the unprecedented effort that was made to
provide forecasts, watches, and warnings with enough
lead time for local officials to take appropriate action to
protect life and property. The impact of the new WSR88D radars on the forecast process at the local forecast office in Washington, D.C., is also described in
section 4. A summary is provided in section 5.

panhandle. By 1200 UTC 13 March, the central sea
level pressure had decreased to 971 mb as the low
moved into southeastern Georgia. By this time, blizzard conditions and very heavy snows were occurring
to its north and west, severe convective storms were
occurring to its south and east, and a 3-4-m storm
surge was inundating the northwest Florida coast.
During the following 24 h, the storm moved rapidly
to the northeast, continued to deepen to 960 mb over
the Delmarva Peninsula at 0000 UTC 14 March, and
then began to fill as it propagated toward the Maine
coast by 1200 UTC 14 March (Fig. 2). The storm track
was slightly inland of the coastline so that the heaviest
snowfall fell west of the coastline from northern Alabama to central New York (see Kocin et al. 1995; Fig.
1). Along the spine of the Appalachian Mountains, as
much as 30 to 50 in. (75 to 125 cm) of snow fell,
accompanied in some instances by wind gusts of 30 to
40 m s_1. The major northeastern urban centers from
Washington, D.C., to Boston generally received snow2. Overview of the 12-14 March
fall accumulations of 10 to 12 in. (25 to 30 cm), with
superstorm
snowfall totals reduced somewhat by a changeover to
The synoptic and mesoscale aspects of the ice pellets and a brief period of rain.
superstorm of March 1993 are described in the companion paper by Kocin et al. (1995) and will only be 3. MOD forecast guidance products
briefly reviewed here. The cyclone developed in the
western Gulf of Mexico on 12 March 1993 and by 1200
MOD is the primary national analysis and forecast
UTC had deepened to 1000 mb just east of the Texas center
NWS, providing hundreds of guidance prodcoast (Fig. 2). The low rapidly intensified from this ucts toofweather
forecasters throughout the United
point as it moved northeastward toward the Florida States and around
the world (Corfidi and Comba
1989). The MOD utilizes information from three global
models, the Medium-Range Forecast Model (MRF),
the European Centre for Medium-Range Forecasts
Model (ECMWF), and the United Kingdom Meteorology Office Model (UKMET), and three regional-scale
numerical models to produce medium-range (3-5
day) and short-range (12-h to 2-day) forecasts that are
used for general, aviation, and marine interests. Given
the availability of several models, the day-to-day uncertainties of the model forecasts, and the intermodel
variability, the subjective evaluations and interpretations made by MOD forecasters represent an essential component of a forecast process that attempts to
unify and coordinate the local forecasts made by
public and private meteorologists (McPherson and
Olson 1991; Tracton 1993). In this section, the medium-range and short-range forecasts for the March
1993 superstorm and the associated decision-making
processes are described.
FIG. 2. Storm track with 12-h positions, central sea level pressure
(mb), and total snowfall (cm) with selected amounts (from Uccellini
etal. 1994).
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a. Medium-range guidance
The numerical forecasts produced by the MRF
global model, as summarized in a companion paper
(Caplan 1995), provided indications that a major win185
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FIG. 3. The 5-, 4-, and 3-day manual surface fronts and isobar forecasts issued by the MOD Weather Forecast Branch based on the 132-,
108-, and 84-h MRF and UKMET model forecasts and the 144-, 120-, and 96-h ECMWF forecasts. The forecasts are valid at 1200 UTC
13 March (left) and 1200 UTC 14 March (right). The U, E, and M notations refer to UKMET, ECMWF, and MRF forecast positions of the
surface cyclone with the last two digits representing central pressure (E94 = 994 mb from the ECMWF). Solid, dashed, and dot-dashed
lines on rhs refer to forecast tracks of the surface cyclone from their respective models.

ter storm would develop along the East Coast as early
as 5 to 6 days prior to the event. These early indications were initially greeted by the forecasters with
some skepticism about whether there would be major
East Coast cyclogenesis. This skepticism was fostered during February and early March 1993, when 4and 5-day numerical model forecasts indicated the
186

potential for major cyclogenesis along the East Coast
on several occasions. However, these systems verified as relatively weak cyclones that tracked farther
inland than earlier indications or relatively strong cyclones that proceeded on a track much farther to the
south, allowing them to pass out to sea without much
effect on the East Coast.
Vol. 76, No. 2, February 1995
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FIG. 4. The 5-, 4-, and 3-day conditional probability of snow (CPOS), derived from the MRF, valid for the 12-h period ending at 0000 UTC
14 March 1993. Values greater than 45% are shaded.

The early skepticism diminished rapidly as successive MRF model forecasts consistently predicted a
major cyclone along the East Coast by 14 March in
association with the amplification of 1) a major upperlevel trough over the eastern United States and 2) an
associated jet streak over the Great Lakes extending
to the New England coast, although the exact phasing
sequence of several short-wave features varied between model simulations (Caplan 1995). While the
skepticism over the potential for a major storm diminished, the process of making the medium-range forecast for the superstorm was not straightforward.
The 5-, 4-, and 3-day forecasts produced by MOD
forecasters verifying at 1200 UTC 13 and 14 March,
respectively, are shown in Figs. 3a-f. Also included
are the locations and central sea level pressures of the
cyclone predicted by the MRF, UKMET, and ECMWF
models that were available to the MOD forecasters.
Although the manual forecasts are labeled for days 3,
4, and 5, the numerical guidance available to the
forecasters was issued either 12 h earlier (the MRF
and UKMET models) or 24 h earlier (the ECMWF
model). Thus, for example, the 72-h, day 3 manual
forecasts are dependent on 84-h numerical guidance
from the MRF and UKMET and 96-h guidance from the
ECMWF, as shown on Fig. 3.
For the day 5 forecast verifying at 1200 UTC 13
March (Fig. 3a), the MRF predicted a developing
cyclone in the Gulf of Mexico, whereas the other
models predicted a cyclone located much farther north
off the New England coast. The MOD forecasters
used the MRF simulation to predict a developing low
in the southeastern United States.
For the day 4 forecast verifying at 1200 UTC 13
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March, the forecasters continued to follow the MRF
solution, staying with a cyclone developing along the
Gulf Coast. Meanwhile, the UKMET and ECMWF
model solutions were now somewhat closer to the
MRF but still predicted the cyclone to develop too far
north (Fig. 3b). Even three days prior to the event,
model differences were still significant, yet the forecasters continued to predict a 996-mb surface low in
the southeastern United States (Fig. 3c) and then
followed the MRF track to position the developing
storm over New Jersey by 1200 UTC 14 March (Fig. 3e).
The MOD medium-range 3-, 4-, and 5-day forecasts verifying at 1200 UTC 14 March (Figs. 3d—f)
were all consistent in highlighting a major storm along
the East Coast. The depth and location of the cyclone
center predicted by the MOD forecasters represented
a compromise among the various model forecasts.
The storm track was heavily influenced by the MRF
forecasts, which consistently tracked the storm just
inland of the coastline, although there were run-to-run
variations in the depth of the storm's central pressure
(Caplan 1995). The ECMWF and UKMET model forecasts verifying at 1200 UTC 14 March vacillated
between storm tracks located either well inland or
farther out to sea. For example, the UKMET forecast
a 966-mb surface low over Lake Ontario, while the
ECMWF predicted the storm going out to sea (Fig. 3e).
By the following forecast cycle, the ECMWF forecast
a 968-mb surface low over western Pennsylvania,
while the UKMET predicted a storm track well off the
coast (Fig. 3f).
This type of model variability created much consternation among the forecasters as they prepared the
medium-range forecast package on 10 and 11 March,
187
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since the model solutions that tracked the surface low
west of the Appalachians minimized a potential for
significant snow along the eastern seaboard and
shifted the potential for heaviest snow well inland.
Earlier in the winter, the UKMET and ECMWF models
had correctly shifted storms to the west of the Appalachian Mountains for cases in which the MRF kept a
cyclone along the coast. Yet, forecasters' confidence
in following the MRF guidance grew during the week
since the model was not only predicting cyclogenesis
along the East Coast but also predicted the cyclone in
association with a major amplification of the upperlevel trough-ridge pattern and associated intensification of the attending jet streaks that are conducive for
major surface cyclogenesis along the East Coast
(Kocin and Uccellini 1990).
The increasing confidence in forecasting the cyclogenesis, its exact track, as well as the potential for
heavy snowfall was assisted by two new model products: 1) an "ensemble" forecast based on a combination of 14 MRF 10-day forecasts (Tracton and Kalnay
1993) that clearly pointed to an East Coast storm as
the most likely solution (see Fig. 8 in Tracton and
Kalnay 1993), and 2) an MRF-based statistical forecast package (developed by John Jensenius of the
NWS Technique Development Laboratory). The day
5, 4, and 3 forecasts of one of the new statistical
parameters, the conditional probability of snow
(CPOS), valid for 14 March, are illustrated in Fig. 4.
The CPOS consistently displayed a high potential for
a large area of snowfall centered along the Appalachian Mountains with the major metropolitan cities
north of Washington, D.C., remaining above the 50%
probability level for each forecast. These forecasts
culminated with a day 3 forecast of an 85% CPOS for
West Virginia (Fig. 4c) beginning on 11 March. The
combination of a very high CPOS and model-predicted precipitation amounts exceeding 2 to 3 in. (5 to
7.5 cm) over a large domain bolstered forecasters
confidence that a superstorm of historic proportions
would occur on 13-14 March.
Although the models and the medium-range forecasters were successful in alerting the meteorological
community to the likelihood of a massive storm, this
accomplishment was not without some flaws. For
example, the model-based medium-range forecasts
underestimated the rapid cyclogenesis that occurred
over the Gulf of Mexico between 1200 UTC 12 March
and 0000 UTC 13 March. Rather, the guidance packages delayed the most rapid development to a period
after 1200 UTC 13 March as the cyclone moved up the
East Coast. This shortcoming and other mesoscale
considerations of the superstorm proved to be major
challenges to forecasters as the highly anticipated
storm event began to unfold on 11 March 1993.
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b. Short-range guidance
The MRF forecasts initialized on 8-10 March indicated that a short-wave trough and associated jet
streak located along the West Coast by 11 March
would later play a crucial role in the major cyclogenesis. Thus, the receipt of the 1200 UTC 11 March
upper-air analyses caused quite a stir when the aforementioned West Coast short-wave trough and jet
streak system verified almost exactly as predicted
from the earlier model simulations. Forecasters around
the country now eagerly awaited the output from the
various 48-h forecasts from the regional-scale numerical models, including the Limited-Area Fine Mesh
Model (LFM), Nested Grid Model (NGM), eta model
(ETA; Black 1994), and a 72-h forecast from the
aviation run (AVN) of the MRF global model. These
models, initialized at 1200 UTC 11 March, were consistent with the earlier MRF forecasts in predicting the
amplification of the upper-level trough over the southeast United States on 12 March as a precursor to a
major cyclone event for the East Coast.
Given the increasing likelihood of a major event,
decisions were made within the MOD to initiate storm
summary statements. These statements were released at 6-h intervals to the meteorological community to convey the growing conviction of the great
potential this storm displayed. The terms "unusually
severe" and "perhaps record-breaking" were used in
the first statement released at 2200 UTC Thursday 11
March. The 1600 UTC storm summary statement
stated the storm could be "of historic proportions along
the East Coast with potentially record setting snows
over the interior portions." Following these statements,
phone calls from the media increased dramatically
and the difficult task of conveying the confidence of the
NWS forecasters without appearing to overemphasize the storm began.
An additional action taken to facilitate the coordination of NMC and other NWS forecasts was the initiation of the Hurricane Hotline, a phone link that is often
used in hurricane situations. Over the hotline, forecasters from MOD and NWS local Weather Forecast
Offices (WFOs) along the East Coast exchanged
information and opinions and developed a consensus
from which individual forecast offices could communicate with the general public and public officials responsible for the protection of life and property.
Yet, as the events surrounding the storm began to
unfold on 11-12 March, it became clear that the storm
would not behave entirely as predicted; the mesoscale
details associated with the developing storm system
differed significantly from the short-range model simulations. Differences in the model forecasts (Fig. 5)
complicated the tasks of forecasting the exact location, intensity, and track of the cyclone, the rain-snow
Vol. 76, No. 2, February 1995
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FIG. 5. The 24-, 36-, and 48-h model forecasts of the locations and central sea level pressures (97 = 997 mb) of the surface low pressure
centers valid at 0000 UTC 13 March (a), 1200 UTC 13 March (b), and 0000 UTC 14 March 1993 (c). Top panels show the surface analyses
at these times (light and dark shading refer to light and heavy precipitation, respectively). No central pressure listed indicates that the model
did not produce a well-defined low pressure center; two pressures listed in one panel indicates that the model predicted a double center.
Differences between the "early" and "late" eta models are attributed solely to different initial conditions involved with later data cutoff times.
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FIG. 6. The 12-, 24-, 36-, and 48-h manual surface forecast issued by the MOD
Weather Forecast Branch valid at 0000 UTC 13 March 1993. The two-digit values
near the surface cyclone represent the forecast central pressure of the cyclone.

FIG. 7. Same as Fig. 6 except valid at 1200 UTC 13 March 1993.
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line, and snowfall amounts, as illustrated
in Figs. 6 through 8, especially in the
major cities along the East Coast. These
concerns remained even as the storm
was developing in the Gulf of Mexico on
12 March and propagating northeastward
toward the U.S. Middle Atlantic on 13
March.
The 48-, 36-, 24-, and 12-h manual
forecasts valid at 0000 UTC 13 March
(Fig. 6) and the corresponding model
forecasts of the location and central pressure of the surface low pressure system
from 48 h through 24 h [Figs. 5a(2)5a(4)], a time when the cyclone was
deepening rapidly south of Louisiana,
illustrate the difficulties that forecasters
faced with the initial development of the
superstorm in the Gulf of Mexico. The
48-h model forecasts of the lowest central MSLP [Fig. 5a(4)] scattered the predicted cyclone center over a large region
of the Gulf of Mexico. All models indicated that the central pressure of the
cyclone would remain well above 1000
mb. These forecast intensities were in
line with the previous guidance from the
MRF. Thus, the manual forecast placed
the storm over the Florida panhandle
and deepened it only to 1006 mb (Fig.
5d), a compromise solution among the
available numerical model solutions.
Compared to the verifying location and
central sea level pressure of the cyclone
at 0000 UTC 13 March [Fig. 5a(1)], the
forecast position and depth were several
hundred kilometers too far northeast and
22 mb too high, respectively.
With the 36- and 24-h forecasts valid
at 0000 UTC 13 March, the models
converged toward a position south of
Louisiana [Figs. 5a(3) and 5a(2)] and
began to indicate that the cyclone would
have a lower central pressure, a trend
that was followed by the forecasters
(Figs. 6c and 6b). The 12-h manual
forecast (Fig. 6a), derived from the 1200
UTC 12 March forecast cycle, continued
the trend of deepening the cyclone to a
993-mb central pressure located south
of New Orleans. In addition, the rainsnow line had been adjusted southward
through southern Mississippi and central Alabama. While forecasters had lowered the central pressure of the storm by
Vol. 76, No. 2, February 1995
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13 mb from forecasts made 36 h earlier,
they still underestimated the actual central pressure of the storm in the Gulf of
Mexico by 9 mb 12 h prior to the initial
development phase in the Gulf of Mexico
(Fig. 6a).
The short-range forecasts valid over
the southeastern United States at 1200
UTC 13 March, a time when an intense
971-mb cyclone was located in southeastern Georgia [Fig. 5b(1)], are shown
in Fig. 7. These forecasts were relatively
consistent with the storm's location over
southern Georgia but displayed some of
the same problems noted for the previous 12 h. For example, the models generated a rather large range of solutions
for the position and central pressure of
the storm center at 48 h [Fig. 5b(4)], with
only the LFM and the "early" and "late"
eta model simulations indicating a relatively deep cyclone moving out of the
Gulf of Mexico. MOD forecasters compromised, predicting a 996-mb center in
southeastern Georgia (Fig. 6d), which
was consistent With earlier medium-range
FIG. 8. Same as Fig. 6 except valid atOOOO U T C 14 March 1993.
forecasts (Fig. 3). In making this decision, forecasters still leaned toward the
global model solutions, delaying the major cyclogen- shown in Fig. 8. The 48-h model guidance valid at
esis until after 1200 UTC 13 March. In the process, 0000 UTC 14 March [Fig. 5c(4)] was generally consisthey discounted the LFM solution of a much deeper tent with earlier model forecasts in moving the storm
cyclone developing in the Gulf of Mexico, citing a well- steadily northeastward from Georgia. However, the
known tendency of the model to overdeepen cyclones models continued to underdevelop the cyclone, a
through a spurious "convective feedback" mechanism deficiency that was corrected by the MOD forecasters
(Fig. 8d). In this instance, the MOD forecaster decided
(see, e.g., Koch et al. 1985).
on
a central pressure of 963 mb, which was 3 mb lower
However, it appears that the feedback of latent heat
than
the lowest pressure provided by any of the
release on the rate of cyclogenesis was significant for
models.
this case. With the 36- and 24-h forecasts valid at 1200
By the time the actual cyclone began developing
UTC 13 March, the regional models [Figs. 5b(3) and
5b(2)] converged on a solution of an intense cyclone off the Texas coast on Friday morning 1200 UTC 12
developing in the Gulf of Mexico, accompanied by March, the consensus opinion of MOD forecasters
very heavy precipitation just north of the cyclone was that the storm center would track from Georgia to
center (not shown) and moving into the southeastern the Delmarva Peninsula by 0000 UTC 14 March, just
United States. MOD forecasters reduced the central inland from the coastline. This track would likely allow
pressure of the cyclone with each successive 12-h the rain-snow line to advance to the north and west of
forecast cycle (Figs. 7c and 7b). By the time the 12-h the major metropolitan areas from Washington, D.C.,
forecast was issued for 1200 UTC 13 March, forecast- to Boston and spare them the heaviest snow. Howers had reduced the central pressure of the low to 976 ever, beginning with the 36-h forecasts initialized
mb over eastern Georgia (Fig. 7a), down by 20 mb Friday morning (Fig. 8c) and continuing with the
from a forecast of 996 mb issued 36 h earlier. How- subsequent 24- and 12-h forecasts (Figs. 8b and 8a),
ever, this forecast pressure was still 5 mb above the the short-range model guidance [Figs. 5c(2), 5c(3),
and 5c(4)] verifying at 0000 UTC 14 March provided
verifying central pressure.
The short-range forecasts verifying at 0000 UTC 14 a different scenario that greatly complicated the foreMarch, when the cyclone had reached its lowest cast process and impacted forecast decisions conpressure of approximately 960 mb over Delaware, are cerning snowfall amounts and the timing of when and
Bulletin of the American Meteorological Society
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FIG. 9. The 12-hourly snowfall forecasts and analyses valid between 1800 UTC 12 March 1993 and 1200 UTC 14 March 1993. Forecasts

where snow would change to ice pellets or rain, and
then back to snow. At these times, the regional
models [Figs. 5c(3) and 5c(2)] began to forecast
enhanced deepening of the cyclone between Georgia
and southern Virginia, along with a more inland
track and concurrent deceleration in its northeastward propagation. The manual forecasts reflected
this tendency, although each individual forecast represented a compromise between the slower regional
models and the faster solution provided by the AVN,
which in retrospect turned out to be the most accurate
forecast.
The 36-h model forecasts verifying at 0000 UTC 14
March [Fig. 5c(3)] did not overdeepen the cyclone but
did bring the cyclone farther inland than earlier 48-h
forecasts. However, the 24-h model predictions [Fig.
5c(2)] overdeepened the cyclone in southern Virginia
and subsequently impacted the forecasts of the rainsnow line. With the ETA and the NGM predicting a
953- and 957-mb cyclone over Virginia, respectively,
the models also predicted a strong 850-mb southeast192

erly wind north of the storm center that advected 5° to
10°C temperatures into northern Virginia, eastern
Pennsylvania, and southern New England. Thus, the
forecasters began to shift the rain-snow line farther
north between the 24- and 12-h forecast cycles valid
at 0000 UTC 14 March (Figs. 8b and 8a).
During this period, forecasters needed to decide
when the changeover from snow to ice pellets or rain
would occur in the major cities, how much snow would
fall before the changeover, and how much snow would
fall farther inland where it seemed likely that recordbreaking snowfall and blizzard conditions would occur. At this crucial stage of the forecast process, MOD
and WFO forecasters decided during the coordination
calls not to deviate much from the earlier guidance,
which called for the surface low to move steadily
northeastward just inland of the coastline. Thus, they
did not accept the new perspective offered by the
regional models, which overdeepened the storm well
inland in southern Virginia. However, forecasters followed the AVN guidance based, in part, on recent and
Vol. 76, No. 2, February 1995
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were issued by the MOD Weather Forecast Branch on 12-13 March 1993.

ongoing verification results, which have shown the
AVN to outperform regional models in predicting the
track and depth of cyclones over North America
(Grumm 1993). In retrospect, the decision to follow the
guidance provided by the AVN at this stage proved to
be one of the more critical aspects of the forecasts
provided by the NWS.
Model differences, especially with respect to the
forecast track of the cyclone as it propagated north of
the Delmarva Peninsulafollowing 0000 UTC 14 March,
continued to plague the forecasts for New England.
Model simulations initialized at 1200 UTC 12 March
and 0000 UTC 13 March tracked the low pressure
center through western New England at 1200 UTC 14
March (not shown), a solution consistent with the
overdeepening of the storm in south-central Virginia
noted earlier. However, by 0000 UTC 14 March, all of
the model simulations began indicating a track farther
to the east through eastern New England just inland
from the coastline (not shown), which was close to
where the storm actually verified (Fig. 2).
Bulletin of the American Meteorological Society

Despite the model differences with the track of the
storm and the uncertainty of how the rain-snow line
would evolve, the MOD 12-h heavy snow forecasts for
the entire event were consistent and did not display
much temporal variation (Fig. 9). A summary of the
snow forecasts indicates the following.
1) The axis of heaviest snow was forecast to occur
along the spine of the Appalachian Mountains.
2) The major metropolitan areas were located within
the gradient of moderate to heavy amounts of
snow. Snow was forecast to change over to ice
pellets and rain after 1800 UTC 13 March from the
Washington, D.C., area to Philadelphia, and after
0000 UTC 14 March in the New York City and
Boston corridor.
3) The 16-in. (40 cm) forecast issued at 0130 UTC 13
March (Fig. 9) was unprecedented and within 1 h
of verifying since snow was accumulating at a rate
of 4 in. hr1 (10 cm h_1) at the verification time [a 12in. (30 cm) forecast for any 12-h period is rarely
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made given the known difficulties in predicting
snowfall amounts].
4) The total predicted snowfall exceeding 24 in. (60
cm) over West Virginia was also unprecedented.
As must be expected, these forecasts were not
perfect. Perhaps the biggest deficiency was that the
20-in. (50-cm) snowfall in eastern Kentucky and southeast Ohio was not well predicted. Furthermore, the
record-breaking snow that occurred in northern Alabama with intense convective snow bursts was also
underforecast. Nevertheless, these forecasts were
consistent in alerting the public of the extreme nature
of the event and played a critical role in the issuance
of the local forecasts, as described in the next section.

4. Local forecasts
The official NWS local forecasts are issued by the
WFOs located throughout the United States. The
WFOs refine guidance products provided by NMC;
tailor their forecast products by accounting for local
factors that impact temperature, winds, and precipitation type, amount, and distribution; and coordinate the
forecasts with the media and emergency management officials. In this section, the local forecasts issued prior to and during the March 1993 superstorm
within the Eastern Region of the NWS are described.

FIG. 10. Comparison of lead times for winter storm watches and
blizzard warnings [heavy snow warnings were issued
at Columbia, South Carolina (CAE)] issued by the local NWS
Weather Forecast Offices in the Eastern Region: RDU—RaleighDurham, North Carolina; WBC—Sterling, Virginia; CRW—
Charleston, West Virginia; PHL—Philadelphia, Pennsylvania; PIT—
Pittsburgh, Pennsylvania; CLE—Cleveland, Ohio; NYC—New York
City, New York; BUF—Buffalo, New York; ALB—Albany, New York;
BOS—Boston, Massachusetts; PWM—Portland, Maine. Lead times
are in hours.
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Furthermore, the impact of the advanced Weather
Surveillance Radar-1988 Doppler (WSR-88D), implemented through the NWS modernization program
(Friday 1994), is also discussed.
As medium-range forecasts from NMC reached the
local forecast offices with information on the potential
for a major storm on 10-11 March, several WFOs
along the East Coast began issuing outlook statements. These statements discussed the potential for
severe winter weather, especially blizzard conditions.
At the same time, critical weather information was sent
by facsimile or phoned to emergency management
officials. Once these statements had been released,
NWS forecasters provided frequent briefings to emergency managers and the media, cognizant of the
potentially historic proportions of the upcoming event.
Early on 11 March, a statement from Eastern Region
Headquarters on Long Island, New York, was sent to
the Federal Emergency Management Agency regions
that cover the eastern third of the United States. The
statement included the likelihood of "high winds, heavy
snow, and blizzard conditions over a wide area," as
well as the expectation of significant beach erosion
and coastal flooding.
The first winter weather watches were issued on 11
March, providing lead times of up to 43 h (Fig. 10). For
example, winter storm watches were issued at 2100
UTC 11 March by the Raleigh, North Carolina, forecast office (RDU) valid for the North Carolina mountains after 0000 UTC 13 March. The Washington,
D.C., forecast office also issued a watch at 2100 UTC
that day, and the Columbia, South Carolina, forecast
office (CAE) issued a watch at 0322 UTC 12 March for
the mountainous regions in the northwest corner of
South Carolina following 0000 UTC 13 March. Similar
lead times were exhibited for areas farther north.
As the storm intensified along the Gulf Coast early
on 13 March, blizzard warnings for winds greater than
30 kt(15ms~1) and visibilities frequently less than onequarter mile due to falling and/or blowing snow were
issued by all NWS Eastern Region offices except
Columbia, which issued a winter storm warning for the
northwest mountains of South Carolina. These warnings were issued with 10-20-h lead times, well before
the first flake of snow was observed at any of these
stations. These warnings were often augmented by
special weather statements. For example, the RDU
office highlighted high winds and coastal flooding
potential in numerous statements and warnings. The
Cape Hatteras (HAT) office provided specific coastal
flood information for tourists and other visitors not
familiar with the area.
Farther north within the Eastern Region, winter
storm watches and blizzard warnings were also issued with unprecedented lead times (Fig. 10). Within
Vol. 76, No. 2, February 1995
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FIG. 11. WSR-88D base reflectivity (dBZ) for 1441 UTC 13 March 1993.

the region that NMC guidance had identified as having
the greatest probability for heaviest snowfall, from
West Virginia to central New York, the WFOs responsible for the local forecasts [Charleston, West Virginia
(CRW), Pittsburgh, Pennsylvania (PIT), Buffalo, New
York (BUF), and Albany, New York (ALB)] provided
lead times of 25-40 h for winter storm watches and
18-24 h for blizzard warnings (Fig. 10). The long lead
times allowed emergency management officials to
take numerous actions to protect lives and property.
For example, emergency management personnel in
western Pennsylvania, informed of winter storm
watches and blizzard warnings from the PIT office,
took the following actions:

• obtained four-wheel drive vehicles,
• delivered extra medications to nursing homes in
advance of the storm,
• advised a health center to stock additional food,
• read critical NWS warnings/statements on local
radio stations,
• activated local cable TV/emergency broadcast systems, and
• activated the home amateur (HAM) radio network.

Early during the storm, Pennsylvania declared a
state of emergency, closing the interstate highways
and mobilizing the National Guard. These potentially
life-saving decisions would not have been made without the timely forecasts provided by the NWS. Similar
• requested that power companies bring in addi- forecast accomplishments can be cited in eastern
New York. In an unprecedented move, the New York
tional staff,
emergency
broadcast system was activated state• added additional staffing at emergency managewide
for
the
initial issuance of the blizzard warning,
ment offices,
possibly
saving
millions of dollars and numerous lives.
• initiated shelter plans,
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heavy snowfall extending across
northern Virginia, the District of
Columbia, and central Maryland
and a separate band of heavier
snowfall and ice pellets just south
of the city with a degree of detail
that would not have been possible with the old radar systems.
Based on local reports from cooperative observers, the rainsnow boundary was oriented on
a northeast-southwest axis
aligned approximately 50 km to
the southeast of Washington,
D.C., and corresponds to the
yellow and light orange band (35
to 45 dBZ). The 1441 UTC radar
base velocity image indicated
winds in the 12 to 18 m s_1 range
300 m above the ground and
greater than 25 m s_1 above 750
m (not shown). During the day, a
FIG. 12. WSR-88D velocity azimuth display wind profile (kt) for Sterling, Virginia (WBC), from series of half-hourly nowcasts
1601 -1700 UTC 13 March 1993.
was broadcast over NOAA
weather radio and several commercial radio and television outlets
(based
on
the
WSR-88D
imagery, integrated with
The impact of the WSR-88D radar on the local
surface
observations)
that
described
the current conforecast operations in Washington, D.C.
ditions
across
the
forecast
area
and
1-2-h
forecasts.
A cornerstone of the NWS modernization is the
At
1445
UTC,
these
nowcasts
indicated
that
continreplacement of the WSR-57 radar systems with the
ued
heavy
snow
conditions
were
likely,
combined
with
WSR-88D (Crum and Alberty 1993; Friday 1994). One
strong,
gusty
winds
due,
in
part,
to
the
downward
of the first WSR-88D systems in the nation, located in
Sterling, Virginia (WBC), was in operation during the transport of higher-momentum air during the passage
March superstorm and had a significant impact on the of heavier convective squalls.
local forecasts.
Nowcasts issued at 1520 and 1600 UTC focused
During this event, the WSR-88D radar in Sterling on the band of heavy snow and ice pellets south of the
revealed many mesoscale aspects of the storm. Bursts city (Fig. 11), indicating "another intense band of
of heavy precipitation and strong winds accompanied mixed snow and sleet heading toward the metro area.
the bands of high reflectivity. NWS forecasters at This activity will be moving across the greater WashWBC were able to animate loops of radar imagery to ington DC area during the next hour to hour and a
track these features and could therefore respond half." The 1600 UTC nowcast also stated that "winds
rapidly to any changes by issuing location-specific between 2 and 3 thousand feet have reached hurri"nowcasts" that would not have been possible with the cane force and are gradually moving closer to the
older radar systems. Radar signatures for snow, ice surface." The 1 -h velocity azimuth display wind profile
pellets, and rain were confirmed by reports from a from 1601 to 1700 UTC (Fig. 12) showed that winds
large network of cooperative "skywarn" observers. at the 1500-m level had increased from approximately
Inferences were made about the lower-tropospheric 25 m S"1 early in the morning to a peak of greater than
thermal structure based on frequent vertical profiles of 40 m s~1 at 1630 UTC. When the band passed through
the wind field derived every 6 min that were previously the Washington area between 1530 and 1630 UTC,
only available at the 0000 and 1200 UTC rawinsonde heavy snow was changing to ice pellets, accompanied by some of the strongest winds encountered
times.
An examination of the WSR-88D base reflectivity during the storm with gusts in the 50-70-mph (25-35
image at 1441 UTC 13 March (Fig. 11) revealed a m s"1) range. With 6-10 in. (15-25 cm) of snow on the
band of enhanced radar echoes (dark greens and spot ground common prior to this band, this burst effecyellows) that corresponded to a band of moderate to tively crippled the region. The band is shown at 1630
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UTC in the cover figure, having passed north of the
Washington, D.C., area.
At 1800 UTC, WBC issued a statement that warned
of another intense snow and ice pellet band that could
produce an additional 1-3 in. (2.5-7.5 cm) of snow
across the metropolitan area during the next hour with
near-zero visibility and high winds. Figure 13 shows a
four-panel base reflectivity imagery from the WSR88D that illustrates the rapid enhancement of one of
the bands as it passed to the northwest of Washington,
D.C. (Fig. 13c). By 1816 UTC (Fig. 13d), this intense
snow/ice pellet band formed an arc to the north of
Washington, D.C., and joined with a broad wave band
of high reflectivity values extending across northeastern Maryland to the Pennsylvania border.
Within an hour, the storm structure began to change
as the intense snow band continued to expand from
Baltimore northward to the southern Pennsylvania
border and eastward toward Delaware. At 1902 UTC
(Fig. 14a), the intense radar returns were associated
with numerous reports of thunder, lightning, and gusty

winds in excess of 30 m s 1 , as reported by surface
observers and indicated by lightning detection systems. By 1931 UTC (Fig. 14b), the intense precipitation band began to move into southern Pennsylvania
toward Harrisburg. Between 2000 and 2200 UTC, a
final north-south band of heavy ice pellets and rain
showers extended northward through Washington,
D.C., with a relative lull in precipitation detected across
northern Virginia (Figs. 14c and 14d). This evolution of
the precipitation field signaled the final stages of the
heavy precipitation for the superstorm as it affected
the Washington area.
With the introduction of the WSR-88D radar at
Sterling, forecasters at the WFO had quickly integrated information from the radars into the local forecasts. Detailed information of heavy frozen precipitation and strong winds were now available in real time
for a winter storm system. The improved spatial and
temporal resolution of the WSR-88D radar and a local
cooperative observer network enabled the local forecast office to provide more detailed and accurate

FIG. 13. WSR-88D base reflectivity (dBZ) four-panel composite for 1729,1746,1758, and 1816 UTC 13 March 1993.
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FIG. 14. Same as Fig. 13 except for 1902,1931, 2001, and 2203 UTC 13 March 1993.

products with more timely updates than ever before, a
trend consistent with other forecast offices as the
WSR-88D radars are installed throughout the United
States (Polgeret al. 1994).

5. Summary
The performance of the forecast community during
the March 1993 superstorm can be shown to represent an important milestone in an effort of over 40
years in which weather forecasting has been transformed to a science-based and user-oriented service.
This transformation is reflected by 1) the general and
well-documented trend of improved 1-5-day weather
forecasts over the past 10 to 15 years, and 2) a notable
tendency to forecast major extratropical storm systems 3-5 days in advance with increasing confidence
and accuracy (Uccellini et al. 1994).
For the superstorm, cyclogenesis along the East
198

Coast was predicted up to five days in advance. The
unusual intensity of the storm was highlighted three
days in advance, with snowfall amounts exceeding 12
in. (30 cm) predicted over a large area with unprecedented lead times. Numerous blizzard watches and
warnings were also issued with unprecedented lead
times, allowing the media and government officials
ample time to prepare the public and marine and
aviation interests to take necessary precautions. The
coordination of these forecasts was built upon a major
effort on the part of the NWS to interact more effectively with emergency management officials at the
national and local levels and was perhaps the most
extensive in recent history.
The general success of the forecasts can be related, in part, to the performance of the operational
global numerical models that produced forecasts of a
major cyclone event 5 to 6 days in advance. Nevertheless, the role of the forecasters was a crucial element
in 1) rectifying sometimes conflicting numerical guidVol. 76, No. 2, February 1995
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ance, and 2) refining the forecasts to pinpoint the
areas of heavy snow, the positions of the rain-snow
boundary, and the timing for the development of
blizzard conditions over a large area of the eastern
United States. The performance of the numerical
models, the forecasters at NMC and at the local
WFOs, and the interaction among the forecasters and
emergency managers constitutes a forecast process
that provided reliable, consistent information as much
as five days prior to and throughout the event. The
increasing confidence of forecasters to predict major
storm events, although hard to quantify, was perhaps
the key ingredient for the unprecedented lead times
that marked the forecasts for the superstorm and that
led people to believe the forecasters and take appropriate action that minimized the impact of the storm.
Despite the unprecedented nature of the advanced
warnings for this storm, the forecasts were not perfect,
especially for the initial development of the cyclone in
the Gulf of Mexico and the subsequent impact that the
storm had on the state of Florida, in particular. Additional research, model development, and forecaster
education are still fundamental requirements to improve our ability to predict the mesoscale aspects of
severe winter storms. Nevertheless, the forecasts for
the superstorm represent a measure of, and deserve
recognition for, the progress that has been made in the
science of weather prediction.
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sntarto„

Cumulus convection is perhaps the most complex and perplexing subgrid-scale process that must
be represented in numerical models of the atmosphere. It has been recognized that the water
vapor content of large parts of the atmosphere is strongly controlled by cloud microphysical
processes, yet scant attention has been paid to this problem in formulating most existing convection
schemes. This monograph is the fruit of the labors of many of the leading specialists in convection
and convective parameterization to discuss this and other issues. Its topics include: an overview of
the problem; a review of "classical'' convection schemes in widespread use; the special problems
associated with the representation of convection in mesoscale and climate models; the
parameterization of slantwise convection; and some recent efforts to use explicit numerical
simulations of ensembles of convective clouds to test cumulus representations.
1994 American Meteorological Society. Hardbound, B&W, 246 pp., $65 list\$45 members (includes shipping and handling).
Please send prepaid orders to: Order Department, American Meteorological Society, 45 Beacon St., Boston, M A 02108-3693
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