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|. Introduction

1.1 Overview

The generation, evolution, and prediction of upper-air cutoff cyclones (also
referred to as closed lows) and their influence on sensible weather have been an ongoing
challenge to forecasters. An integral component of this challenge is quantitative
precipitation forecasting (QPF). Forecasting improvements on the overall synoptic scale
(e.g., pressure fields) have improved greatly with the advent of regional models such as
the Nested Grid Model (NGM) (e.g., Junker and Hoke 1990). However, skill in QPF has
lagged behind since the scale of precipitation is quite variable and much smaller than the
typical synoptic scale (e.g., Anthes 1983; Roebber and Bosart 1998). This lag in forecast
skill is certainly true with regard to cutoff cyclones, which are associated with 30% of the
annual precipitation in the northeast United States (US) (Atallah and Aiyyer 2002). With
such a considerable fraction attributed to cutoffs, the need for improved forecasts of
precipitation in association with these systems is clearly self-evident.

The typical forward speed of a cutoff is often less than that of systems embedded
in the steering flow aloft (e.g., Palmén 1949; Bell and Bosart 1989). This can lead to
blocking patterns that complicate forecasts (e.g., Rex 1950a,b; Colucci 1985, 1987). The
general thermodynamic structure of a cutoff is a coupled cold (warm) pool of air in the
lower (upper) troposphere beneath (above) the circulation center. Often characterized by
little vertical tilt and negative height anomalies in the troposphere (e.g., Dole 1986),

cutoffs also tend to have relatively weak advection of both temperature and vorticity.



These very qualities of cutoffs often lend to their reduced predictability (Hawes and
Colucci 1986). Coupled with a geographic area characterized by complex terrain (such
as the Northeast), numerical forecast models often fail to adequately predict precipitation
associated with cutoffs spatially, temporally, and quantitatively.

A first step in improving QPF is to construct a climatological distribution of
cyclone frequency across the area of interest. Smith (2003) created a global distribution
of cutoff frequency and also focused on the US and eastern North America. Adopting
that study and focusing on the northeast United States, the precipitation associated with
cutoff lows is stratified by month over the cool season, defined to be October through
May. Najuch (2004) has conducted the warm season (June-September) counterpart of
this research. In addition, the resultant precipitation distribution from four favored tracks
affecting the Northeast is shown. One in-depth case study and, in addition, several
supplementary case studies will provide a close look into the forecasting challenge of

these systems.

1.2 Literature Review

1.2.1 Formation and Evolution of Cutoff Cyclones

Cutoff cyclones may develop in a number of ways, but their development is most

easily explained by simple atmospheric thermodynamics. A separation of cold (warm)

air equatorward (poleward) from the mean flow is the result of a deformation in the mean

middle- and upper-tropospheric flows (e.g., Crocker, et al. 1947; Palmén 1949; Eliassen



and Kleinschmidt 1957). Since the strongest subsidence in the upper trough (say, at the
500-hPa level) is often stronger in the central part of the trough compared to the southern
part, the cold air eventually vanishes from the midlevels, resulting in an isolated cold
pool. This *“cutoff” area of cold air is seen in Fig. 1.1. Such pools of cold air will
undergo sinking as they travel equatorward.

Alternatively, the formation of a cutoff can also be explained using the
conservation of potential vorticity (PV) in a barotropic atmosphere, as expressed in

Rossby (1940):

C+f

—— =const. (1)

Ap

In (1), C is the relative vorticity, f is the Coriolis parameter, and Ap is the depth of the
column in pressure coordinates. The relationships between the three variables clearly
give credence to a cutoff’s formation. As discussed in Palmén and Newton (1969,
section 10.4), if a column of air is displaced equatorward from its source region and ( is
held at zero, then f is simply proportional to Ap; i.e., the column will decrease in depth as
it travels equatorward. However, in the real atmosphere ( is often variable. Thus, the
decrease in f due to its equatorward motion must be balanced by an increase in { if the
column is to maintain or increase its depth. The resultant increase in relative vorticity
can be directly related to the strength of the cyclonic circulation of the air column; i.e.,
deeper (shallower) pools of cold air will generate stronger (weaker) circulations.
Stronger circulations are able to deform the mean flow, which will occasionally result in
an isolated area of cold air. Together with an embedded cyclonic circulation, a cutoff

cyclone can form.



Berggren et al. (1949) have theorized that such processes, taking place
repetitively, can be embedded in a larger-scale blocking episode as shown in Figs. 1.2a—f
(taken from Fig. 26 of Berggren et al. 1949). This progression occurs when a strong
zonal flow is located well upstream from the blocking region, allowing approaching
troughs to slow down and increase in amplitude (Berggren et al. 1949). Cutoffs of cold
(warm) air form to the south (north) as the flow is exceptionally deformed. Rex (1950)
further explained both qualitatively and quantitatively this resultant blocking pattern.
Depending on the strength and evolution of a cold trough, structures other than a cutoff
cyclone can occur. Figures 1.3a—e show five such possibilities. Figure 1.3d is noticeably
similar to the result of the discussion above (and Fig. 1.2), with a cold pool isolated south
of the mean flow. Hsieh (1949) investigated one such event over North America. The
process by which a cutoff forms as a result of an interaction between a preexisting trough
or wave with an upstream wind maximum was further examined by Keyser and Shapiro
(1986, sec. 2d), Bell and Bosart (1993), and Bell and Keyser (1993). It was found that as
the wind maximum migrates to the base of the trough, vorticity is concentrated near the
trough axis.

Relating the above theories back to a PV framework, a more complete picture can
be obtained. Palmén and Newton (1969, sec. 10.1) examined an event first studied by
Palmén and Nagler (1949), where a cutoff was linked to the higher latitude cold source
by an “umbilical cord” in the form of a shear line (Fig. 1.4). This umbilical cord can be
equated to an area of higher PV by way of a more general form of PV than in (1), as in
Hoskins et al. (1985). Following this reasoning, the cold source of polar air is then

equivalent to a reservoir of PV. Figure 5 of Hoskins et al. (1985) shows the evolution of



this umbilical cord and the subsequent creation of a cutoff in this PV framework. In a
later study, Thorncroft et al. (1993) found that cutoffs can develop from two different life
cycles. Figure 1.5 shows (a) an LC1 or anticyclonic wrapping and (b) an LC2 or cyclonic
wrapping of PV. An LC1 wrapping results in a cutoff cyclone on the equatorward side of
the mean jet, as in Bell and Bosart (1993). An LC2 wrapping results in a cutoff on the
poleward side of the mean jet, as in Rogers and Bosart (1986). This latter type of
evolution is found to occur with “bombs” (explosively deepening oceanic surface

cyclones), as noted in Sanders and Gyakum (1980) and Konrad and Colucci (1988).

1.2.2 Characteristic Structure of Cutoff Cyclones

At the onset of the study of upper-level cyclones, it was theorized that the lower
levels of the atmosphere operated relatively independently from, and not in conjunction
with, the upper levels (Palmén 1949, Palmén and Nagler 1949, Hsieh 1949). These
studies found that for the cases examined, little or no coincident cyclogenesis occurred at
the surface. With the growth of the observational network worldwide since that time, this
scenario has been disproved in many cases. Regardless, a cutoff cyclone impacts the
sensible weather conditions at the surface, as was shown in a case study over Europe on
8-20 November 1959 first performed by Peltonen (1963). This case was further
examined by Palmén and Newton (1969, sec. 10.2). The ideal cutoff cyclone has a
symmetrical distribution of both temperature and geopotential height, with values
decreasing toward the center. Palmén and Newton (1969) found this symmetric structure

to occur in this case study, along with a remarkable temporal endurance.



Figures 1.6a—d show the structure of this case study cutoff at the surface, 850 hPa,
500 hPa, and 300 hPa, respectively, as analyzed by Palmén and Newton (1969). Clearly
evident from Fig. 1.6¢c and similarly in Fig. 1.6d are the aforementioned symmetric
temperature and geopotential height fields collocated near the center of the cyclone.
Figure 1.7 shows the cross section through the cutoff along the line a—a. Notable are the
depressed (elevated) isotherms and elevated (depressed) isentropes in the lower (upper)
atmosphere near the cyclone center, comparable to idealized thermal structures in cutoffs
of past studies. Coincident with the cyclone center is the depressed tropopause, referred
to as the “tropopause funnel” by Palmén and Newton (1969, sec. 10.2). This thermal
structure was retained for at least the next 36 h as the system moved westward.

More recently, Thorpe (1986) applied a PV framework to the vertical structure of
an idealized cutoff cyclone. Figure 1.8 shows this idealized structure, with perfect
symmetry about the cyclone center. Here, PV is used to describe the system based on the
associated potential temperature field, which is obtained by applying the invertibility
principle in conjunction with potential temperature conditions at the boundaries (surface
and tropopause). Eliassen and Kleinschmidt (1957) first employed this procedure to
describe balanced disturbances by their distinct PV structures. These studies were later
followed by Davies et al. (1991) and Bell and Keyser (1993) who found that cutoffs are

associated with areas of isolated and anomalously high PV, respectively.

1.2.3 Cutoff Cyclone Climatologies

1.2.3a Cutoff Cyclone Distribution and Genesis/Lysis



There have been only a handful of studies that deal with the genesis/lysis of cutoff
cyclones. The first studies in the literature only examined parts of the Southern
Hemisphere. Kerr (1953) and van Loon (1956) found that cutoffs preferably form in the
Australia-New Zealand region, aided by a blocking regime. Palmén and Newton (1969,
p. 278) stated only briefly that there are certain preferred areas of genesis located in the
westerlies—namely, the western US and southwestern Europe. Tyson (1986) and
Taljaard and Steyn (1991) studied cutoffs that formed over the western part of southern
Africa and their associated precipitation over South Africa. Parker et al. (1989)
examined cutoff cyclones over the western half of the Northern Hemisphere during a 36-
year (1950-1985) period. It was not until Bell and Bosart (1989) that the entire Northern
Hemisphere was examined. Using a 15-year (1963-1977) dataset, an objective
distribution of 500 hPa closed circulation centers was produced. Similar to Palmén and
Newton (1969), they found that the occurrence of cutoffs is maximized north of and
within the main belt of westerlies. These regions included the North Pacific Ocean,
eastern Canada and the northeast US toward Greenland, and the northeastern Atlantic
Ocean. In addition, cutoffs were notably observed south of the westerlies such as the
east-central Atlantic Ocean eastwards to central Asia. Other favored locations included
the southwest US and the Mediterranean basin. Areas of lysis were found to be near or
just downstream of areas of genesis, indicative of the slow-moving nature of many
cutoffs. However, lysis areas in the North Atlantic were found a bit farther downstream

from genesis areas, indicating more progressive systems.



Smith (2003) followed Bell and Bosart’s (1989) procedure, but expanded the
dataset to 54 years (1948-2001), used a higher resolution dataset (2.5 x 2.5 degree grid
versus 2 X 5 degree grid), and included both the Northern and Southern Hemisphere.
However, areas of activity in the Northern Hemisphere, as well as genesis/lysis areas,
were found to be remarkably similar to Bell and Bosart (1989) and Parker et al. (1989),
with some finer-scale details emerging due to the higher-resolution dataset. For the
Southern Hemisphere, Smith (2003) found that cutoffs are most frequent in a ring
surrounding Antarctica between 50°S and 65°S, with maxima between 120°E and 10°W
and near 80°W and 60°E. Other favored areas include eastern Australia toward New
Zealand, southeast of South America, southwest of southern Africa, and in the
Mozambique Channel.

Other recent studies include Tennant and Van Heerden (1994), who found that
topography played a crucial role in the development of cutoffs over southern Africa.
Doyle and Shapiro (1999) discovered the importance of an orographically induced jet
south of Greenland that aided in the cutoff formation. Bell and Bosart (1994) looked at

cases of cutoffs in the southwest US, the eastern US, and in the lee of the Alps.

1.2.3b Cyclone Tracking

Until recent years, all cyclone tracking studies (e.g., Bowie and Weightman 1914;
Klein 1957; Reitan 1974) were subjective due to constraints in data availability/reliability
and computing power. Recently, many objective studies have arisen that track surface

cyclones (e.g., Alpert et al. 1990; Konig et al. 1993; Ueno 1993; Hodges 1994; Sinclair



1997; Blender and Schubert 2000). Geng and Sugi (2001) studied winter surface
cyclones during the 41-year period (1958-1998). Smith (2003) used a similar
methodology and applied it to 500 hPa cyclones. An objective kinematic tracking
scheme was used to track every cyclone over the 54-year period; see Smith (2003, sec.
2.2.2) for a complete description. Mean cool-season tracks were subjectively drawn (Fig.
1.9) using the objectively produced tracks, since their movement was confined to the grid
points (2.5° apart by latitude and longitude). These tracks include the (1) Hudson Bay
track: systems originating near Hudson Bay in Canada and moving south-southeastward
toward northern New England; (2) Clipper track: southeastward moving systems
originating in south-central Canada; (3) Southwest track: northeastward moving systems
originating in the southwest US; (4) Mid-Atlantic track: northeastward moving systems
along the Northeast coast; and (5) US/Canadian Maritime track: cutoffs that are a result

of intense cyclogenesis over the western Atlantic Ocean.

1.2.4 Precipitation Within Cutoff Cyclones

Studies related specifically to precipitation in association with cutoff lows have
been few and far between. Hsieh (1949) was one of the first to address the issue of
precipitation in a cutoff case study over the northern US in March 1948 (Fig. 1.10). In
this case, the precipitation is located primarily to the east and southeast of the cutoff,
corresponding to an area of upper-level divergence, in agreement with Palmén and
Newton (1969, sec. 10.2). A comprehensive climatology of cutoff low precipitation was

nearly impossible prior to the 1960s due to a lack of readily available upper-air charts,



which also had a larger temporal and spatial resolution than other meteorological maps,
such as surface charts (Jorgensen 1963). The first related climatology was of 700 hPa
lows over the intermountain west of the US over a 39-month period (December—February
1951-1964) (Jorgensen et al. 1967). The area of maximum precipitation for intense 700
hPa lows was found to be located just southeast of the center. For lows of lesser
intensity, the area of maximum precipitation shifted to the south and west of the center.
However, nothing is stated with regard to speed or track of the low versus the distribution
of precipitation.

Klein et al. (1968), using the same period of study as Jorgensen et al. (1967),
investigated lows at the 850-, 700-, 500-, and 300-hPa levels and their relationship to
areas of precipitation. Figure 1.11 shows that the area of maximum precipitation
associated with 500 hPa lows occurs about 3.5° to the east and about 3° to the south of
the low center. This result was derived from 172 500-hPa lows observed over the 39-
month period. It was also found that about 50% of 500 hPa lows produce precipitation.

Taljaard (1985) studied cutoff lows at all mandatory levels (e.g., sea-level, 850-,
700-, 500-, 300-, and 200-hPa) over South Africa over a 10-year period. The area of
heaviest precipitation was found to occur generally between northeast and southeast of
the 300 hPa low. Taljaard also noted that orography plays a role in determining areas of
widespread light-to-moderate precipitation and, less frequently, heavier precipitation.

Konrad and Colucci (1988) stated that the general synoptic climatology of 500
hPa cyclogenesis is an important topic for future research. Since then, only a climatology

of frequency and favored tracks of cutoffs has been produced. The evident void in the
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literature of an East Coast precipitation climatology of 500 hPa lows lends to the purpose

of this research.

1.3 Study Goals

Cutoff cyclones have been a challenge to predict. Their focus in the literature is
minimal, yet their effect on sensible weather can be significant. In light of these factors,
this thesis has the following goals: (1) to present the climatological precipitation
distribution variability across the Northeast in association with cutoff cyclones, (2) to
stratify the variation of precipitation relative to four favored tracks near the Northeast,
and (3) to present one multifaceted case study, along with several supporting cases, that
illustrate the challenge in predicting the evolution of cutoff cyclones. It is the intention of
the author that this research will provide assistance to forecasters in predicting the
precipitation distribution when a cutoff cyclone approaches the northeast US. At a
minimum, an increase in situational awareness should be attained.

The first part of this study develops a climatology of cool-season (October—May)
average daily precipitation over the Northeast when a cutoff is located near the Northeast.
Cutoffs of all tracks are averaged over the 51-year period (1948-1998). In addition, the
impact cutoffs have with respect to the climatological average distribution of monthly
precipitation across the Northeast is displayed.

The second part of this study incorporates four preferred tracks found by Smith

(2003) and confirmed by the author. Monthly maps of both average daily precipitation
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over the Northeast, as well as daily precipitation relative to each cyclone’s track, are
presented.

The last part of this study presents several cases of recent cutoffs. These cases
show the difficulty in predicting the evolution of cutoff cyclones, as well as the effect
they have on the sensible weather at locations near and at some distance from the cyclone

center.
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Fig. 1.1. Schematic meridional cross section through an upper-level trough. Solid lines
indicate the profile of the polar air before and after the formation of a cutoff low. Source:
Palmén (1949), Fig. 2.
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Figs. 1.2a—f. Idealized sketches of the development of unstable waves at 500 hPa in
association with the establishment of a blocking anticyclone at high latitudes and a cutoff
cyclone at low latitudes. Warm air (hatched) is separated from cold air (cross-hatched) by
frontal boundaries (dashed lines). Solid lines represent streamlines. Source: Palmén and
Newton (1969), Figs. 10.3a—f.
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(d)

Figs. 1.3a—e. Five characteristic types of disturbances resulting from the extreme growth
of upper-level waves. Solid heavy lines represent fronts. Streamlines in warm (cold) air
are represented by solid (dashed) arrows. Source: Palmén and Newton (1969), Figs.

10.4a—e.
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Fig. 1.4. 500 hPa isotherms (dashed lines, contour interval 2°C), upper-front boundary
(heavy dashed line), and geopotential height (solid lines, contour interval 200 ft), for
0300 UTC 7 February 1947. Source: Palmén and Newton (1969), Fig. 10.1.

14



Figs. 1.5a-b. Schematic of a PV-0 contour (solid line) in the Atlantic storm track sharing
its main characteristics with (a) an LC1-type life cycle and (b) an LC2-type life cycle.
Dashed arrows represent the mean jet. Source: Thorncroft et al. (1993), Figs. 12a-b.
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Figs. 1.6a—d. (a) surface, (b) 850 hPa, (c) 500 hPa, (d) 300 hPa for 1200 UTC 16
November 1959. In (a), temperatures are in °C; precipitation areas are hatched, with areas
exceeding 1 mm/12 h cross-hatched. In other charts, isotherms are at 1°C intervals and
height intervals are at 40 m intervals. Heavy line in (c) and (d) is the “tropopause
intersection.” The path of the 500 hPa low center is shown in (a) with the arrowheads
indicating its location at 0000 UTC on the dates given. Source: Palmén and Newton
(1969), Figs. 10.7a—d.
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Fig. 1.7. Vertical cross section along line a—a in Fig. 1.6¢. Left to right along the x-axis
IS equivalent to northwest to southeast in Fig. 1.6¢. Shown is the tropopause (heavy solid
line), isotherms (dashed lines, contour interval 5°C), and isentropes (solid lines, contour
interval 5 K). Source: Palmén and Newton (1969), Fig. 10.8.
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Fig. 1.8. Idealized vertical cross section of a cold-core, upper-level cyclone. Shown are
isotachs (v, solid lines, contour interval 3 m s™), isentropes (°, solid lines, contour
interval 5 K), the tropopause (heavy solid line), and the axis of symmetry (represented by
the “0” label on the horizontal axis). Source: Thorpe (1986), Fig. 1.
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Fig. 1.9. Subjective cool-season mean cutoff cyclone tracks impacting eastern North
America. Source: Smith (2003), Fig. 3.84.
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Fig. 1.10. Schematic representation of precipitation relative to upper-level geopotential
height contours (solid lines). Heavier precipitation is hatched; lighter precipitation is
stippled. Source: Hsieh (1949), Fig. 13.
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Fig. 1.11. Areas of maximum frequency of occurrence of measurable precipitation
associated with the most intense (Class I11) lows, centered at the origin for 850, 700, 500,
and 300 hPa. Symmetrical circles represent idealized contours about the low center at any
level. Source: Klein et al. (1968), Fig. 8.
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2. Data and Methodology

2.1 Data Sources

2.1.1 Climatology

The National Centers for Environmental Prediction (NCEP)/National Center for
Atmospheric Research (NCAR) reanalysis (Kalnay et al. 1996; Kistler et al. 2001) was
used in conjunction with the NCEP Climate Prediction Center (CPC) US Unified
Precipitation dataset (UPD) (Higgins et al. 1996). The NCEP/NCAR global reanalysis
dataset has 2.5° latitude-longitude spatial resolution and 6 h temporal resolution. Four
times daily 500 hPa geopotential height grids for the period 1 January 1948 through 31
December 1998 were used to construct the climatologies. The UPD dataset has a 0.25°
latitude-longitude spatial resolution over the continental US and a 24 h (1200 UTC-1200
UTC) temporal resolution. The data are derived from National Climatic Data Center
(NCDC) daily co-op stations (1948-2002), River Forecast Centers’ data (1992-2002),
and daily accumulations from the NCDC Hourly Precipitation Data (HPD) (1948-2002).
The UPD is provided by the National Oceanic and Atmospheric Administration
(NOAA)-Cooperative Institute for Research in Environmental Sciences (CIRES) Climate
Diagnostics Center (CDC), Boulder, Colorado, available at http://www.cdc.noaa.gov/.
Plots for the period 1 January 1948-31 December 1998 were used for the climatologies.
Throughout the majority of this research, the UPD was only available through 1998.

Currently, it has been extended through 31 December 2002.
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2.1.2 Case Studies

For all case studies, locally archived NCEP 80 km Eta model 00 h forecasts were
used at 12 h intervals for horizontal maps and cross-sectional analyses. When available,
40 km Eta grids at 6 h intervals were also used in analyses for more spatial and temporal
detail. Surface observations from the archived National Weather Service (NWS)
Automated Surface Observing System (ASOS) and cooperative reporting station data in
the Northeast states were used in the development of surface potential temperature ()
and mixing ratio maps. Radar reflectivity data from NCAR were also used in the case
studies. Additional insight was gained from the use of the NWS Weather Event
Simulator (WES) at the Binghamton, NY, NWS Forecast Office on the 23-31 May 2003
case study. UPD and locally generated and archived 6- and 24-hourly precipitation maps
(derived from ASOS observations) were also used for verification over the Northeast, in

conjunction with Co-op reports available through NCDC.

2.2 Methodology

2.2.1 Objective Climatology

The program used to identify and catalog cutoff lows over the 51-year (1948-

1998) period was identical to the one used by Smith (2003). It is similar to the

methodology used in Bell and Bosart (1989), which defined a cutoff to be at least a 30 m

height rise in all directions from a grid point. Figures 2.1a-b show an example of (a) a
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cutoff and (b) an open circulation, determined by extending radial arms from grid point
“A,” (see Smith 2003, section 2.2.1 for a detailed explanation of how the program
explicitly determines a cutoff). In this study, as well as in Najuch (2004), only cutoffs
that were within an outer domain (Fig. 2.2) bounding the Northeast were considered. The
date and location of each cutoff was cataloged and was used as input with the UPD into
another program. Precipitation amounts (both zero and nonzero) on days (1200 UTC-
1200 UTC) with a cutoff present within the outer domain were summed and subsequently
divided by the number of days used. After some consideration of the original output
maps, it was decided to make the further requirement that only days with nonzero
precipitation (i.e., 0.01” or more) would be counted. It was believed that the following
scenario would arise often enough to warrant the change: a cutoff could be in a far corner
of the outer domain with an associated precipitation distribution. However, in one corner
of the inner domain (to be defined in Chapter 3) it could be dry but the other could have
measurable precipitation. In other words, a cutoff in Tennessee could produce rain in
southern Pennsylvania but not likely in Maine. On the contrary, this eliminated the
possibility of counting a “dry” cutoff. However, after examining multiple maps of
precipitation versus cutoff occurrence, this dry situation was virtually nonexistent. The
resultant average daily precipitation maps by month for the cool season (October—May)
are presented in Chapter 3.

Using the summed total precipitation on days with a cutoff in the outer domain
divided by the climatological precipitation at that grid point, monthly maps of the percent
of climatology of precipitation were produced. Each map shows the average monthly

percentage of precipitation that is associated with cutoff lows in the outer domain.
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2.2.2 Subjective Tracking of Cutoffs

Due to the finer scale of this study as compared to Smith (2003), it was deemed
necessary to abandon the objective tracking program (see Smith 2003, section 2.2.2) and
instead complete a subjective hand analysis of cutoff tracks. A 19-year (1980-1998)
subset was used that balanced research time constraints with a significant sample size.
Four times daily 500 hPa geopotential height maps were produced for all days in the cool
season over the 19-year period (nearly 20,000 maps). Tracks of each cutoff within the
outer domain were hand plotted by month, with usually two to three years plotted on a
single map for clarity. In this way, cyclones that are initially closed, then “open up,” then
close again can be counted as one entity, a scenario that was ignored in both Bell and
Bosart (1989) and Smith (2003). The individual tracks were then traced with a fine point
pen onto tracing paper to fit cutoffs over all or half of the 19 years (depending on how
many cutoffs there were that month over the 19 years) on a single map to identify
common tracks by month.

From this subset of cutoffs, in conjunction with the mean tracks found earlier and
in Smith (2003), a subjectively chosen smaller subset of cutoffs was used for analyses
within four of the favored tracks. Precipitation from lows that were deemed close enough
to the mean tracks was averaged and used in the track analysis portion of this research.
Furthermore, in order to generate the track-relative precipitation distribution, cutoffs that
were far enough away from the US border were further eliminated. In general, the 1200

UTC location of the cutoff had to be within one grid point of a grid point that was located

22



on or very close to US land. Precipitation fields were shifted to a centroid position (the

average 1200 UTC ending location) and averaged.

2.2.3 Case Studies

The case studies were chosen based on their recent occurrence as well as their
overall impact on the Northeast. The main case study was a multifaceted cutoff with
three distinct phases over the period 23-31 May 2003. Several other cases (25-27
December 2002, 3-5 January 2003, and 11-15 May 2003) were used to gain insight into
cutoffs of other flavors. The maps produced and their purpose are as follows:

1) 500 hPa geopotential heights and absolute vorticity in order to track the cutoff

and its associated vorticity features.

2) 1000 hPa geopotential heights and 1000-500 hPa thickness (AZ) in order to

assess the cutoff’s surface reflection and its role.

3) 850 hPa geopotential heights, temperature, and warm air advection in order to

investigate the lower-tropospheric factors conducive to precipitation.

4) 300 hPa geopotential heights and wind speed to examine the jet stream’s

interaction with the cutoff.

5) 700 hPa geopotential heights, relative humidity, and, as needed, Miller 2-D

frontogenesis to document the available lower-tropospheric moisture.

6) Vertical cross sections of potential temperature (6), normal wind component,

vertical velocity (), relative humidity, frontogenesis (when applicable), and
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absolute vorticity at critical times to investigate the vertical circulation and
structure of the cutoff and associated features.

7) Maps of surface potential temperature (0), mixing ratio, and wind velocity in
order to evaluate the existence and possible effects of surface boundaries.

8) Radar reflectivity to verify and supplement surface observations, as well as
the evolution of each cutoff’s precipitation shield.

9) Precipitation verification maps from the UPD (or, in 2003, CPC’s equivalent
dataset) and the NWS Taunton, MA, River Forecast Office daily precipitation
maps.

The General Meteorology Package (GEMPAK) (e.g., desJardins et al. 1991) was used to
produce most of the aforementioned maps. Additional hand-drawn maps were used as

necessary to illustrate key features of certain cutoffs.
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(a) (b)

Figs. 2.1a-b. Sample 500 hPa geopotential height analysis illustrating the objective
method used to identify cutoff cyclones: (a) Three sample radial arms out of the actual 20
used to identify a 30 m closed contour around the center grid point of a cutoff cyclone. A
geopotential height rise of at least 30 m occurs before a decrease along all arms. (b) As in
(a) except that geopotential heights along the dashed radial arm do not exceed 30 m
higher than at point A before decreasing. Source: Bell and Bosart (1989), Figs. la—b.
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3. Results

3.1 Northeast Climatology (1948-1998)

Using the methodology described in Chapter 2 over the period 1 January 1948
through 31 December 1998, a list of cutoff lows with the date and position within the
outer domain (Fig. 2.2) was obtained. Figure 3.1 shows a graphical depiction of the
percent of observations (0000, 0600, 1200, and 1800 UTC observations define a given
day) in which a cutoff low was present in the outer domain on a given day (a “cutoff
day”) over the year. The graph clearly shows a seasonal swing, with a maximum
(minimum) in cutoff activity in mid-spring (late summer). The maximum occurs on 9
April, when nearly 60% of the time a cutoff was observed in the outer domain. This
maximum is followed by a marked decrease in cutoff occurrence toward the minimum on
18 July, with a cutoff present in the outer domain less than 10% of the time. Cutoff
activity varies slightly between 20% and 40% during fall and winter. On an annual basis,
cutoff cyclones are present near the Northeast on 28.6% of the days. The subsequent
precipitation maps (Figs. 3.2-3.17) that follow show the inner domain of study. All

precipitation maps (Figs. 3.2-3.25) are derived from the aforementioned list of lows.

3.1.1 Average Daily Precipitation by Month

Monthly maps were created that show the average daily precipitation (hereafter,

ADP) when a cutoff low was observed within the outer domain and when precipitation
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was observed at a given grid point over the period 1948-1998. Figures 3.2-3.9 show the
cool season months of October—May, respectively. It is important to note that only data
over the US were used; i.e., values over the oceans and Canada are a result of the
smoothing program and are not representative of actual data. In the months of October
and November (Figs. 3.2-3.3), cutoff lows are associated with about 4-8 mm day™ of
precipitation over the Northeast, increasing (decreasing) toward the southeast
(northwest). Noted is the area of absolute maximum along coastal Maine. Relative
maxima stretch from Connecticut and Rhode Island into Maine. Topographic features
show up quite well, especially in November (Fig. 3.3). Local maxima are located over
and just to the east of higher elevations, such as the Tug Hill Plateau, Catskills,
Berkshires, and Green Mountains. Local minima are generally collocated with lower
elevations, such as the Hudson, Mohawk, and Connecticut River valleys. However, it is
important to observe that the highest ADP values occur right along the coast at the lowest
elevations.

Figures 3.4-3.9 show the months of December—May. Note that the contour
interval has changed from 1 mm day™ to 0.5 mm day™ in order to bring out more detail
over the area of study in the relatively drier months of December—May. December (Fig.
3.4) shows a similar pattern to October—November (Figs. 3.2-3.3), with the highest
values (between 7 mm day™ and 8 mm day™) along the coast, especially in Maine. Noted
are the local maxima just east of Lakes Ontario and Erie, evidence of the onset of the
lake-effect snow season. The lowest ADP amounts in December occur in western New
York and Pennsylvania (except for east of Lakes Erie and Ontario) and along the

Canadian border in northern New York and New England. This pattern is also evident in
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January (Fig. 3.5), but with lower amounts area-wide. In fact, January has the lowest
area-wide ADP values of all the cool season months.

February and March (Figs. 3.6-3.7) show a slight increase in ADP values across
the area, with little change in the overall distribution. Local maxima occur slightly east
of higher elevations, while local minima are nearly collocated with lower elevations.
Areas of absolute maxima (greater than 7 mm day™) still occur along the coast, appearing
along coastal Massachusetts in February (Fig. 3.6). The area east of Lake Erie has its
lowest ADP values in February, likely due to the lake freezing over by this month. In
March (Fig. 3.7), the highest values appear in Rhode Island and also along coastal
southwestern Maine. Previous months showed a dual maximum in coastal southwestern
and eastern Maine, but March values over eastern Maine are markedly lower than those
over southwestern Maine. Nearly all areas show an increase in ADP values in March
over February, except for the eastern portions of Maine and Massachusetts.

Figures 3.8-3.9 show April and May, respectively, the last two months of the cool
season. Values of ADP are lower than the two previous months over the eastern portion
of the Northeast, but higher over the western portion of the area (i.e., western New York
and Pennsylvania). The area of ADP greater than 5 mm day™ shifts smartly inland by
May (Fig. 3.9), along with a considerable decrease in gradient across the area. Areas of
absolute maxima during April (Fig. 3.8) are located in coastal southwestern Maine and in
Rhode Island, similar to March (Fig. 3.7), but with values only over 6 mm day™ rather
than over 7 mm day’. By May (Fig. 3.9), the absolute maximum occurs right over
Mount Washington in northern New Hampshire, with local maxima in southwestern

Maine, the Berkshires in northwestern Massachusetts, and eastern central Pennsylvania.
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The effect of topography appears to diminish by May, with less contrast (~1 mm day™)

between higher mountain elevations and lower river valley elevations.

3.1.2 Percent of Climatology by Month

Based on the methodology described in section 2.2.1, maps showing the
percentage of precipitation in association with cutoff lows with respect to the monthly
climatological average were created. The months of October through May are shown in
Figs. 3.10-3.17, respectively. Note that the shading does not extend over the ocean or
Canada. This was a result of a different plotting program that confined the data to within
the US land boundary. The data tended toward either zero or over 100% at the edges, so
it was deemed more eye-pleasing to restrict the plotted data to land only.

October and November are shown in Figs. 3.10 and 3.11, respectively. Nearly the
entire area shows that greater than 50% of the precipitation in these months is in
association with cutoff lows. The gradient follows an east-west orientation, with the
highest values (65%-70%) near the coastline. In both months, distinctions between
higher and lower elevations are muted, compared to the ADP maps. In fact, the only
easily recognizable features are the Catskills. However, with a finer contour interval
(2.5%, not shown), the Berkshires appear as slight local maximum.

The months of December and January (Figs. 3.12 and 3.13, respectively) show an
overall decrease in values over the area. The gradient of values (from lower to higher)
now has a southwest—northeast orientation, with the highest values in Maine (55%—-60%

in December and 50%-55% in January). Again, orographic features are not well-defined,
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except perhaps for the Catskill and Berkshire Mountains. Note that January shows the
lowest values over the area, with roughly one third to one half of the precipitation in
association with cutoff lows.

Figures 3.14 and 3.15 show a substantial increase in values during February and
March, respectively. The gradient is still present in its southwest—northeast orientation.
By March, nearly all of the area is again over 50% (similar to October and November)
and roughly half of the area is over 60%, with the highest values still primarily located in
Maine. Orographic features are essentially indistinguishable in both months, with the
Catskills the exception.

April and May (Figs. 3.16 and 3.17, respectively) show a similar pattern of values
compared to February and March. April shows that the entire area is over 50%, and
about 75% of the area is over 60%. Local maxima are evident just west of the
Connecticut River in Vermont and Massachusetts, and also near the Catskill Mountains.
May values decrease slightly overall, but remain almost entirely above 50% across the

Northeast.

3.2 Cutoff Track Climatology (1980-1998)

Based on four of Smith’s (2003) five favored tracks impacting eastern North
America (Fig. 1.9), a subset of cutoff lows, separated by track, from the period 1980-
1998, was chosen. The precipitation data on cutoff days were then used in a similar
manner as the monthly ADP maps to show ADP for cutoffs of each track. A further

subset was then used, based on the proximity of the cutoffs’ 1200 UTC ending location to
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US land, to produce track-relative ADP maps. Note that geography is meaningless in
these maps when related to ADP values, but is displayed for scale. The contour interval
IS not consistent among the maps, since using the smallest contour interval can show the
greatest detail.

Figure 3.18 shows ADP for cutoff days with Mid-Atlantic type tracks for 41
closed lows over 80 days, contoured at a 1.5 mm day™ interval. Clearly evident is a
coastal preference, especially in southeast New England in Massachusetts. An
orographic signal is more pronounced away from the immediate coastline, as noted by the
locally higher (lower) values in the higher (lower) elevations such as the Catskills,
Berkshires, and Green Mountains (Hudson and Connecticut River valleys). Overall,
values tend to increase from northwest to southeast, but increase more rapidly
approaching the area of highest ADP values. Mid-Atlantic track lows produce the
highest grid-point maximum value of precipitation for the four tracks.

The storm-relative precipitation distribution from Mid-Atlantic track cutoffs is
shown in Fig. 3.19, contoured at a 1 mm day™ interval. A subset of 60 days was used
from the initial 80 days of Mid-Atlantic track cutoffs. The average starting and ending
positions for each of the 60 days, as shown by the solid circle and “X,” respectively, were
connected to obtain an average track (black line). The area of heaviest ADP values
occurs just to the north and northeast of the cutoff’s 24 h ending position by about 400
km. From the perspective of the cutoff, the heaviest precipitation occurs directly out in
front and just to the left of its path. Values decrease steadily and at similar rates on either
side of the plotted track, as well as on either side of an extrapolated track to the northeast

of the indicated average ending position.
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The Southwest track ADP map is shown in Fig. 3.20. This includes 59 cutoff
days and 37 individual cutoff lows. Again evident is a coastal preference for the area of
maximum precipitation, extending from southwestern Maine to Connecticut and Rhode
Island, as well as northern New Jersey. Higher (lower) elevations are vividly represented
by higher (lower) values in the Adirondacks, Berkshires, Catskills, and Poconos (Hudson,
Mohawk, and northern Connecticut River valleys). Also notable is a sizable area of
locally higher values in the northern portions of lower Michigan. The ADP amounts
decrease quickly near the areas of local maximum values, then decrease steadily outside
of the inner domain (thinly boxed area).

Figure 3.21 shows the storm-relative ADP values for Southwest track cutoffs,
plotted similarly to Fig. 3.19. The precipitation data from 48 cutoff days (37 individual
cutoffs) were used to obtain this result. A striking finding is that the area of maximum
ADP values occurs well to the east of the cutoff’s 24 h ending position. The areal extent
of greater than 1 mm day™ is quite large—roughly 2000 km in either the east-west or
north—south direction. If the plotted track is extrapolated towards the northeast, it can be
imagined that the heaviest precipitation is preferentially located just to the right of the
cutoff’s track. Cutoffs following the Southwest track are also quite wet, similar to Mid-
Atlantic track cutoffs, with many areas averaging over 9 mm day™.

The ADP from 58 cutoff days (30 individual cutoffs) following the Clipper track
is shown in Fig. 3.22. Note that the contour interval has changed to 0.8 mm day™ to
show more detail for these comparatively drier systems. The distribution shows a wet
bias towards New England, with the heaviest amounts in eastern New Hampshire and

southeastern Massachusetts. These areas of absolute maxima are again located near the
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coast in the lowest elevations. The area of greater than 1.6 mm day™ appears to fan out
from Lake Erie to the northeast and southeast with the highest values in the center. The
higher (lower) elevations of the Berkshires, Green and White Mountains, and the
Catskills (Hudson and Connecticut River valleys) show locally higher (lower) values. In
New York, the Tug Hill plateau features a stark local maximum, suggestive of a strong
lake—effect signal, and is centered over and just to the west of the highest elevation. To
the east of Lake Erie, south of Buffalo, is another local maximum of similar area, but
lower maximum value, also suggestive of lake—effect precipitation in the higher
elevations in southwestern New York.

Figure 3.23 shows the storm-relative ADP distribution over 35 cutoff days (24
individual cutoffs) for lows following the Clipper track. The contour interval is now 0.5
mm day, again to show more detail. The area of highest values occurs just ahead of the
average 24 h ending position, decreasing at similar rates on either side of the track. From
the cutoff’s perspective, the area of maximum precipitation is located along and just to
the left of the track; again, ahead of the cutoff, similar to Southwest Track cutoffs.
Another area of locally higher values (for reference only, located north of Lake Ontario)
occurs just to the west of the cutoff’s average 24 h ending position, with ADP values up
to 5 mm day™.

Cutoff lows following the Hudson Bay track produce the ADP map shown in Fig.
3.24. Here, precipitation data from 75 cutoff days (51 individual cutoffs) were used.
Note that the contour interval has lowered to 0.4 mm day™ since cutoffs following this
track are drier than cutoffs from the previous track. The area of highest ADP values

occurs in northeastern Maine, but other local maxima occur elsewhere. Mount
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Washington, Mount Mansfield in Vermont, and the area just southeast of Lake Ontario
(just to the southwest of the Tug Hill plateau) stand out as favored areas for precipitation
in association with Hudson Bay cutoffs. The first two areas are related to topography,
but the third is located just south of the highest elevations, indicating that this area is
perhaps a result of the typical wind trajectory over the lake associated with cutoffs of this
track. The Hudson and Connecticut River valley local minima show up in northern New
York State and New England, respectively. Other notable local maxima are on Cape Cod
(perhaps a response to ocean—effect precipitation), and in West Virginia (a topographic
signature).

Figure 3.25 shows the storm-relative ADP for 39 cutoff days (35 individual
cutoffs), with a lower contour interval (0.25 mm day?) than the Clipper Track.
Precipitation in association with Hudson Bay cutoffs tends to closely follow the track of
the cutoff, with the area of highest values along the track, decreasing at similar rates on
either side away from the track. In addition, the most precipitation occurs directly in
front of the cutoff’s average track. Note that data near the average starting point cannot
be taken as zero since these cutoffs originate in Canada, far outside the domain of the

UPD.
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0 1.00 200 300 400 bH00 600 700 800 9060 1000

Fig. 3.2. Average daily October precipitation for 1948-1998 where a cutoff low was
present in the outer domain and precipitation was observed. Amounts are contoured
every 1 mm day™ (shown on the bottom of the color bar) or ~ 0.04 in day™ (on the top).
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Fig. 3.3. Asin Fig. 3.2 but for November.
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Fig. 3.4. As in Fig. 3.2 but for December. Contour interval is 0.5 mm day™ (on the
bottom of the color bar) and ~ 0.02 in day™ on the top.
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Fig. 3.5. Asin Fig. 3.4 but for January.
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Fig. 3.6. As in Fig. 3.4 but for February.
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Fig. 3.7. As in Fig. 3.4 but for March.
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Fig. 3.8. As in Fig. 3.4 but for April.
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Fig. 3.9. Asin Fig. 3.4 but for May.
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Max = 68.81

£5.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00

Fig. 3.10. Average percent of the climatological precipitation in association with cutoff
lows for October. Contour interval 5%.

Max = T72.27

25,00 350.00 35.00 40.00 45.00 50.00 5500 6000 6500 70.00 75.00
Fig. 3.11. As in Fig. 3.10 but for November.
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Max = 6B61.52

25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00
Fig. 3.12. As in Fig. 3.10 but for December.

Max = 55.00

25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00
Fig. 3.13. As in Fig. 3.10 but for January.
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Max = 61.37

25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00
Fig. 3.14. As in Fig. 3.10 but for February.

Max = B67.29

25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00
Fig. 3.15. As in Fig. 3.10 but for March.
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Max = 68.83

25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00
Fig. 3.16. As in Fig. 3.10 but for April.

Max = 69.11

25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00
Fig. 3.17. As in Fig. 3.10 but for May.
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Fig. 3.18. Average daily precipitation over 80 cutoff days for lows that followed the
Mid-Atlantic track. Contour interval is 1.5 mm day™ (~0.06 in day™).
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1.00 200 300 400 500 600 700 800 8§.00 1000 11.00 12.00 13.00
Fig. 3.19. Storm-relative average daily precipitation over 60 cutoff days for lows that
followed the Mid-Atlantic track. Average starting and ending positions are represented

by the solid circle and “X,” respectively, along with the resultant average track. Contour
interval is 1 mm day™ (~0.04 in day™).
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.00 1050 1200 13560 1500 1650 18.00

0 0.06 0.12 .18 .24 0.30 0.356 041 047 0.53

] 1.50 300 450 600 750
Fig. 3.20. Average daily precipitation over 59 cutoff days for lows that followed the
Southwest track. Contour interval is 1.5 mm day™ (~0.06 in day™).

G o4 Gos 012 016 .20 24 02B U041 .85 60889 043 047 051

0 1,00 200 3.00 400 500 600 7T.00 8|.00 9.00 10,00 11.00 12,00 13.00
Fig. 3.21. Storm-relative average daily precipitation over 48 cutoff days for lows that
followed the Southwest track. Average starting and ending positions are represented by
the solid circle and “X,” respectively, along with the resultant average track. Contour

interval is 1 mm day™ (~0.04 in day™).
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Fig. 3.22. Average daily precipitation over 58 cutoff days for lows that followed the
Clipper track. Contour interval is 0.8 mm day™ (~0.03 in day™).
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0] 050 100 150 200 250 3.00 350 400 4.50 500 550 600 650
Fig. 3.23. Storm-relative average daily precipitation over 35 cutoff days for lows that
followed the Clipper track. Average starting and ending positions are represented by the

solid circle and “X,” respectively, along with the resultant average track. Contour
interval is 0.5 mm day™ (~0.02 in day™).
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Fig. 3.24. Average daily precipitation over 75 cutoff days for lows that followed the
Hudson Bay track. Contour interval is 0.4 mm day™ (~0.16 in day™).
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Fig. 3.25. Storm-relative average daily precipitation over 39 cutoff days for lows that
followed the Hudson Bay track. Average starting and ending positions are represented by
the solid circle and “X,” respectively, along with the resultant average track. Contour
interval is 0.25 mm day™ (~0.01 in day™).

47



4, Case Studies

4.1 Overview

As previously mentioned in sections 1.3 and 2.2.3, one multifaceted case along
with several other cutoff cases were examined. These cases were chosen to illustrate the
difficulty in cutoff prediction and variability. The 23-31 May 2003 cutoff case was a
typical example of a spring cutoff with an atypical progression. It produced close to 100
mm of rain in some locations, yet the amount of precipitation a given location received
was not proportional to its proximity to the location of the cutoff; i.e., locations near the
cutoff’s track did not necessarily receive the most precipitation. The other cases provide
a concise overview of some of the many “flavors” that cutoffs may assume. These
include cutoffs associated with powerful nor’easters (25-27 December 2002 and 3-5
January 2003) and another springtime cutoff of a more progressive nature (11-15 May
2003). All of these systems were associated with significant amounts of precipitation
across the Northeast; yet each develop and progress through the area in different

environments, leading to varied distributions of the resultant precipitation.

4.2 Case 1: 23-31 May 2003

4.2.1 Precipitation Distribution and Progression
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Figure 4.1 shows a four—day (96 h) precipitation plot ending at 1200 UTC 27 May
2003. Note for this and future plots similar to this one that precipitation values outside
the US land border are a result of the smoothing program used to plot the data, and
should be ignored. The dark line is the track of the 500 hPa cutoff, with its 1200 UTC
locations denoted by the inserted day. The initial track of this cutoff follows a Southwest
track (compare Fig. 1.9 with Fig. 4.1) (Smith 2003) in its first stage, but then stalls and
slowly heads south in its second stage by 27 May. The cutoff’s third stage is its exiting
phase, looping through Pennsylvania before headed out of the Northeast (Fig. 4.2). The
precipitation pattern in Fig. 4.1 reveals the first two stages of this cutoff’s three-stage
progression. First, in northern lower Michigan, there is an area of precipitation directly
associated with the cutoff as it moved eastward into southwestern Ontario. The
precipitation along the East Coast is associated with the cutoff’s second stage, when it
slows its progression and becomes nearly stationary just north of Toronto. This area of
precipitation is much farther away from the cutoff, has a greater areal extent, and has
higher overall values than the precipitation over Michigan associated with the cutoff’s
first stage. Higher elevations did not necessarily receive more precipitation than lower
elevations, but the upper Hudson and Connecticut River Valleys do represent slight local
minima in the distribution, with a muted signal near the coast.

The third stage of the cutoff denotes its slow progression toward the Northeast,
taking a wide turn over Pennsylvania before heading away from the Northeast via
northern Maine. Figure 4.2 shows the resultant precipitation associated with this third
stage, which is markedly lighter than the previous stage. Values in the Northeast are all

less than 25 mm and are somewhat proportional to elevation. Some higher amounts are
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observed over higher elevations, but this relationship is not ubiquitous. Note that
precipitation near the western Great Lakes is associated with the last two of the five total
vorticity maxima rotating around the cutoff as well as another cutoff moving into the
area. The track of the cutoff appears to have a direct association with the location of the
heaviest precipitation, with locally higher values located right along the cutoff’s track.
However, since the data over the ocean and in Canada are not real, it is difficult to totally
validate the aforementioned statement.

Figures 4.3a—f show the national radar composite (Level 1; 0.5° elevation angle)
at 24 h intervals starting at 0000 UTC 24 May 2003 and ending at 0000 UTC 29 May
2003. These figures, along with Figs. 4.4-4.9, will be used to assess the forcing for
precipitation and the resultant effect on observed precipitation. In each figure, an “X”
denotes the center of the cutoff, while the letters “A,” “B,” “C,” “D,” and “E” are used to
locate five 500 hPa vorticity maxima centers that migrate around the cutoff. A continuity
map showing each vorticity maximum?’s track, to be thoroughly discussed later, is shown
in Fig. 4.10.

Figure 4.3a shows the precipitation at 0000 UTC 24 May 2003, with the cutoff
located over southwestern lower Michigan. An area of precipitation is located to the
north and east of the cutoff, along the Mid-Atlantic coast (associated with vorticity
maximum “A”), and also in North and South Dakota (associated with vorticity maximum
“B”). As the cutoff drifts to the northeast by 25 May (Fig. 4.3b), the area of precipitation
once located to the northeast of the cutoff has diminished in size and moved into northern
New York, although the US Radar may not pick up precipitation far into Canada. The

area of precipitation associated with vorticity maximum “B” has moved southeastward
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into Missouri and Illinois, ahead of the center of the vorticity maximum. The area of
precipitation along the East Coast associated with vorticity maximum “A” has diminished
in both size and area as it moved northeastward.

By 26 May (Fig. 4.3c), the cutoff has become essentially stationary north of
Toronto, and nearly all precipitation in the immediate area of the cutoff has dissipated.
The precipitation associated with “B” is moving through the Ohio River Valley while
another vorticity maximum (“C”) is seen in Minnesota with no precipitation. At 0000
UTC 27 May (Fig. 4.3d), an area of heavy rain associated with “B” is exiting New
England, while “C” has traveled south in a similar path as “B,” but still with no
precipitation. The cutoff itself is still in the same general area as it was 24 h prior, with
only some precipitation to its east.

At 28 May (Fig. 4.3e) the cutoff is again in motion, traveling southward over
Lake Erie. It now has a small area of precipitation southwest of its center over northern
Ohio. Vorticity maximum “B” has moved just north of New Hampshire, but its
associated precipitation has all moved offshore. Vorticity maximum “C” now has some
associated precipitation over the Delmarva Peninsula as it rotates around the cutoff
center, while vorticity maximum “D,” located over North Dakota, has some precipitation
to its southeast. Figure 4.3f shows the cutoff on 29 May moving through New England
out to sea, with most of the precipitation in Maine northeast of the cutoff’s center near
vorticity maximum “C.” Light and scattered precipitation can be seen over the rest of
New England and in Canada. Vorticity maximum “D” has now split off “E,” with both

associated with some precipitation across the Ohio River Valley.

51



4.2.2 Synoptic Overview

The large-scale pattern over the Northeast is displayed in 24 h intervals starting at
0000 UTC 24 May 2003 through 0000 UTC 29 May 2003 in Figs. 4.4-4.9, respectively.
These correspond to the US radar images (Figs. 4.3a—f) previously discussed. These
figures will serve to illustrate the synoptic environment surrounding the cutoff over the 5-
day period, clearly showing its three-stage life cycle.

Figure 4.4 shows the eastern half of the US at 0000 UTC 24 May 2003. The
cutoff of concern is shown in Fig. 4.4d, located over southwestern Michigan, with its
associated area of isolated cool air in the lower troposphere (Fig. 4.4a) denoted by an area
of less than 546 dam thickness. The strongest vorticity maximum is located just to the
southeast of the cutoff’s center, but vorticity maximum *“B” lies upstream in North
Dakota (compare Fig. 4.3a and Fig. 4.4d). Little surface reflection of the upper low is
apparent as no closed 1000 hPa contour appears in the area of the cutoff (Fig. 4.4a).
Little warm air advection exists except for offshore from Virginia (Fig. 4.4b). There is
ample moisture in the mid-levels of the atmosphere (Fig. 4.4c) both to the north of the
cutoff and also well to the east and southeast of the cutoff, with areas of vigorous ascent
located along the coast [associated with a 250 hPa jet streak (Fig. 4.4e)] as well as to the
north of the cutoff. These areas correspond quite well to the areas of precipitation in Fig.
4.3a.

At 0000 UTC 25 May 2003 (Fig. 4.5), the cutoff has moved slightly east into
extreme southwestern Ontario (Fig. 4.5d) and has strengthened, as noted by an additional

closed contour as well as an increase in the areal extent of its associated values of
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absolute vorticity above 28 x 10° s, The distribution of absolute vorticity is now more
symmetric about the center of the cutoff as compared to 24 h prior. The 1000 hPa plot
(Fig. 4.5a) reveals a surface low pressure system off the Northeast coast, well removed
from the cutoff, but no such surface reflection beneath the cutoff low. An embedded 250
hPa jet streak (Fig. 4.5e) within the jet stream is seen over the Ohio River Valley, with
the surface low located near the poleward exit region of the jet. Figure 4.5c reveals that
the available mid-tropospheric moisture is located all to the east of the cutoff over the
Northeast and adjacent Atlantic Ocean. The area of most vigorous ascent is located in
eastern New York State, with little significant rising motion near the cutoff at this time.
Correspondingly, the area where the heaviest precipitation was falling at this time is
eastern New York, seen in Fig. 4.3b. In addition, some precipitation is noted in southeast
Massachusetts, associated with weak vorticity maximum “A” and weak 850 hPa warm air
advection (Fig. 4.5b). The aforementioned vorticity maxima, “B,” previously located in
North Dakota, has now traveled southward into South Dakota and lowa (Fig. 4.5d), but
has little moisture associated with it (Fig. 4.5¢) and also no detectable precipitation at the
surface (Fig. 4.3b).

Twenty-four hours later, at 0000 UTC 26 May 2003 (Fig. 4.6), the cutoff has now
become stationary north of Toronto (Fig. 4.6d), with a nearly symmetric distribution of
absolute vorticity with respect to the cutoff’s center. The closed contours are also nearly
symmetric, but seem to be elongated toward the vorticity maximum (“B,” see Fig. 4.3c)
located to the southwest of the cutoff. Also noted is the third vorticity maximum (“C,”
see Fig. 4.3c) in Minnesota, beginning its rotation around the cutoff. A long extended jet

is located to the southeast of the cutoff (Fig. 4.6e), with two embedded jet streaks—one
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to the east of Maine and the other in Tennessee. The latter is in association with vorticity
maximum “B” (see Fig. 4.3c) (and perhaps a small-scale cutoff as well) rotating around
the cutoff, which has ample moisture (>90% relative humidity) and lift (< -8 x 10° hPa s
) (Fig. 4.6c). Accordingly, an area of precipitation is noted over southern Ohio (Fig.
4.3c) while precipitation near the cutoff’s center is spotty at best. The precipitation
associated with the surface low pressure system has moved offshore with that system
(Fig. 4.6a), along with any significant warm air advection (Fig. 4.6b), leaving the rest of
the area characterized by neutral temperature advection at 850 hPa.

Figure 4.7 shows the environment at 0000 UTC 27 May 2003, with the cutoff
drifting slowly southward (Fig. 4.7d). Vorticity maximum “B” (see Fig. 4.3d) has now
rotated to the east of the cutoff over northern New England with its accompanying
moisture and lift (Fig. 4.7c), surface low pressure system (Fig. 4.7a), and location in the
poleward jet exit region of a small jet streak (Fig. 4.7e). Consequently, an area of heavy
rain was moving offshore from New England (Fig. 4.3d) and was responsible for
precipitation amounts between 25 mm and 50 mm across southern New England. An
area of slight warm air advection (values between 0.2°C day™ and 0.4°C day™) is located
offshore of New England (Fig. 4.7b), perhaps connected to the heavy precipitation along
the Northeast coast. However, since the radar does not extend that far offshore, it is
difficult to validate this connection. Vorticity maximum “C” has now rotated to just
south of St. Louis, Missouri, with a small area of moisture (Fig. 4.7c) and even less
precipitation (Fig. 4.3d). Also evident is the lack of precipitation near the cutoff center

(Fig. 4.3d), partly due to a lack of available moisture in the immediate area (Fig. 4.7¢c).
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With a symmetric distribution of absolute vorticity (Fig. 4.7d), the cutoff is dynamically
dead.

At 0000 UTC 28 May 2003 (Fig. 4.8), the cutoff has now increased its forward
motion to the south and becomes “alive” as it has precipitation directly associated with it
in northern Ohio (Fig. 4.3e). While the distribution of absolute vorticity is still primarily
symmetric, it is now off-center (Fig. 4.8d) and is coupled with an area of moisture (Fig.
4.8c). This moisture was actually in association with vorticity maximum “B,” (see Fig.
4.3e) now located north of New Hampshire, but was subsequently advected cyclonically
around the northern side of the cutoff. Vorticity maximum “C” is now located over New
Jersey (Fig. 4.8d), along with a small area of light—to—moderate precipitation (Fig. 4.3e).
The jet stream to the south of the cutoff (Fig. 4.8e) remains lengthy, but overall is
stronger by about 10 m s than 24 h prior (compare Figs. 4.7e and 4.8¢). No surface low
pressure system exists in the area (Fig. 4.8a) nor does any significant warm air advection
at 850 hPa (Fig. 4.8b), leaving the precipitation in the Northeast primarily attributable to
cyclonic vorticity advection.

Figure 4.9 shows the cutoff near the end of its life at 0000 UTC 29 May 2003,
located over northern New England (Fig. 4.9d), with a large lower—tropospheric cold
pool over the Northeast (Fig. 4.9a). The absolute vorticity, once symmetric about the
center, has become disrupted as vorticity maximum “C” (see Fig. 4.3f) rotates on the east
side of the cutoff. The area near “C” in eastern Maine is the only region of concentrated
precipitation in the Northeast (Fig. 4.3f), with spotty precipitation over the rest of New
England. At 850 hPa (Fig. 4.9b), the isotherms are somewhat parallel to the isoheights,

leading to a lack of warm or cold air advection. The lack of significant 700 hPa upward
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motion, in part, precludes more precipitation, despite ample moisture (Fig. 4.9c).
Vorticity maxima “D” and “E” (see Fig. 4.3f) are noted over Illinois, located in the

poleward exit region of a jet streak diving south from Canada (Fig. 4.9e).

4.2.3 Mesoscale Aspects

Figure 4.10 shows the progression of the five vorticity maxima during the event at
12 h intervals. Referring back to the precipitation amounts during the first half of the
event (Fig. 4.1), note that the areas of heaviest precipitation occur near the track of
vorticity maxima “A,” “B,” and “C” along the coastal sections of the Northeast. A
second maximum occurs near St. Louis, near where both “B” and “C” traveled. It is
these smaller—scale vorticity features that appear to be a key factor for predicting heavier
precipitation amounts.

The internal structure of the cutoff observably changes characteristics during its
lifetime. Figures 4.11a and 4.11b show observed soundings from Detroit, Ml (DTX) at
1200 UTC 24 May 2003 and Buffalo, NY (BUF) at 1200 UTC 27 May 2003,
respectively. At these times, the cutoff center was serendipitously close to these upper-
air stations, allowing a close look at the structural changes of the cutoff.

At DTX at 1200 UTC 24 May (Fig. 4.11a), an area of rain had pushed through the
area and was off to the east, while another area of rain was situated off to the north (not
shown). The cutoff itself was moving slowly east into Canada and would soon stall. The
sounding reveals a moist and cool lower and middle troposphere, with the air temperature

and dewpoint temperature quite close from the surface up to about 500 hPa. The 1000—
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500 hPa thickness is about 541 dam, which is quite cool for late May. Light winds
(below 20 kts), apparent of a cutoff overhead, exist from the surface up to 200 hPa, first
veering from west to northeast in the moist layer, and then backing to northwest above
500 hPa. The tropopause is also markedly low at about 400 hPa.

The conditions at BUF at 1200 UTC 27 May were free of any precipitation. The
cutoff was coming out of its meandering stage and was now increasing its forward speed
toward the south, just west of BUF. Figure 4.11b shows numerous differences from the
DTX sounding 72 h prior. The lower troposphere is no longer saturated below 500 hPa,
but has a dry layer between 900 hPa and 950 hPa and also above 600 hPa to the
tropopause, which is higher up than at DTX at around 300 hPa. The 1000-500 hPa
thickness has risen to about 546 dam, which is still quite cool for late May, but not as
cool as it was at DTX three days earlier. Winds are again light, but only from the surface
up to 550 hPa, above which they are between 40 kts and 50 kts up to 300 hPa. Winds
veer from southerly at the surface to west—southwesterly at 800 hPa, back slightly from
800 hPa to 500 hPa, and then remain nearly unidirectional to 200 hPa, much different
from the earlier DTX sounding.

Another glimpse into the changing structure of the cutoff is afforded by two cross
sections, shown in Figs. 4.12 and 4.13. The first cross section (Fig. 4.12a), from
Chicago, IL (ORD) to Burlington, VT (BTV), is valid at 0000 UTC 25 May. The cutoff
is depicted in the center of the cross section by the rise (dip) in the isentropes below
(above) about 300 hPa. The cyclonic circulation is maximized between 300 hPa and 400
hPa with south—southeasterly (north-northwesterly) flow to the east (west) of the cutoff

at about 25 m s (15 m s'). The absolute vorticity generally increases upward, but is
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maximized between 400 hPa and 500 hPa near the center of the cutoff (Fig. 4.12a),
decreasing in either direction away from the cutoff (compare with Fig. 4.5d). Figure
4.12b shows an abundance of moisture away from the cutoff, especially to its east, all
below about 550 hPa. However, any rising motion is confined to the area near
Burlington, with sinking motion throughout the troposphere to the cutoff’s west.

Figures 4.13a-b, valid at 0000 UTC 28 May 2003, depict slightly different
characteristics. Note that this cross section is from northwest to southeast, from Green
Bay, WI (GRB) to 37°N, 70°W, so the vantage point into the paper is to the northeast,
different from the previous figure. The distribution of absolute vorticity still increases
upward, but is much narrower (note that the x-axis covers slightly more distance in Fig.
4.13 than in Fig. 4.12). The rise (dip) in the isentropes bends toward the east (west),
unlike in Fig. 4.12a, where they are aligned vertically on top of each other. The
circulation, now centered higher at about 300 hPa, is off-center compared to Fig. 4.123,
with the “0” line to the southeast of the area of maximum absolute vorticity. The
distribution of moisture is still concentrated to the east of the cutoff, but has spread
farther up into the troposphere, with relative humidity values greater than 70% observed
above 500 hPa. Note that such values were all observed below about 550 hPa in Fig.
4.12b. The magnitude of the rising motion has decreased while staying primarily to the
east of the cutoff (Fig. 4.13b), but to the west of the cutoff the air motion is neither rising

nor sinking.

4.3 Case 2: 25-27 December 2002
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4.3.1 Precipitation Distribution

Figure 4.15 shows a three—day (72 h) precipitation plot for the period 1200 UTC
24 December through 1200 UTC 27 December 2002, with the overlaid 500 hPa cutoff
track. The cutoff did not acquire a closed contour until 0000 UTC 25 December; hence
the line starts near St. Louis and not farther west. There is an extensive area of greater
than 25 mm of precipitation from Florida northeastward to the Northeast, with a small
area of over 50 mm of precipitation in east central New York. This cutoff did not follow
any particular track, but instead started as a Southwest track cutoff that transitioned to a
Mid-Atlantic track. The pattern reveals higher amounts closer to the coast and light
amounts in the cutoff’s initial stage, as well as a rather swiftly moving cutoff (roughly
1300 km in 24 h or about 15 m s).

Snowfall observations plotted by NWS Binghamton (BGM) are shown in Fig.
4.15. Here, all precipitation fell as snow. The northeast portion of the blue-outlined area
shows amounts over 20 inches, with a maximum of 39 inches in northeast Otsego county.

This area corresponds well with the liquid precipitation maximum shown in Fig. 4.14.

4.3.2 Synoptic Overview

The synoptic pattern during this case featured a rapidly developing surface

cyclone with an accompanying 500 hPa cutoff to its west, a signature of a classic

nor’easter winter storm. Figure 4.16 shows a six—panel plot at 0000 UTC 25 December

2002, showing a weak cutoff at 500 hPa (Fig. 4.16d) with its area of absolute vorticity
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mainly to its south. (Note that for this and the next two cases the 500 hPa geopotential
heights are contoured using the conventional 6 dam in order to illustrate the cutoff’s
relative insignificance compared to other features.) One surface low pressure system is
observed over Kentucky while a coastal redevelopment near North Carolina is evident
(Fig. 4.16a), each with minimal 850 hPa warm air advection to their northeast (Fig.
4.16b) and 700 hPa frontogenesis farther northeast (Fig. 4.16¢). Figures 4.16e and 4.16f
show the East Coast between a 300 hPa polar jet streak and 200 hPa subtropical jet
streak, respectively.

Figure 4.17 reveals a rather weak cutoff at 500 hPa (Fig. 4.17d) at 1200 UTC 25
December, with ample absolute vorticity around its center and also to it south. The
primary surface cyclone is beginning to develop near the Delmarva peninsula (Fig.
4.17a), while a lower—tropospheric warm front is evident at 850 hPa (Fig. 4.17b),
depicted by warm air advection over the Atlantic Ocean westward to the Mid-Atlantic.
The Northeast is still situated near the intersection of the poleward exit region of the
subtropical jet (Fig. 4.17f) and the equatorward entrance region of a weaker polar jet
(Fig. 4.17e), aiding in the surface cyclone’s development. Significant 700 hPa
frontogenesis is primarily located offshore, well away from surface and upper level
cyclones, with a smaller area of frontogenesis located in central Pennsylvania (Fig.
4.17c).

By 12 h later at 0000 UTC 26 December, the surface cyclone has “bombed” out
and is located just southeast of New England (Fig. 4.18a). Intense warm air advection at
850 hPa is noted from southern New England eastward (Fig. 4.18b), south of an area of

vigorous 700 hPa frontogenesis (Fig. 4.18c). The 500 hPa cutoff has also deepened, but
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with a similar distribution of vorticity (Fig. 4.18d) as 12 and 24 h prior. The 300 hPa and
200 hPa jet streaks (Figs. 4.19¢,f, respectively), located to the south and to the north of
the cyclone are exiting the region as the whole system departs the area over the next day
or so.

Figure 4.19 shows the Albany, NY (KENX) radar image (0.5° elevation angle) at
0128 UTC 26 December 2002, shortly after the previous figure. Clearly evident is a band
of intense reflectivity (greater than 30 dBz), corresponding to heavy snow in this case,
situated over Albany and points southwest and northeast. This area coincides with the
edge of the intense warm air advection at 850 hPa and is also behind the area of 700 hPa
frontogenesis (Novak et al. 2004). The band was responsible for the heavy snowfalls just
west of Albany (Fig. 4.15) as it remained over central New York for some duration
before it moved east. Note that this area of heavy precipitation was about 300 km from

the cutoff center, which was located near Long Island.

4.4 Case 3: 3-5 January 2003

4.4.1 Precipitation Distribution

A three—day (72 h) precipitation plot for the period 1200 UTC 2 January through
1200 UTC 5 January 2003 is shown in Fig. 4.20. This nor’easter and associated cutoff
developed on the heels of the previous case and produced significant precipitation over a
similar area (i.e., central and eastern New York). Overall amounts are less than 50 mm

and the location of amounts over 25 mm appears close to the first time that the cutoff was
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observed (1200 UTC 4 January). Amounts decrease in a similar manner on either side of
the cutoff’s track, and also decrease along the track in Maine. Figure 4.21 shows the
storm total snowfall observations over central and eastern New York, with the highest
amounts reported in a similar area as the 25-27 December 2002 storm (Fig. 4.15). This
area of maximum snowfall aligns well with the liquid precipitation maximum observed in
Fig. 4.20, with amounts between 25 mm and 40 mm. Note that snow fell outside of the

area shown, but was generally lighter.

4.4.2 Synoptic Overview

Figures 4.22-4.24 show the environment at 12 h intervals, from 0000 UTC 4
January through 0000 UTC 5 January 2003. At 0000 UTC 4 January (Fig. 4.22), 12 h
before the 500 hPa cutoff appears, there is a developing surface cyclone east of the
Delmarva peninsula (Fig. 4.22a), ample warm air advection at 850 hPa just south of New
England (Fig. 4.22b), and slight 700 hPa frontogenesis in central New England (Fig.
4.22c). The 300 hPa jet stream (likely an anomalously low subtropical jet stream) is
located over the developing surface cyclone (Fig. 4.22e). The surface cyclone system is
located near the equatorward jet entrance region of an anomalously high 200 hPa polar jet
stream (Fig. 4.22e). One area of absolute vorticity is located near the location where the
cutoff is about to form (Fig. 4.22d), with another vorticity maximum located to its south
offshore of Georgia.

Twelve hours later at 1200 UTC 4 January (Fig. 4.23) the surface cyclone has

intensified (note the —30 m closed contour compared to 60 m higher 12 h earlier) and
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moved northeastward to a location just offshore of Cape Cod, MA (Fig. 4.23a). Its
associated area of 850 hPa warm air advection (Fig. 4.23b) and frontogenesis (Fig. 4.23c)
also have moved north into central and northern New England, respectively. At 500 hPa
(Fig. 4.23d), a cutoff has formed just east of BGM, using the 30 m criterion, but is not
evident using the conventional 60 m interval. At 300 hPa (Fig. 4.23e), the poleward exit
region of the subtropical jet and implied area of divergence have also moved smartly
offshore. The surface cyclone is still located in the equatorward jet entrance region of the
polar jet (Figs. 4.23¢,f), aiding in its intensification.

By 0000 UTC 5 January (Fig. 4.24), the system is steadily moving out of the
Northeast. The surface cyclone has maintained its strength (Fig. 4.24a) while the 500
hPa cutoff is now visible at the 60 m contour interval (Fig. 4.24d). Areas of warm air
advection and frontogenesis have also exited the Northeast (Figs. 4.24b,c), along with
both subtropical and polar jets (Figs. 4.24e,f). It is seen that in this and the previous case
that the surface cyclone and associated lower—tropospheric dynamics (850 hPa warm air
advection and 700 hPa frontogenesis) affect the distribution of precipitation far more than

just the track of the 500 hPa cutoff and its associated vorticity maxima.

4.5 Case 4: 11-15 May 2003

4.5.1 Precipitation Distribution and Progression

The precipitation plot for the four—day (96 h) period from 1200 UTC 11 May

through 15 May 2003 is shown in Fig. 4.25. A large area of 25 mm to 50 mm of
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precipitation exists across upstate New York, with over 50 mm observed over the Tug
Hill Plateau and southwestern Adirondacks. Another area of locally higher values exists
downwind of Lake Erie, south of Buffalo. These two areas of locally higher precipitation
amounts could be a result of lake-enhanced precipitation. Along the track of the cutoff,
there is an area of higher values near the cutoff’s position at 1200 UTC 11 May, then a
decrease in amounts, a second resurgence of precipitation amounts in New York, and
finally a decrease in amounts over Maine. It is difficult to determine whether or not
precipitation was evenly distributed to the north and south of the track because data in
Canada are virtually useless. However, in Maine it appears that values are even on either
side of the track.

Figures 4.26a—d show the progression of the precipitation as a national radar
composite (Figs. 4.26a,b) and a Northeast radar composite (Figs. 4.26c,d) at 24 h
intervals starting at 1200 UTC 11 May 2003. Figure 4.26a shows the precipitation
associated with a surface low pressure system over Wisconsin and its cold front to the
east and south. By 1200 UTC 12 May (Fig. 4.26b), the precipitation along the cold front
has dissipated, and the precipitation near the weakening surface low pressure system has
diminished. Twenty—four hours later (Fig. 4.26¢) the precipitation is mainly oriented
west—east, with enhancement along the Green Mountains in Vermont and also in central
New York. Nearly all precipitation has dissipated by 1200 UTC 14 May (Fig. 4.26d),

confined only to northeast Maine.

4.5.2 Synoptic Overview
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The progression of the cutoff from 1200 UTC 11 May through 1200 UTC 14 May
2003 at 24 h intervals is shown in Figs. 4.27-4.30 in a similar display as the first case.
The cutoff of interest is clearly seen at 500 hPa in Fig. 4.27d over Wisconsin, with five
closed contours around the center. A maximum of absolute vorticity is located just
southeast of the center of the cutoff, with extended “filaments” of absolute vorticity to the
south and southwest of the cutoff. A surface cyclone is evident just to the northeast of
the 500 hPa cutoff (Fig. 4.27a), with an impressive central geopotential height of —120 m.
Absent from the structure is an isolated cold pool in the lower troposphere (no closed
1000-500 hPa thickness contour). The cutoff is located in the poleward jet exit region of
the 250 hPa jet stream with significant ridging to the east (Fig. 4.27e). Ample lower
tropospheric moisture exists to the west, north, and east of the center, while the most
vigorous upward motion is located to the north of the cutoff in the upper peninsula of
Michigan (Fig. 4.27c). In the same area, however, 850 hPa warm air advection (Fig.
4.28b) is below 0.2°C day™, despite an easterly flow normal to the isotherms. The
national radar composite (Fig. 4.26a) shows high reflectivity in this area as well,
confirming the inference of heavy precipitation. Note that this area is also where greater
than 50 mm of precipitation will fall while 10 mm or less will fall along the cutoff’s
initial track near Green Bay, W1 (Fig. 4.25).

Figure 4.28, valid at 1200 UTC 12 May, reveals the swift progression of the 500
hPa cutoff, which is now located over Georgian Bay in Canada (Fig. 4.28d). The
distribution of absolute vorticity is biased toward the south of the cutoff, with an
accompanying vorticity maximum traveling eastward through Virginia, likely once an

aforementioned filament of vorticity. The ridging at 250 hPa has moved quickly offshore
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ahead of the jet (Fig. 4.28e) as the cutoff now spans the entire depth of the troposphere.
At the surface (Fig. 4.28a), the original surface cyclone presently over Georgian Bay has
weakened, while a new system has formed southeast of New England. Only to the
northeast of this new surface cyclone is an area of 850 hPa warm air advection (Fig.
4.28b). Note that now the cutoff still has ample moisture surrounding it, but the upward
motion is lost (Fig. 4.28c). The national radar composite reveals a marked decrease in
precipitation echoes near the Great Lakes, with the heaviest echoes confined to eastern
Ohio and western Pennsylvania. As a result, precipitation totals over eastern Michigan
are also lower than those found over the upper peninsula of Michigan (Fig. 4.25).

At 1200 UTC 13 May (Fig. 4.29), the 500 hPa cutoff has now become less
organized as it moved into northern New England (Fig. 4.29d). The surface cyclone has
all but dissipated (Fig. 4.29a), but a large area of lower—tropospheric moisture remains in
place over the northern portions of the Northeast into Canada (Fig. 4.29c). However,
little upward motion exits over the area (Fig. 4.29c) as the jet is well offshore (Fig.
4.29e). Consequently, the precipitation observed over the Northeast (Fig. 4.26c¢)
apparently occurs in response to a small vorticity maximum rotating through western
New York, in the absence of 850 hPa warm air advection in the Northeast (Fig. 4.29b).

Figures 4.30 and 4.26d show that by 1200 UTC 14 May the entire system at all
levels has departed the Northeast. Geopotential heights at 1000 hPa and 850 hPa are on
the rise (Figs. 4.30a,b) over the Northeast as the 500 hPa cutoff has moved into the
Canadian Maritimes (Fig. 4.30d). Some residual lower—tropospheric moisture is still
evident over the Northeast (Fig. 4.30c), which is under northwesterly flow behind the

cutoff. The 250 hPa jet is well to the south and east over the Atlantic Ocean (Fig. 4.30e).
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Fig. 4.1. Four—day (96 h) precipitation plot (mm) from 1200 UTC 23 May 2003 through
1200 UTC 27 May 2003. Dark solid line indicates track of 500 hPa cutoff low with
indicated daily 1200 UTC locations.
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Fig. 4.2. As in Fig. 4.1, except for the period 1200 UTC 27 May 2003 through 1200
UTC 31 May 2003.
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NATIONAL COMPOSITE LWL:1 Z4-MAY

WNATIOMAL COMFOSITE LWL:1 23-MAY-03 00:00:00

Fig. 4.3. National composite radar (Level 1) at 0000 UTC on: a) 24 May 2003, b) 25
May 2003, c) 26 May 2003, d) 27 May 2003, e) 28 May 2003, and f) 29 May 2003. A,
B, C, D, and E denote the five vorticity maxima, while X denotes the center of the cutoff.
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Fig. 4.3. Continued.
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Fig. 4.3. Continued.
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Fig. 4.4. Five—panel analysis plot valid at 0000 UTC 24 May 2003 showing: a) 1000 hPa
geopotential height (m, solid) and 1000-500 hPa thickness (dam, dashed); b) 850 hPa
geopotential height (dam, solid), temperature (°C, dashed), and temperature advection
(0.1°C day™); c) 700 hPa geopotential height (dam, solid), relative humidity (%, shaded
above 70%), and vertical velocity (10 hPa s™, dashed below —2 x 10 hPa s™); d) 500
hPa geopotential height (dam, solid) and absolute vorticity (10” s, shaded above 12 x
10° s‘l)l; e) 250 hPa geopotential height (dam, solid) and wind speed (m s, shaded above
30 ms™).
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Fig 4.5. As in Fig. 4.4, except for 0000 UTC 25 May 2003. Dark solid line in panel (d)
shows approximate orientation of cross section in Fig. 4.12.
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Fig 4.6. As in Fig. 4.4, except for 0000 UTC 26 May 2003.
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Fig 4.7. Asin Fig. 4.4, except for 0000 UTC 27 May 2003.
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Fig 4.8. As in Fig. 4.4, except for 0000 UTC 28 May 2003. Dark solid line in panel (d)
shows approximate orientation of cross section in Fig. 4.13.

76



d

500 hPa Heights, Abs. Vaorticity

250 hPa Helghis, Isolach (mis)

Fig 4.9. Asin Fig. 4.4, except for 0000 UTC 29 May 2003.
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Fig. 4.10. Paths of five significant vorticity maxima centers at 12 h intervals: A (green)
begins at 0000 UTC 23 May 2003 and ends at 1200 UTC 26 May 2003; B (red) begins at
0000 UTC 24 May 2003 and ends at 0000 UTC 28 May 2003; C (purple) begins at 1200
UTC 25 May 2003 and ends at 0000 UTC 30 May 2003; D (light blue) begins at 0000
UTC 28 May 2003 and ends at 0000 UTC 30 May 2003; E (light orange) begins at 1200
UTC 28 May 2003 and ends at 0000 UTC 30 May 2003.
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Fig. 4.11. Observed soundings from a) Detroit, Ml (DTX) at 1200 UTC 24 May 2003
and b) Buffalo, NY (BUF) at 1200 UTC 27 May 2003, courtesy University of Wyoming.
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Fig. 4.12. Cross sections at 0000 UTC 25 May 2003 from Chicago, IL (ORD) to
Burlington, VT (BTV) showing a) absolute vorticity (shaded every 6 x 10 s™), potential
temperature (heavy solid lines every 5 K), and normal component of the wind [contoured
every 5 m s, positive (negative) light contours indicate south-southeasterly (north—
northwesterly) flow] and b) relative humidity (shaded above 70%) and vertical velocity
[solid (dashed) lines depict sinking (rising) motion, contoured every 2 x 10° hPa s™].
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Fig. 4.13. As in Fig. 4.13, except for 0000 UTC 28 May 2003 from Green Bay, WI
(GRB) to 37°N, 70°W (at an intersection east of Norfolk, VA and south of Cape Cod,
MA) and positive (negative) light contours indicate southwesterly (northeasterly) flow.
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Fig. 4.14. Three—day (72 h) precipitation plot (mm) from 1200 UTC 24 December 2002
through 1200 UTC 27 December 2002. Dark solid line indicates track of 500 hPa cutoff
low (beginning at 0000 UTC 25 December) with indicated daily 1200 UTC locations.
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Fig. 4.15. Storm total snowfall observations (inches) over central New York for the
period 24-26 December 2002, courtesy NWS BGM.
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300 Height, Isctach (mis)

Fig. 4.16. Six—panel plot at 0000 UTC 25 December 2002 showing: a) 1000 hPa
geopotential height (m, solid) and 1000-500 hPa thickness (dam, dashed); b) 850 hPa
geopotential height (dam, solid), temperature (°C, dashed), and temperature advection
(0.1°C day™, shaded); c) 700 hPa geopotential height (dam, solid) and Miller 2-D
frontogenesis [°C (100 km%‘1 3 h)?, shaded]; d) 500 hPa geopotential height (dam, solid)
and absolute vorticity (10™ s, shaded); €) 300 hPa geopotential height (dam, solid) and
wind speed (m s™, shaded):; f) 200 hPa geopotential height (dam, solid) and wind speed

(m s, shaded).
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Fig. 4.17. Asin Fig. 4.16, except for 1200 UTC 25 December 2002.
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Fig. 4.18. As in Fig. 4.16, except for 0000 UTC 26 December 2002.
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Fig. 4.19. Radar image from Albany, NY (KENX) Radar at 0128 UTC 26 December
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Fig. 4.20. As in Fig. 4.14, except for the period 1200 UTC 2 January 2003 through 1200
UTC 5 January 2003. Note that 1200 UTC 4 January is the first time the cutoff is
observed.
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Fig. 4.22. Asin Fig. 4.16, except for 0000 UTC 4 January 2003.
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Fig. 4.23. Asin Fig. 4.16, except for 1200 UTC 4 January 2003.
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Fig. 4.24. Asin Fig. 4.16, except for 0000 UTC 5 January 2003.
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Fig. 4.25. As in Fig. 4.1 except for the period 1200 UTC 11 May 2003 through 1200
UTC 15 May 2003.
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NATIONAL COMPOSITE LWL:1 11-MAY-03

NATIOWAL COMPOSITE LWL:1 1Z2-MAY-03

Fig. 4.26. Composite radar (0.5° elevation angle) at 1200 UTC on: a) 11 May 2003, b) 12
May 2003, ¢) 13 May 2003, d) 14 May 2003.
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Fig. 4.26. Continued.
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Fig 4.27. Asin Fig. 4.4, except for 1200 UTC 11 May 2003.
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Fig 4.28. Asin Fig. 4.4, except for 1200 UTC 12 May 2003.
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Fig 4.29. Asin Fig. 4.4, except for 1200 UTC 13 May 2003.
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Fig 4.30. Asin Fig. 4.4, except for 1200 UTC 14 May 2003.
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5. Discussion

5.1 Precipitation Climatology

5.1.1 Average Daily Precipitation

The results from the average daily precipitation maps for the cool season months
of October—-May vyield some insights into the precipitation variability of cutoff cyclones
that affect the Northeast. Throughout the entire cool season (Figs. 3.2-3.9), the axis of
maximum values of average daily precipitation (ADP) occurs along coastal areas of New
England into New Jersey. At first glance, this distribution is to be expected since coastal
areas climatologically receive more precipitation than inland areas. However, by April
and especially May (Figs. 3.8-3.9), this axis shifts slightly inland. This shift might best
be explained by the fact that convection tends to play a more dominant role in the mode
of precipitation in April and May than in other cool season months. Since the nearby
ocean waters are still quite cool in April and May, the convection tends to locate itself
more inland, away from the immediate coast. Accordingly, the location of the coastal
baroclinic zone might be stronger and located farther inland in late spring than in autumn,
which may also tend to increase the APD values away from the coast. Also observed
over the whole cool season is an overall decrease in the zonal gradient of ADP values.
This decrease as well may be due to an increase in inland convection and/or perhaps a
result of more variable cutoff tracks by spring due to the spindown of the Northern

Hemispheric circulation.
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Topographical effects are clearly evident in the APD maps throughout the cool
season, but perhaps become less apparent by late spring. In addition, the shift in local
maximum ADP values from just east of higher elevations to be nearly collocated with
higher elevations may be the result of dominant upslope enhancement in winter
(December—February) (e.g., Passarelli and Boehme 1983, Atallah and Aiyyer 2002)

versus more of a convective mode in late spring (April and May).

5.1.2 Percent of Climatology

Cutoff lows are associated with between one-third to two-thirds of the average
monthly precipitation across the Northeast during the cool season. A direct consequence
of this fact is that a lack of cutoff activity in the area leads to a possibility of drought.
Area-wide values decrease from October to January, then increase again to a maximum in
April [coinciding with a maximum of cutoff frequency across the area (see Fig. 3.1)].
May values are slightly lower than April values across the Northeast. Higher values are
consistently located in Maine, closer to the preferred cutoff tracks (see Fig. 1.9). Figure
3.1 shows that during October, November, and February a cutoff is observed about 30%
of the time near the Northeast. However, note that values range from 50% to 70% in
October and November (Figs. 3.10 and 3.11, respectively), yet are about 10% lower
everywhere in February (Fig. 3.14). This distribution infers that cutoffs produce more
precipitation on average in autumn than in late winter, relative to each month’s average
area-wide precipitation. Also evident during the cool season, contrary to the ADP maps,

is a lack of an orographic signal, meaning that higher elevations usually receive more
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precipitation than lower elevations in the same proportion from cutoffs as they do from
all sources. In other words, if a higher elevation normally receives 100 mm of
precipitation in a month compared to 75 mm for a nearby lower elevation, then the total
monthly precipitation associated with cutoffs, relative to each location’s climatological
average, would be roughly the same (perhaps 50 mm for the higher elevation compared
to 35 mm for the lower elevation). Overall, the percent of precipitation associated with
cutoffs compared to the climatological normal appears to be related to cutoff occurrence;

I.e., higher values occur closer to areas that experience more cutoffs.

5.1.3 Precipitation Distribution of Four Cutoff Tracks

Four preferred cool-season cutoff tracks that affect the Northeast (see Fig. 1.9)
were used as a basis to categorize cutoffs over the period 1980-1998, based on a
subjective reanalysis. Figures 3.18-3.25 show the average daily precipitation and storm-
relative average daily precipitation for each of the four tracks. Cutoffs following the
Mid-Atlantic track show a maximum in ADP values near the coast (see Fig. 3.18), along
with an upslope enhancement to the east of the higher elevations, due to a mean easterly
to northeasterly flow associated with cutoffs passing just to the south of New England.
The storm-relative ADP plot reveals a maximum to the north of the cutoff’s average
ending 24 h location (see Fig. 3.19), ahead of and just to the left of its track. This
location is likely a result of strong surface cyclone dynamics coupled with an influx of

moisture from the Atlantic Ocean in a classic nor’easter type storm.
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Southwest track cutoffs produce as much precipitation as Mid-Atlantic cutoffs
and also have a coastal maximum in ADP values (see Fig. 3.20), but the distribution is
more spread out than Mid-Atlantic cutoffs. The storm-relative ADP map (see Fig. 3.21)
shows that the maximum in precipitation occurs well to the east of the average 24 h
ending location. This separation is likely due to a deep and moist southerly or
southwesterly flow around the cutoff into the Northeast, with areas near the cutoff unable
to generate more precipitation. In addition, surface low pressure systems may develop on
the periphery of the cutoff and move along the Northeast coast, enhancing precipitation.
This scenario occurred during a cutoff event from 3-5 July 1996 (Najuch 2004), where a
moist southeasterly flow over New England aided in precipitation enhancement.

Cutoffs following the Clipper track are comparatively much drier than cutoffs of
the previous two tracks, but are still associated with distinct precipitation patterns. The
ADP map (see Fig. 3.22) shows a clear lake-effect signal downwind of Lakes Erie and
Ontario (aided by the elevated Tug Hill Plateau region), due to a mean westerly flow
across the lakes as the cutoff passes to the north of these areas. The Berkshire and Green
Mountains are also local maxima, but coastal New England receives the most
precipitation, on average, from Clipper cutoffs. This increase in values may be attributed
to an increase in the availability of moisture from the Atlantic Ocean perhaps with an
associated surface cyclone development. The storm-relative map (see Fig. 3.23) shows a
maximum in precipitation values along the cutoff’s track and ahead of its average 24 h
ending position.  Clipper cutoffs typically produce light precipitation by cyclonic
vorticity advection and warm air advection ahead of the system, with lesser amounts

farther away from the cutoff.
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Hudson Bay cutoffs primarily affect Maine, as evident in Fig. 3.24, with the
absolute maxima located there. Other local maxima occur near Mount Washington and
Mount Mansfield (and in the southwestern Tug Hill Plateau region) due to upslope
enhancement, and also to the southeast of the east end of Lakes Erie and Ontario, due to
lake enhancement. The storm-relative ADP map (see Fig. 3.25) reveals a similar pattern
to Clipper cutoffs, with the maximum precipitation along the cutoff’s track, but overall
values are the least among the four tracks. Again, weak cyclonic vorticity and warm air

advection are the primary causes for precipitation with Hudson Bay cutoffs.

5.2 Case Studies

5.2.1 23-31 May 2003

The first case study illustrates the importance of looking at the periphery of the
cutoff, as this area tends to be where the bulk of precipitation will fall. During this
cutoff’s lifetime, it transitioned through three stages: a Southwest track, a stationary
stage, and then its exiting phase out of the Northeast. Figures 4.3a—-f show the
progression of the precipitation associated with the cutoff as well as the five vorticity
maxima that rotated around the cutoff. Comparing Fig. 4.10 with Figs. 4.1 and 4.2
reveals that the bulk of precipitation was well removed from the cutoff’s track, and
aligned closer to the tracks of the individual 500 hPa vorticity maxima rotating around

the cutoff.
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The precipitation immediately surrounding the cutoff during its initial stage was
driven primarily by a weak upward increase in cyclonic vorticity advection and the
associated divergence aloft, but both ceased during the cutoff’s second stage. The
contours of absolute vorticity became collocated with the geopotential height contours
(thus eliminating any cyclonic vorticity advection), and the 250 hPa jet stream became
elongated to the south of the cutoff (Figs. 4.5d,e-4.8d,e). Small-scale jet streaks were
embedded within the 250 hPa jet stream, the former connected to vorticity maxima at 500
hPa and, sometimes, surface low pressure systems. Figure 4.5 shows this scenario
explicitly with a 250 hPa jet streak (Fig. 4.5e) near a small vorticity maximum (“A”)
(Fig. 4.3b and Fig. 4.5d) above a surface low pressure system (Fig. 4.5a). Figure 4.7
shows the environment surrounding vorticity maximum “B” (Fig. 4.3d and 4.7d), with a
250 hPa jet streak (Fig. 4.7e) located near the surface low pressure system (Fig. 4.7a).
Both “A” and “B” were associated with a small surface low pressure system, but “B” was
stronger (i.e., higher values of absolute vorticity) and larger in area than vorticity
maximum “A.” As a result, vorticity maximum “B” was responsible for higher amounts
of precipitation across southern New England during 26-27 May 2003 than “A.”
Vorticity maximum “C” followed closely behind “B,” but with less available lower-
tropospheric moisture.  Consequently, considerably less rainfall was observed in
association with vorticity maximum “C” (compare Fig. 4.1 to Fig. 4.2). Warm air
advection at 850 hPa was fairly insignificant during the entire lifetime of this cutoff, but
IS an important player in two of the other three remaining cases.

Forecasting the precipitation patterns associated with a cutoff can be difficult.

However, it is encouraging to note that the climatological results presented in Chapter 3
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do show some usefulness. Comparing Fig. 4.1 with Fig. 3.20, it is noted how closely the
areas of maximum precipitation align; namely, along coastal southern New England into
New Jersey as well as east of Lake Ontario. Also, the ADP values are notably similar,
for example, over Connecticut. Roughly 60 mm of precipitation accumulated over the
four-day period (about 15 mm day™), which is nearly identical to the ADP value.
Admittedly, most of the precipitation fell during a 24 h period, but the agreement in
placement of the heaviest precipitation is a helpful first step towards improved overall

forecastibility.

5.2.2 25-27 December 2002 and 3-5 January 2003

Both the 25-27 December 2002 (case A) and the 3-5 January 2003 (case B) are
similar in their evolution, yet their impact on the Northeast was a bit different. The
precipitation distributions (Figs. 4.14 and 4.20 for cases “A” and “B,” respectively) show
the area of maximum values both in east central New York. However, case A produced
much more precipitation across the East Coast, with some portions receiving more than
50 mm of precipitation. Case B had most of the precipitation confined to the Northeast,
and all values were under 50 mm. The main differences between these two systems, set
apart by only about one week, include a stronger surface cyclone system and an earlier
westward development in case A [compare Fig. 4.17d (case A) and Fig. 4.22d (case B)].
These differences allowed the system in case A to develop more by the time it impacted
the Northeast, allowing more precipitation to fall. However, common to both cases is the

relative inertness of the 500 hPa cutoff low, i.e., the surface features in these cases drive
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the location of the upper level cutoff, rather than the cutoff controlling where the surface
features propagate, such as in the 23-31 May 2003 case.

The key differences between both cases are best illustrated in a comparison at
their relative closest position to the Northeast (Fig. 4.18 for case A and Fig. 4.23 for case
B). In panel (a) of each figure, note the strength of the surface low pressure system,
using the 1000 hPa geopotential height as a proxy for sea level pressure (—180 m versus —
30 m). This deep cutoff characteristic extends upward in the troposphere to 500 hPa
[panel (d)] where there are two closed contours in case A, but none in case B (using a 60
m contour interval). In addition, the distribution of absolute vorticity to the south side of
the cutoff was similar in both cases (two distinct vorticity maxima), but it was much more
compact in case A compared to case B. In both cases there was an interaction between
the polar and subtropical jet streams [panels (e) and ()], but the setup in case B was
much farther offshore, whereas in case A the intersection of the equatorward entrance
region of the polar jet and the poleward exit region of the subtropical jet was located near
the Northeast. Although the 850 hPa warm air advection and 700 hPa frontogenesis
patterns were in fact similar, it was the stronger surface low pressure system,
juxtaposition of the polar and subtropical jet streams, and a more concentrated area of
absolute vorticity that facilitated the ultimate greater precipitation distribution in case A,

which was further aided by the longevity of a heavy band of precipitation.

5.2.3 11-15 May 2003
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This last case is a hybrid of the previous three cases. It features an initially strong
500 hPa cutoff cyclone and surface cyclone (similar to the 25-27 December 2002 case
and the 3-5 January 2003 case), but both decay over time. Similar to the 23-31 May
2003 case, the middle-tropospheric dynamics (e.g., 850 hPa warm-air advection and 700
hPa frontogenesis) are lacking. As a result, the precipitation distribution (Fig. 4.25) is
different from those in the previous three cases. The local maximum in the upper
peninsula of Michigan is attributed to the strong surface cyclone located just to the south,
and coincides with 1000-500 hPa warm air advection [note the 1000 hPa, 850 hPa, 700
hPa, and 500 hPa geopotential height contours (Figs. 4.27a—d, respectively) are nearly
normal to the 1000-500 hPa thickness contours in the upper peninsula of Michigan in
Fig. 4.27a], 500 hPa cyclonic vorticity advection (Fig. 4.27d), and a diffluent jet exit
region (Fig. 4.27e).

As the system moves eastward, the cold front triggers two areas of maximum
precipitation downwind of Lakes Erie and Ontario, perhaps a result of lake enhancement
with strong westerly flow. Also a possible cause of this increase in precipitation is the
growth of the area of 500 hPa absolute vorticity along the front (compare Fig. 4.27d with
4.28d to the west and east of New York, respectively). Along the Green Mountains in
Vermont, another local maximum of precipitation is noted. This maximum is suggestive
of upslope enhancement, perhaps aided by the 850 hPa wind aligning more normal to the
mountains, as noted by Smith (2003), by 1200 UTC 13 May 2003 (see Fig. 4.26¢). As
the cutoff continues to decay rapidly, signified by its loss of concentrated absolute
vorticity, nearly all precipitation decays over the Northeast (Figs. 4.26¢,d). Since this

cutoff was considerably more mobile than the 23-31 May 2003 cutoff, there was no time
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for other vorticity maxima to rotate around the cutoff. Therefore, all precipitation was

dependent upon the cutoff itself; i.e., as the cutoff decayed, so too did the precipitation.

5.3 Cutoff Schematic

Figure 5.1 shows an idealized cutoff schematic that summarizes the general
environment surrounding a cutoff as well as some other features that are variable.
Common features to all cutoffs are noted in solid contours while variable features, which
may or may not be present depending on the “flavor” of the cutoff, are dashed. The
center of the cutoff, denoted by the “X,” is shown with two closed 500 hPa geopotential
height contours. The jet stream is located to the south and perhaps to the north and east
of the cutoff, possibly aiding development of a surface cyclone, denoted by the “L.” To
the south of the cutoff is a “vorticity highway,” within the 500 hPa flow, where vorticity
maxima “A” and “B” may travel along with the cutoff (if it travels with the mean flow)
or rotate around the cutoff (if it is isolated from the mean flow and is slow moving).
Areas of precipitation are noted ahead of and within the vorticity maxima. Precipitation
is also noted near and to the north of the cutoff itself, which may be heavy depending on

the strength of the surface cyclone.

5.4 Forecasting Considerations

Previous work done relating to the climatological distribution of precipitation

from upper level cutoff cyclones was limited to Jorgenson (1967) and Klein et al. (1968).
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They found that the heaviest precipitation tends to fall to the southeast of the upper-level
cutoff cyclone. While this statement is true for the first half of the 23-31 May 2003 case
(see Fig. 4.2) and the second half of the 11-15 May 2003 case (see Fig. 4.25), it is not
true for the 25-27 December 2002 case (see Fig. 4.14) and the 3-5 January 2003 case
(see Fig. 4.20). This variability again illustrates that cutoffs do in fact have many
“flavors,” and that forecasting the associated precipitation needs to be performed on a
case-by-case basis. In general, initially strong surface cyclones with later-developing
upper-level cyclones tend to focus the heaviest precipitation just to the northwest of the
upper-level cyclone. In the case of initially strong upper-level cyclones and later-
developing surface cyclones, the precipitation distribution becomes more varied and
tends to follow the rotating vorticity maxima (e.g., “A” and “B” in Fig. 5.1) around the
periphery of the cutoff cyclone and also the area of absolute vorticity near the cutoff
center.

In order to best improve the forecastibility of cutoffs, it is prudent to facilitate a
“top down” approach in the following manner:

1) Be cognizant of the monthly variations of cutoff precipitation patterns.

2) If possible, categorize the cutoff into one of the four favored tracks and create a
conjoined precipitation picture.

3) Note which tropospheric features initially form and dominate—the upper-level
cyclone or the surface cyclone system. In Fig. 5.1, expect heavy precipitation in
the indicated area if the 500 hPa cutoff develops after the surface low pressure
system. Otherwise, generally light precipitation will occur near the cutoff while

heavier precipitation may occur with vorticity maxima “A” and “B.”
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4) Use model guidance to help forecast the track and evolution of the cutoff and
associated features. In the case of a blocking pattern, note that numerical models
tend to favor a mobile rather than stagnant atmosphere.

5) Important surface and middle-tropospheric features (such as warm air advection,
frontogenesis, and deformation zones) and their interaction with orography should
be noted as possible areas of heavier precipitation.

6) In the near term, rely on radar and satellite data as well as ground observations to
track mesoscale features/disturbances.

It is the hope of the author that these basic steps, along with a broad and thorough
meteorological sense, will at least improve forecaster situation awareness and perhaps the

forecast of a cutoff’s precipitation itself.
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Fig. 5.1. Schematic of an idealized cutoff cyclone, denoted by the “X.” Black contours
indicate 500 hPa geopotential heights (dam), with associated vorticity maxima “A” and
“B” embedded within the “vorticity highway” (light blue arrows). The upper-level jet
stream (e.g., 250 hPa) is outlined in red, with jet streaks shaded, and extensions dashed.
A surface low pressure system is denoted by the “L” with a surrounding closed isobar
(1000 hPa, dashed blue line). Areas of light (heavy) precipitation are illustrated in light
(dark) green, with a possible heavier area as marked.
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6. Conclusions and Future Work

6.1 Conclusions

A 51-year (1948-1998) Northeast climatology of the precipitation distribution in
association with 500 hPa cutoff lows during the cool season (October—May) is shown.
Using the NCEP/NCAR reanalysis and the subset of objectively defined closed lows by
Smith (2003), who defined a cutoff to be a geopotential height minimum surrounded by
at least a 30 m height rise in all directions, in conjunction with the UPD, monthly maps of
average daily precipitation (ADP) in association with cutoff lows were produced.
October and November show the highest values of ADP (up to 9 mm day™) along the
Northeast coast. The ADP amounts decrease area-wide through winter, then increase
again by April and May over all areas except the immediate coast, where values slightly
decrease. Higher values generally occur on or just east of higher elevations and to the
northeast, whereas lower values occur in lower elevations and to the southwest. Adjacent
warm ocean temperatures (acting as a continuous moisture reservoir) may allow for the
high ADP values in autumn, whereas convection is a likely cause for higher ADP values
in April and May. This pattern generally mimics the percentage of occurrence of cutoff
lows in the vicinity of the Northeast, which shows a local maximum of occurrence in late
October and early November and an absolute maximum of occurrence in early April.

Monthly maps showing the percentage of precipitation in association with cutoff
lows with respect to the monthly climatological average also were created from this

dataset. Over the cool season, one-third to two-thirds of the monthly precipitation occurs
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in association with cutoff lows across the Northeast. Although January has the lowest
area-wide cutoff precipitation percentage amounts (30%-50%) and April has the highest
(50%—-70%), the distribution consistently increases from southwest to northeast across the
Northeast throughout the cool season. Cutoff low frequency is a linked directly to how
much precipitation will occur over a given month; e.g., Maine is affected by cutoffs the
most and consequently has the highest values.

Based on Smith’s (2003) five cool-season mean cutoff cyclone tracks impacting
eastern North America, subjective tracks of cutoffs over the 19-year period 1980-1998
were categorized into Mid-Atlantic, Southwest, Clipper, and Hudson Bay type cutoffs.
Average daily precipitation maps show the orographic and geographic signal between
different tracks, and storm-relative ADP maps show the distribution of precipitation
relative to each track’s average 24 h ending position. Mid-Atlantic cutoffs typically
focus the precipitation along eastern Massachusetts, aided by a moist easterly flow off the
Atlantic Ocean. Relative to the track of the cutoff, the heaviest precipitation falls along
the track and to the north of the average 24 h ending position. Southwest cutoffs
typically produce as much precipitation as Mid-Atlantic cutoffs and also focus the
precipitation over coastal New England, but cover a greater area. The area of maximum
precipitation falls well to the east of the average 24 h ending position, likely due to a
broad and moist southerly flow into New England, perhaps enhanced by surface
cyclogenesis.

Clipper cutoffs produce much less precipitation across the Northeast, but show a
clear lake-effect signal. ADP values increase over New England, likely due to an ability

to utilize the moist Atlantic once cutoffs reach the coast. Relative to the track, the
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heaviest precipitation typically falls along the track and just ahead of the average 24 h
ending position. Hudson Bay cutoffs are the driest of the four types, and primarily affect
Maine, but a weaker lake-effect signal still exists. Similar to Clipper cutoffs, the
precipitation is focused along the track and near the average 24 h ending position. All
four tracks show locally higher (lower) ADP values nearly collocated with higher (lower)
elevations. However, locally higher values are displaced farther from the highest
elevations, as a consequence of upslope enhancement.

Four case studies provided four distinct perspectives of cutoff behavior. The 23—
31 May 2003 cutoff followed a Southwest track, stalled, and then exited the Northeast.
Fortuitously, ADP values over southern New England during the first four days of the
event nearly matched those from the Southwest track ADP map, illustrating a first-order
quantitative forecasting aid. Over the period, five vorticity maxima rotated around the
cutoff and were the primary foci for the bulk of the precipitation, rather than the cutoff
itself. Small surface low pressure systems, associated with two of the vorticity maxima
and aided by upper-level jet streaks, locally enhanced the precipitation.

The 25-27 December 2002 and 3-5 January 2003 cases showed an initially
developing surface cyclone followed by a 500 hPa cutoff. As a result, the strength of the
surface cyclone determined where the heaviest precipitation would fall, and the 500 hPa
cutoff served to focus the precipitation in a band (as in the 25-27 December 2002 case)
or along its track (as in the 3-5 January 2003 case). The 10-15 May 2003 case featured a
weakening surface and 500 hPa cutoff cyclone. As a result, the precipitation at first was
focused near the surface cyclone, aided by strong cyclonic vorticity advection and

associated upper-level divergence in the poleward exit region of a 250 hPa jet streak.
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However, a local maximum of precipitation later formed as a result of an elongated

vorticity maximum ahead of the decaying cutoff.

6.2 Future Work

This research [and Najuch’s (2004) parallel research] is the first in some time to
investigate the multiscale effect that 500 hPa cutoffs have on precipitation (Najuch 2004),
aside from related case study investigations (e.g., Novak et al. 2002, Smith 2003). The
work presented clearly points the way for continued progress in this area, especially in

improving the forecastibility of cutoffs. Some issues to be addressed in the future include:

1) Extend the track climatology back to 1948 and up to the present (and the overall
climatology to the present) to include more members in the composites and
perhaps obtain a clearer precipitation distribution. Also, a finer resolution dataset
could be used to better pinpoint cutoff location relative to the precipitation
distribution (i.e., closer to the 0.25° x 0.25° UPD resolution).

2) Composite some synoptic features (e.g., upper-level jet stream configuration,
mid-level ridges and troughs, etc.) among the four tracks. Pattern recognition can
be a valuable tool in the medium- and perhaps long-range forecasting of cutoffs.

3) Analyze and composite precipitation patterns associated with cutoffs of different
orientations and aspect ratios (i.e., circular/elliptical) and cutoffs that are

deepening or filling.
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4) Investigate additional case studies, including the April 2004 cutoff that produced

over 100 mm of precipitation at Boston, Massachusetts, in 24 h.
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ABSTRACT

The precipitation due to cutoff cyclones poses a challenge to forecasters,
especially in the northeastern United States. The purpose of this research is to diagnose
and understand the distribution of precipitation associated with the passage of 500 hPa
cutoff cyclones in the Northeast by means of composite and case studies, and to
determine whether or not there are characteristic precipitation signals associated with
particular cutoff cyclone tracks. This research was conducted under the National
Weather Service (NWS) Collaborative Science, Technology, and Applied Research
(CSTAR) program, whose goal is to improve forecasts of heavy precipitation events in
the Northeast. Precipitation composites were constructed from the gridded reanalysis
datasets available from the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) along with the NCEP Unified
Precipitation Dataset (UPD), a once-daily (1200-1200 UTC) gridded precipitation dataset

available on a 0.25° grid.

A monthly climatology of cool-season (October—May) 500 hPa cutoff cyclones
has been produced for the 51-year period 1948-1998. These maps show average daily
precipitation for all cases when a cutoff cyclone was present in the vicinity of the
Northeast. A maximum is shown along coastal areas and near higher elevations, while a
minimum is shown to the south and west and in lower elevations away from the coast. In
addition, monthly summed average daily precipitation amounts were then compared to
climatology, showing a significant seasonal variation of the climatological precipitation

throughout the Northeast in association with cutoff lows. Values decrease from October



to reach a minimum in January, when roughly one third of the climatological
precipitation is associated with cutoffs. Values reach a maximum in April, when nearly

two thirds of the climatological precipitation occurs in association with cutoffs.

A 19-year (1980-1998) subset was chosen to subjectively categorize cutoffs that
followed one of four favored tracks near the Northeast (Mid-Atlantic, Southwest, Clipper,
and Hudson Bay). Average daily precipitation maps for all cutoffs within a track for the
entire cool season (except May) were produced. These maps show a coastal maximum as
well for all tracks, but this maximum is displaced towards the northeast for Clipper and
Hudson Bay cutoffs, which typically affect northern New England. Also, storm-relative
average daily precipitation maps were constructed for each track using storms that were
within or close to US land. A maximum typically occurs near or just ahead of the
average 24 h ending location of a cutoff, except for Southwest track cutoffs, whose
maximum is located far to the east of the cutoff center.

One case study, occurring during the period 23-31 May 2003, was initially
representative of a Southwest type cutoff. The cutoff tracked across the Great Lakes and
then looped around and passed through New York State and Northern New England.
Some locations received well under 25 mm, while other areas received closer to 100 mm
over the period. Precipitation was most closely linked to vorticity maxima rotating
around the cutoff, aided by upper-level jet streaks and associated surface low pressure
systems. Three other case studies show some differing “flavors” of cutoff behavior. The
first two (25-27 December 2002 and 3-5 January 2003) feature a rapidly developing
surface cyclone and a later developing and comparatively weaker 500 hPa cutoff low.

The last case study (10-15 May 2003) shows a decaying surface and upper-level cyclone,



with varying precipitation distributions during its journey over the Northeast. In these
cases, the precipitation is tied to the initially formed surface cyclone but amplified due to
the presence of a 500 hPa cutoff. After the surface cyclone decays, as in the last case

study, precipitation is once again dictated by vorticity maxima ahead of the cutoff.
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LIST OF FIGURES

Fig. 1.1. Schematic meridional cross section through an upper-level trough. Solid lines
indicate the profile of the polar air before and after the formation of a cutoff low. Source:
Palmén (1949), Fig. 2.

Figs. 1.2a—f. Idealized sketches of the development of unstable waves at 500 hPa in
association with the establishment of a blocking anticyclone at high latitudes and a cutoff
cyclone at low latitudes. Warm air (hatched) is separated from cold air (cross-hatched) by
frontal boundaries (dashed lines). Solid lines represent streamlines. Source: Palmén and
Newton (1969), Figs. 10.3af.

Figs. 1.3a—e. Five characteristic types of disturbances resulting from the extreme growth
of upper-level waves. Solid heavy lines represent fronts. Streamlines in warm (cold) air
are represented by solid (dashed) arrows. Source: Palmén and Newton (1969), Figs.
10.4a-e.

Fig. 1.4. 500 hPa isotherms (dashed lines, contour interval 2°C), upper-front boundary
(heavy dashed line), and geopotential height (solid lines, contour interval 200 ft), for
0300 UTC 7 February 1947. Source: Palmén and Newton (1969), Fig. 10.1.

Figs. 1.5a-b. Schematic of a PV-6 contour (solid line) in the Atlantic storm track sharing
its main characteristics with (a) an LC1-type life cycle and (b) an LC2-type life cycle.
Dashed arrows represent the mean jet. Source: Thorncroft et al. (1993), Figs. 12a-b.

Figs. 1.6a—d. (a) surface, (b) 850 hPa, (c) 500 hPa, (d) 300 hPa for 1200 UTC 16
November 1959. In (a), temperatures are in °C; precipitation areas are hatched, with areas
exceeding 1 mm/12 h cross-hatched. In other charts, isotherms are at 1°C intervals and
height intervals are at 40 m intervals. Heavy line in (c) and (d) is the “tropopause
intersection.” The path of the 500 hPa low center is shown in (a) with the arrowheads
indicating its location at 0000 UTC on the dates given. Source: Palmén and Newton
(1969), Figs. 10.7a—d.

Fig. 1.7. Vertical cross section along line a—a in Fig. 1.6¢. Left to right along the x-axis
is equivalent to northwest to southeast in Fig. 1.6¢. Shown is the tropopause (heavy solid
line), isotherms (dashed lines, contour interval 5°C), and isentropes (solid lines, contour
interval 5 K). Source: Palmén and Newton (1969), Fig. 10.8.

Fig. 1.8. Idealized vertical cross section of a cold-core, upper-level cyclone. Shown are
isotachs (v, solid lines, contour interval 3 m s™), isentropes (0°, solid lines, contour
interval 5 K), the tropopause (heavy solid line), and the axis of symmetry (represented by
the “0” label on the horizontal axis). Source: Thorpe (1986), Fig. 1.

Fig. 1.9. Subjective cool-season mean cutoff cyclone tracks impacting eastern North
America. Source: Smith (2003), Fig. 3.84.
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Fig. 1.10. Schematic representation of precipitation relative to upper-level geopotential
height contours (solid lines). Heavier precipitation is hatched; lighter precipitation is
stippled. Source: Hsieh (1949), Fig. 13.

Fig. 1.11. Areas of maximum frequency of occurrence of measurable precipitation
associated with the most intense (Class I11) lows, centered at the origin for 850, 700, 500,
and 300 hPa. Symmetrical circles represent idealized contours about the low center at any
level. Source: Klein et al. (1968), Fig. 8.

Figs. 2.1a-b. Sample 500 hPa geopotential height analysis illustrating the objective
method used to identify cutoff cyclones: (a) Three sample radial arms out of the actual 20
used to identify a 30 m closed contour around the center grid point of a cutoff cyclone. A
geopotential height rise of at least 30 m occurs before a decrease along all arms. (b) As in
(a) except that geopotential heights along the dashed radial arm do not exceed 30 m
higher than at point A before decreasing. Source: Bell and Bosart (1989), Figs. la—b.

Fig. 2.2. Outer domain bounding the northeast US. Only cutoffs within this box are
counted in the climatologies.

Figure 3.1. Daily percent of observations from 1 January through 31 December with at
least one cutoff low detected in the outer domain (Fig. 2.2) averaged over the period
1948-1998.

Fig. 3.2. Average daily October precipitation for 1948-1998 where a cutoff low was
present in the outer domain and precipitation was observed. Amounts are contoured
every 1 mm day™ (shown on the bottom of the color bar) or ~ 0.04 in day™ (on the top).
Fig. 3.3. Asin Fig. 3.2 but for November.

Fig. 3.4. As in Fig. 3.2 but for December. Contour interval is 0.5 mm day™ (on the
bottom of the color bar) and ~ 0.02 in day™ on the top.

Fig. 3.5. Asin Fig. 3.4 but for January.
Fig. 3.6. Asin Fig. 3.4 but for February.
Fig. 3.7. Asin Fig. 3.4 but for March.
Fig. 3.8. Asin Fig. 3.4 but for April.
Fig. 3.9. Asin Fig. 3.4 but for May.

Fig. 3.10. Average percent of the climatological precipitation in association with cutoff
lows for October. Contour interval 5%.

Fig. 3.11. As in Fig. 3.10 but for November.
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Fig. 3.12. As in Fig. 3.10 but for December.
Fig. 3.13. As in Fig. 3.10 but for January.
Fig. 3.14. As in Fig. 3.10 but for February.
Fig. 3.15. As in Fig. 3.10 but for March.
Fig. 3.16. As in Fig. 3.10 but for April.

Fig. 3.17. As in Fig. 3.10 but for May.

Fig. 3.18. Average daily precipitation over 80 cutoff days for lows that followed the
Mid-Atlantic track. Contour interval is 1.5 mm day™ (~0.06 in day™).

Fig. 3.19. Storm-relative average daily precipitation over 60 cutoff days for lows that
followed the Mid-Atlantic track. Average starting and ending positions are represented
by the solid circle and “X,” respectively, along with the resultant average track. Contour
interval is 1 mm day™ (~0.04 in day™).

Fig. 3.20. Average daily precipitation over 59 cutoff days for lows that followed the
Southwest track. Contour interval is 1.5 mm day™ (~0.06 in day™).

Fig. 3.21. Storm-relative average daily precipitation over 48 cutoff days for lows that
followed the Southwest track. Average starting and ending positions are represented by
the solid circle and “X,” respectively, along with the resultant average track. Contour
interval is 1 mm day™ (~0.04 in day™).

Fig. 3.22. Average daily precipitation over 58 cutoff days for lows that followed the
Clipper track. Contour interval is 0.8 mm day™ (~0.03 in day™).

Fig. 3.23. Storm-relative average daily precipitation over 35 cutoff days for lows that
followed the Clipper track. Average starting and ending positions are represented by the
solid circle and “X,” respectively, along with the resultant average track. Contour
interval is 0.5 mm day™ (~0.02 in day™).

Fig. 3.24. Average daily precipitation over 75 cutoff days for lows that followed the
Hudson Bay track. Contour interval is 0.4 mm day™ (~0.16 in day™).

Fig. 3.25. Storm-relative average daily precipitation over 39 cutoff days for lows that
followed the Hudson Bay track. Average starting and ending positions are represented by
the solid circle and “X,” respectively, along with the resultant average track. Contour
interval is 0.25 mm day™ (~0.01 in day™).
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Fig. 4.1. Four—day (96 h) precipitation plot (mm) from 1200 UTC 23 May 2003 through
1200 UTC 27 May 2003. Dark solid line indicates track of 500 hPa cutoff low with
indicated daily 1200 UTC locations.

Fig. 4.2. As in Fig. 4.1, except for the period 1200 UTC 27 May 2003 through 1200
UTC 31 May 2003.

Fig. 4.3. National composite radar (Level 1) at 0000 UTC on: a) 24 May 2003, b) 25
May 2003, c) 26 May 2003, d) 27 May 2003, e) 28 May 2003, and f) 29 May 2003. A,
B, C, D, and E denote the five vorticity maxima, while X denotes the center of the cutoff.

Fig. 4.4. Five—panel analysis plot valid at 0000 UTC 24 May 2003 showing: a) 1000 hPa
geopotential height (m, solid) and 1000-500 hPa thickness (dam, dashed); b) 850 hPa
geopotential height (dam, solid), temperature (°C, dashed), and temperature advection
(0.1°C day™); c) 700 hPa geopotential height (dam, solid), relative humidity (%, shaded
above 70%), and vertical velocity (10° hPa s™, dashed below -2 x 10 hPa s™); d) 500
hPa geopotential height (dam, solid) and absolute vorticity (10™ s, shaded above 12 x
10° s'l)l; e) 250 hPa geopotential height (dam, solid) and wind speed (m s, shaded above
30ms™).

Fig 4.5. As in Fig. 4.4, except for 0000 UTC 25 May 2003. Dark solid line in panel (d)
shows approximate orientation of cross section in Fig. 4.12.

Fig 4.6. Asin Fig. 4.4, except for 0000 UTC 26 May 2003.
Fig 4.7. AsinFig. 4.4, except for 0000 UTC 27 May 2003.

Fig 4.8. As in Fig. 4.4, except for 0000 UTC 28 May 2003. Dark solid line in panel (d)
shows approximate orientation of cross section in Fig. 4.13.

Fig 4.9. Asin Fig. 4.4, except for 0000 UTC 29 May 2003.

Fig. 4.10. Paths of five significant vorticity maxima centers at 12 h intervals: A (green)
begins at 0000 UTC 23 May 2003 and ends at 1200 UTC 26 May 2003; B (red) begins at
0000 UTC 24 May 2003 and ends at 0000 UTC 28 May 2003; C (purple) begins at 1200
UTC 25 May 2003 and ends at 0000 UTC 30 May 2003; D (light blue) begins at 0000
UTC 28 May 2003 and ends at 0000 UTC 30 May 2003; E (light orange) begins at 1200
UTC 28 May 2003 and ends at 0000 UTC 30 May 2003.

Fig. 4.11. Observed soundings from a) Detroit, Ml (DTX) at 1200 UTC 24 May 2003
and b) Buffalo, NY (BUF) at 1200 UTC 27 May 2003, courtesy University of Wyoming.

Fig. 4.12. Cross sections at 0000 UTC 25 May 2003 from Chicago, IL (ORD) to
Burlington, VT (BTV) showing a) absolute vorticity (shaded every 6 x 10 s™), potential
temperature (heavy solid lines every 5 K), and normal component of the wind [contoured
every 5 m s, positive (negative) light contours indicate south—southeasterly (north—
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northwesterly) flow] and b) relative humidity (shaded above 70%) and vertical velocity
[solid (dashed) lines depict sinking (rising) motion, contoured every 2 x 10 hPa s™].

Fig. 4.13. As in Fig. 4.13, except for 0000 UTC 28 May 2003 from Green Bay, WI
(GRB) to 37°N, 70°W (at an intersection east of Norfolk, VA and south of Cape Cod,
MA) and positive (negative) light contours indicate southwesterly (northeasterly) flow.

Fig. 4.14. Three—day (72 h) precipitation plot (mm) from 1200 UTC 24 December 2002
through 1200 UTC 27 December 2002. Dark solid line indicates track of 500 hPa cutoff
low (beginning at 0000 UTC 25 December) with indicated daily 1200 UTC locations.

Fig. 4.15. Storm total snowfall observations (inches) over central New York for the
period 24-26 December 2002, courtesy NWS BGM.

Fig. 4.16. Six—panel plot at 0000 UTC 25 December 2002 showing: a) 1000 hPa
geopotential height (m, solid) and 1000-500 hPa thickness (dam, dashed); b) 850 hPa
geopotential height (dam, solid), temperature (°C, dashed), and temperature advection
(0.1°C day™, shaded); c) 700 hPa geopotential height (dam, solid) and Miller 2-D
frontogenesis [°C (100 km)™ (3 h)™, shaded]; d) 500 hPa geopotential height (dam, solid)
and absolute vorticity (10° s™, shaded); e) 300 hPa geopotential height (dam, solid) and
wind speed (m s™, shaded); f) 200 hPa geopotential height (dam, solid) and wind speed
(m s, shaded).

Fig. 4.17. Asin Fig. 4.16, except for 1200 UTC 25 December 2002.

Fig. 4.18. As in Fig. 4.16, except for 0000 UTC 26 December 2002.

Fig. 4.19. Radar image from Albany, NY (KENX) Radar at 0128 UTC 26 December
2002.

Fig. 4.20. As in Fig. 4.14, except for the period 1200 UTC 2 January 2003 through 1200
UTC 5 January 2003. Note that 1200 UTC 4 January is the first time the cutoff is
observed.

Fig. 4.21. Asin Fig. 4.15 except for the period 3 January through 5 January 2003.

Fig. 4.22. As in Fig. 4.16, except for 0000 UTC 4 January 2003.

Fig. 4.23. Asin Fig. 4.16, except for 1200 UTC 4 January 2003.

Fig. 4.24. Asin Fig. 4.16, except for 0000 UTC 5 January 2003.

Fig. 4.25. As in Fig. 4.1 except for the period 1200 UTC 11 May 2003 through 1200
UTC 15 May 2003.
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Fig. 4.26. Composite radar (0.5° elevation angle) at 1200 UTC on: a) 11 May 2003, b) 12
May 2003, ¢) 13 May 2003, d) 14 May 2003.

Fig 4.27. Asin Fig. 4.4, except for 1200 UTC 11 May 2003.
Fig 4.28. Asin Fig. 4.4, except for 1200 UTC 12 May 2003.

Fig 4.29. Asin Fig. 4.4, except for 1200 UTC 13 May 2003.
Fig 4.30. Asin Fig. 4.4, except for 1200 UTC 14 May 2003.

Fig. 5.1. Schematic of an idealized cutoff cyclone, denoted by the “X.” Black contours
indicate 500 hPa geopotential heights (dam), with associated vorticity maxima “A” and
“B” embedded within the “vorticity highway” (light blue arrows). The upper-level jet
stream (e.g., 250 hPa) is outlined in red, with jet streaks shaded, and extensions dashed.
A surface low pressure system is denoted by the “L” with a surrounding closed isobar
(1000 hPa, dashed blue line). Areas of light (heavy) precipitation are illustrated in light
(dark) green, with a possible heavier area as marked.
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