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ABSTRACT

The St. Lawrence River valley (SLRV) is an important orographic feature in eastern Canada that can
affect surface wind patterns and contribute to locally higher amounts of precipitation. The impact of the
SLRYV on precipitation distributions associated with transitioning, or transitioned, tropical cyclones that
approached the region is assessed. Such cases can result in heavy precipitation during the warm season, as
during the transition of Hurricane Ike (2008). Thirty-eight tropical cyclones tracked within 500 km of the
SLRYV from 1979 to 2011. Utilizing the National Centers for Environmental Prediction (NCEP) North
American Regional Reanalysis (NARR), 19 of the 38 cases (group A) had large values of ageostrophic
frontogenesis within and parallel to the SLRV, in a region of northeasterly surface winds associated with
pressure-driven wind channeling. Using composite and case analyses, results show that the heaviest pre-
cipitation is often located within the SLRV, regardless of the location of large-scale forcing for ascent, and
is concomitant with ageostrophic frontogenesis. The suggested physical pathway for precipitation modu-
lation in the SLRV is as follows. Valley-induced near-surface ageostrophic frontogenesis is due to pressure-
driven wind channeling as a result of the along-valley pressure gradient [typically exceeding 0.4 hPa
(100 km) '] established by the approaching cyclone. Near-surface cold-air advection as a result of the
northeasterly pressure-driven channeling results in a temperature inversion, similar to what is observed in
cool-season wind-channeling cases. The ageostrophic frontogenesis, acting as a mesoscale ascent-focusing
mechanism, helps air parcels to rise above the temperature inversion into a conditionally unstable atmo-
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sphere, which results in enhanced precipitation focused along the SLRV.

1. Introduction
a. Motivation

The St. Lawrence River valley (SLRV) is an impor-
tant orographic feature in eastern Canada that has been
previously shown to have impacts on the observed
weather in communities located along the valley (e.g.,
Roebber and Gyakum 2003; Razy et al. 2012). One per-
tinent example was the 1998 Ice Storm that resulted in
substantial damage in the SLRV [$3 billion U.S. dollars in
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damage; NCDC (2010)]. Roebber and Gyakum (2003)
found that during the 1998 ice storm, the orography of the
SLRV contributed substantially to higher amounts of
precipitation (hereafter enhanced precipitation) within
the SLRV through ageostrophic frontogenesis.

The SLRYV is oriented southwest to northeast, from the
eastern end of Lake Ontario to the Gulf of St. Lawrence
(Fig. 1a; Google Maps 2011). Two major Canadian cities
(Montreal and Quebec City) are located within the
SLRYV, which is home to the majority of the population
in the province of Quebec. Several mountain chains
surround the SLRV: the Laurentian Mountains to the
north, and the Adirondack, Green, and White Moun-
tains to the south (Figs. 1a,b). All four mountain chains
(the Adirondacks, in particular) have individual peaks
above 800 m (Fig. 1b) (Amante and Eakins 2009).
Montreal, Quebec (CYUL), is located at the confluence
of three river valleys: the SLRV, which runs directly
through CYUL, the Ottawa River valley to the west, and
the Lake Champlain valley to the south (Fig. 1b), all of



332 WEATHER AND FORECASTING VOLUME 28

48N

47.5N

47N

Laurentian Moeuntains

46.5N

i  Ottawa River Valley
45N

Green and White'NMeountains
4
.;g'h’

44.5N

44N ) »

.

43.5N

43N x
T7W  TB.5W  T6W  75.5W  TSW  T4SW 7AW 735W  73W  T25W  72W  7L.SW 71w 70.5W  70W

GrADS: COLA/IGES 2010-04-07-12:11

FIG. 1. Topography of (a) the northeast-southwest-oriented SLRV and surrounding areas (Google Maps 2011) and (b) elevation in the
vicinity of Montreal, plotted using the ETOP1 Global Relief Model (Amante and Eakins 2009). In (a), Quebec City’s Jean Lesage
International Airport (CYQB) is marked with a black star and the approximate endpoints of the SLRV are marked by red ovals. In both
(a) and (b), Montreal’s Trudeau International Airport (CYUL) is marked with a blue star.



APRIL 2013

which can impact surface wind regimes (Carrera et al.
2009; Razy et al. 2012). The width of the SLRV varies
over its length, ranging from as narrow as 3 km in some
locations to 90 km around CYUL. The average width of
the SLRYV is approximately 50 km (Carrera et al. 2009;
Razy et al. 2012).

Earlier work has demonstrated a climatological
northeast-southwest bimodality in observed winds at
various locations throughout the SLRV that correspond
to the orientation of the valley (Powe 1969; Cohn et al.
1996; Slonosky 2003; Carrera et al. 2009; Razy et al. 2012)
and can subsequently have an impact on the observed
weather within the SLRV (Roebber and Gyakum 2003;
Razy et al. 2012). The bimodality is related to certain
types of forcing mechanisms (sometimes referred to as
wind channeling) within the valley (Carrera et al. 2009;
Razy et al. 2012). There are four forcing mechanisms for
valley winds (Whiteman and Doran 1993): thermal forc-
ing, downward momentum transport, forced channeling,
and pressure-driven channeling. For a more complete
conceptual overview of the various forcing mechanisms
for valley winds, we suggest Whiteman and Doran (1993),
Kossmann and Sturman (2003), Carrera et al. (2009), and
Razy et al. (2012).

We primarily focus on pressure-driven wind chan-
neling, in which the wind, owing to the synoptic-scale
pressure gradient from one end of the valley to the
other, blows along the axis of the valley toward lower
pressure regardless of the direction of the geostrophic
wind (Gross and Wippermann 1987; Carrera et al. 2009;
Razy et al. 2012). Previous research has shown that
pressure-driven channeling is often the dominant chan-
neling mechanism in wide and shallow valleys such as
the SLRYV and the Rhine valley in Germany (Whiteman
and Doran 1993; Bergstrom and Juuso 2006; Carrera
et al. 2009; Razy et al. 2012). Weber and Kaufmann
(1998) and Razy et al. (2012) suggested that the domi-
nance of pressure-driven channeling in broad and shal-
low valleys is likely due to the fact that wide valleys tend
to be long valleys, thus facilitating the establishment of
a synoptic-scale pressure gradient.

Several studies (Roebber and Gyakum 2003; Razy
et al. 2012; Ressler et al. 2012) have noted that oro-
graphic effects combined with synoptic-scale forcing
for ascent can lead to enhanced and/or prolonged
precipitation events within the SLRV. Roebber and
Gyakum (2003) showed that with lower pressure lo-
cated at the southwestern end of the SLRV, north-
easterly pressure-driven channeling along the long axis
of the SLRV (Fig. 2, red line), in combination with
south-southeasterly geostrophic winds, produced ageo-
strophic frontogenesis in the SLRV during the 1998
Ice Storm. The ageostrophic frontogenesis acted as a
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FI1G. 2. Case examples (1500 UTC 25 Feb 2002) in the SLRV of
(a) NARR 30-m frontogenesis [shaded, K (100 km) ' (3 h) '] and
SLP (hPa, solid contours) and (b) NARR 30-m frontogenesis
[shaded, K (100 km) ! (3 h)"!], 30-m wind (kt, barbs) and 30-m
potential temperature (K, solid contours). Schematic in (a) indi-
cates observed valley-channeled surface wind direction (pink ar-
row) and approximate geostrophic wind direction (blue arrow),
while the long axis of the SLRV is approximated by the red line.
For reference, CYUL is located at the junction of the two arrows in
(a) and with a black star in (b). [Adapted from Razy et al. (2012).]

mesoscale ascent-focusing mechanism that contributed
to large freezing-rain accumulations (Roebber and
Gyakum 2003).

Figures 2a,b show a representative case from a com-
posite study of 20 cold-season cyclones tracking through
the SLRV from 1979 to 2002, which revealed valley-
induced frontogenesis in the SLRV (Razy 2010). In
Fig. 2a, a cyclone is located to the west of the SLRV,
with a pressure gradient oriented northeast-southwest
along the SLRV. The near-surface (30 m) winds are
northeasterly within the SLRV, but generally southeast-
erly outside the SLRV (Fig. 2b). These winds result in a
tightening of the potential temperature gradient in the



334

SLRYV (Fig. 2b) and are, thus, conducive to ageostrophic
frontogenesis (Figs. 2a,b).

b. Transitioning tropical cyclones

Hart and Evans (2001) found that 50% of landfalling
tropical cyclones in the North Atlantic basin have un-
dergone extratropical transition (ET) at some point in
their life cycle. Many of these storms bring heavy rain
and high winds to areas in eastern North America (Hart
and Evans 2001; Jones et al. 2003).

Most early literature on ET focused on case studies
that brought about major flooding in the eastern United
States and Canada, such as Hurricane Hazel in 1954
(Palmén 1958; Matano 1958; Weese 2003) and Tropical
Storm Agnes in 1972 (Carr and Bosart 1978; DiMego
and Bosart 1982a,b; Bosart and Dean 1991). For a broad
overview of the many issues regarding ET dynamics, we
suggest the summary article of Jones et al. (2003) and the
introduction section of Milrad et al. (2009).

Studies regarding the impacts of ET on Canada are
relatively sparse, although several case studies exam-
ined the ET dynamics of Hurricanes Danielle (1998) and
Earl (1998) (McTaggart-Cowan et al. 2003, 2004; Ma
et al. 2003), Hurricane Michael (2000) (Fogarty 2002;
Abraham et al. 2002), and Juan (2003) (McTaggart-
Cowan et al. 2006a,b). Milrad et al. (2009) assembled
a climatology of transitioning storms that specifically im-
pacted Canada, identifying 40 cases from 1979 to 2005.

Atallah and Bosart (2003) and Atallah et al. (2007)
found that storms that had undergone or were under-
going ET (and had thus interacted with an upstream
midlatitude trough) exhibited left-of-track precipitation
distributions, while storms that did not undergo ET had
precipitation distributions to the right of track. Milrad
et al. (2009) came to similar conclusions for eastern
Canada. Whether the majority of precipitation occurs
left or right of track has important forecasting impli-
cations, as evidenced during the transition of Hurricane
Floyd (Atallah and Bosart 2003; Colle 2003). More-
over, various case studies have shown that precipitation
associated with ET or the remnants of tropical cyclones
can result in extreme precipitation events in eastern
North America (DiMego and Bosart 1982a,b; Bosart
and Lackmann 1995; Atallah and Bosart 2003; Atallah
et al. 2007; Milrad et al. 2009). Occasionally, extreme
precipitation events can still occur when the transi-
tioning storm is not very intense, as was the case with
the remnants of Hurricanes Camille (1969) and David
(1979) (Chien and Smith 1977; Bosart and Lackmann
1995; Atallah et al. 2007). Many of the cases examined
by Milrad et al. (2009) were associated with heavy pre-
cipitation events in Canada, particularly those with left-
of-track precipitation signatures.
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One mesoscale mechanism that has been found to re-
sult in locally enhanced precipitation is frontogenesis.
Bosart et al. (1972) and Bosart (1975) showed that coastal
frontogenesis along the New England coast is often as-
sociated with enhanced precipitation during cool-season
cyclones. Novak et al. (2004, 2006) showed that strong
deep-layer frontogenesis and weak static stability were
important factors in the formations of heavy mesoscale
precipitation bands within cold-season northeastern
U.S. cyclones. Milrad et al. (2010) showed that front-
ogenesis was a main mechanism for ascent in a subset
of extreme precipitation events at St. John’s, New-
foundland. However, very little documentation exists
in the literature regarding the impact of frontogenesis
on precipitation associated with transitioning tropical
cyclones.

In 2008, the cyclone resulting from the extratropical
transition of Hurricane Ike (2008) tracked near the
SLRV, depositing large amounts of precipitation
(Canadian Hurricane Centre 2008) over the length of
the valley (Fig. 3a). From 0600 to 1200 UTC 15 September,
the heaviest precipitation was located to the south of
Ike’s path (Fig. 3a), or right of center (Atallah et al.
2007; Milrad et al. 2009). However, at later times in the
northeastern SLRV, the heaviest precipitation was lo-
cated to the north of Ike’s track, or left of center (Fig. 3a).
Given that the storm (according to the National Hurri-
cane Center’s best-track dataset) had become extra-
tropical well before 0600 UTC 15 September, one would
typically expect the heaviest precipitation to be left of
center (Atallah et al. 2007; Milrad et al. 2009). However,
the heaviest precipitation amounts lined up nearly per-
fectly with the axis of the SLRV, regardless of whether
the heaviest precipitation was located to the north or
south of Ike’s circulation center (Fig. 3a). This is sug-
gestive of an association between the SLRV itself (and
its orography) and the location of heaviest precipitation.

Although objective indicators of ET have been iden-
tified (e.g., Evans and Hart 2003) and are used opera-
tionally, we do not consider whether a storm has officially
been declared extratropical, similar to the methodology
of Milrad et al. (2009). For reference, most (29 of 38)
cases that affected the SLRYV in this study officially un-
derwent ET.

¢. Objectives
The primary objectives of this paper are to

o compile a climatology of transitioning tropical cy-
clones that affected the SLRV from 1979 to 2011;

o identify cases that were associated with (a) near-
surface ageostrophic frontogenesis oriented parallel
to the long axis of the SLRV and (b) northeasterly



APRIL 2013 MILRAD ET AL. 335

a) g

16/06Z 40 kh 990 mb Total Praciptation

=== ke Track

Worr on
.- .

WP PG

NEPDE—6-T-A TE

F1G. 3. Storm tracks for (a) Hurricane Ike (14-16 Sep 2008) over Canada (Canadian Hurricane Center 2011) and (b) the 38 cases (1979—
2011) examined in this study from the NHC best-track dataset. In (a) the track of Ike is marked with a dashed red line and precipitation
(mm) is shaded using Environment Canada observed gauge data. In (b), the red box identifies the area within 500 km of the SLRV and
gray lines indicate storms that have been classified as extratropical by NHC, while colored lines indicate storms that are still classified as
tropical. Tropical cyclone intensity categories are denoted in the map legend. The approximate SLRV endpoints, previously marked in
Fig. 1, are marked with blue ovals.
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(channeled) surface winds that strongly deviate from
the geostrophic wind direction;

o contrast the dynamics of cases with near-surface
ageostrophic frontogenesis to those of null cases;

o evaluate the association between near-surface ageo-
strophic frontogenesis and precipitation distributions
in the vicinity of the SLRV; and

o identify a physical pathway through which valley-
induced ageostrophic frontogenesis can result in en-
hanced precipitation in the SLRV.

Section 2 of this paper details the data used in the
study. Section 3 gives an overview of the case selection
and partitioning. Section 4 presents the results of a
synoptic—-dynamic analysis of our cases, including an
examination of the soundings. Finally, section 5 pres-
ents our conclusions as well as avenues for future work.

2. Data

Cases were chosen using the National Hurricane
Center (NHC) best-track dataset (online at http:/www.
nhc.noaa.gov/pastall.shtml), and are viewed using the Na-
tional Oceanic and Atmospheric Administration (NOAA)
Coastal Services Center historical hurricane tracks plotter
(online at http:/www.csc.noaa.gov/hurricanes/). For the
synoptic—dynamic analysis, we utilized the National Cen-
ters for Environmental Prediction (NCEP) North Ameri-
can Regional Reanalysis (NARR) dataset (Mesinger et al.
2006), which has 32-km horizontal resolution, 45 vertical
layers, and 3-hourly output. The NARR has been shown
to be sufficient at identifying many synoptic and meso-
scale features and processes (e.g., Mesinger et al. 2006),
including wind channeling in the SLRV (Carrera et al.
2009; Razy et al. 2012).

The main limitation of the NARR is the inaccuracy of
the precipitation field over Canada, in which pre-
cipitation often appears to “stop” at the U.S.—Canada
border (Bukovsky and Karoly 2007; West et al. 2007;
Becker et al. 2009; Milrad et al. 2009). We partially
compensate for this by focusing on the precipitation for
a subset of cases from 2003 to 2011, for which we have
gridded precipitation data from the 6-hourly Canadian
Precipitation Analysis (CaPA) dataset (Mahfouf et al.
2007). The CaPA dataset has a horizontal resolution of
15 km, and is based on the assimilation of rain gauge
observations, radar data, and short-range precipitation
forecasts from the Canadian Meteorological Centre’s
regional model. The CaPA data match up well with ar-
chived precipitation data from stations along the SLRV
(not shown).

The NARR and CaPA diagnostics were produced
using the General Meteorology Package (GEMPAK),
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version 6.2.0, which is updated from the original package
devised by Koch et al. (1983).

3. Case selection and methods used
a. Case selection

Using NHC best-track data, we identify 38 cases of
tropical cyclones from 1979 to 2011. We stipulated that
these storms had to track within 500 km of anywhere in
the SLRYV (Fig. 3b) at some point. Figure 3b shows the
tracks of all 38 cases, with the red parallelogram marking
the area through which a storm was required to track in
order to be included in this study (500 km from the
SLRYV in any direction). The study area encompasses
much of eastern Canada, with the exception of south-
eastern Newfoundland, as well as parts of the north-
eastern and Great Lakes regions of the United States.

Figure 3b shows that the majority of the 38 cases
tracked to the east or southeast of the SLRV, while only
a few circulation centers actually moved through the
SLRV. Figure 3b also shows that most of the cases had
already undergone ET by the time they came within
500 km of the SLRV. A few notable cases that remained
classified as tropical systems while impacting the SLRV
(Fig. 3b) were Gloria (1985), Floyd (1999) (Atallah and
Bosart 2003; Colle 2003), and Juan (2003) (McTaggart-
Cowan et al. 2006a,b).

b. Case partitioning

Roebber and Gyakum (2003) and Razy et al. (2012)
suggested that ageostrophic frontogenesis occurs in the
SLRV because the surface winds are channeled from
high to low pressure down the valley (northeast to
southwest), while surface winds outside of the SLRV are
from disparate directions. Miller (1948), Keyser et al.
(1988), and Bluestein (1993) defined frontogenesis as
the rate of change over time of the horizontal potential
temperature gradient, exhibited by

D
F=—I|V 0 1
SV, M

where F is the frontogenesis function and 6 is potential
temperature. In accordance with Eq. (1), we used the
2D frontogenesis equation in our calculations. To di-
agnose the ageostrophic frontogenesis, we first cal-
culated the ageostrophic wind vector by subtracting
the geostrophic wind vector calculated from NARR
sea level pressure (SLP) from the NARR 30-m total
wind vector. We recorded the time of maximum
ageostrophic frontogenesis in the SLRV for each
storm; hereafter, r = 0 h (Tables 1-3). In the absence
of ageostrophic frontogenesis in the SLRV, we took
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TABLE 1. Group A cases (n = 19). The subset of 10 cases where
CaPA data were available (2003-11) are in boldface and are shown
in Fig. 4. The locations and times listed are those of the observed
maximum ageostrophic frontogenesis in the SLRV (¢ = 0 h).

Location of ageostrophic

Storm Year frontogenesis t=0h
David 1979 NE SLRV 0300 UTC 7 Sep
Frederic 1979 NE SLRV 1800 UTC 14 Sep
Subtropical 1979 NE SLRV 2100 UTC 24 Oct
Henri 1985 NE SLRV 2100 UTC 24 Sep
Gloria 1985 NE SLRV 1800 UTC 27 Sep
Bob 1991 NE SLRV 1800 UTC 19 Aug
Bertha 1996 NE SLRV 0600 UTC 14 Jul
Fran 1996 SW SLRV 1200 UTC 8 Sep
Karen 2001 NE SLRV 1500 UTC 15 Oct
Juan 2003 NE SLRV 0000 UTC 29 Sep
Frances 2004 SW SLRV 1500 UTC 9 Sep
Arlene 2005 SW SLRV 1500 UTC 14 Jun
Cindy 2005 NE SLRV 0300 UTC 10 Jul
Ernesto 2006 SW SLRV 1500 UTC 3 Sep
Barry 2007 NE SLRV 0600 UTC 5 Jun
Ike 2008 NE SLRV 0600 UTC 15 Sep
Kyle 2008 NE SLRV 1800 UTC 28 Sep
Earl 2010 NE SLRV 1200 UTC 4 Sep
Irene 2011 NE SLRV 0900 UTC 29 Aug

the time of the storm’s closest approach to the SLRV
(alsot =0 h).

While not all ageostrophic frontogenesis is due to the
orography of the SLRV, we can likely attribute some of
itifitis oriented parallel to the long axis of the valley. To
test whether the NARR is correctly identifying ageo-
strophic frontogenesis in the SLRV due to its high res-
olution being able to correctly discern the orography
of the valley, all of the cases in this study were also ex-
amined using the NCEP Climate Forecast System Re-
analysis (CFSR; Saha et al. 2010). The CFSR has a
coarser horizontal resolution than the NARR (0.5° lat-
itude versus 32 km). We found that the ageostrophic
frontogenesis in the SLRYV for the cases shown in Fig. 4
was generally not present in the CFSR (see Supplement 1
to this paper online at http://dx.doi.org/10.1175/W AF-D-
12-00071.s1). This finding is not limited to the derived
ageostrophic frontogenesis field; the near-surface wind
and potential temperature structures are also quite dif-
ferent between the two reanalyses (see Supplement 1).

Roebber and Gyakum (2003) and Razy et al. (2012)
demonstrated that modulation of observed weather and
precipitation within the SLRV occur primarily when
ageostrophic frontogenesis occurs in concert with chan-
neled northeasterly surface winds blowing toward lower
pressure. As such, we only consider the impacts on pre-
cipitation distribution in cases where the ageostrophic
frontogenesis is collocated with northeasterly surface
winds. Synoptic-scale forcing for ascent is usually

MILRAD ET AL.
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TABLE 2. Group B cases (n = 5), as shown in Fig. 5. Thet = 0 h is
defined as the time of closest approach to the SLRV.

Storm Year t=0h
Chris 1988 0600 UTC 30 Aug
Josephine 1996 1200 UTC 9 Oct
Floyd 1999 0900 UTC 17 Sep
Gustav 2002 0000 UTC 12 Sep
Hanna 2008 0900 UTC 7 Sep

present in these regions (with the low pressure system
located to the south or west) and the ageostrophic
frontogenesis acts as a mesoscale ascent-focusing
mechanism in the SLRV (Roebber and Gyakum 2003;
Razy et al. 2012).

The complete partitioning methodology and results
are as follow.

e Group A (active cases, n = 19) includes cases (Table 1)
that meet the following five criteria:

o The ageostrophic frontogenesis at = 0 h exceeds
150 X 1072 K (100 km) ! (3 h) " and is oriented
parallel to the long axis of the SLRV.

TABLE 3. Group C cases (n = 14); cases not selected for further
analysis. Listed are t = 0 h and the reason each case did not meet
the criteria for further study, as described in section 3b.

Reason dropped
Storm Year t=0h from study

Alberto 1988 0000 UTC 8 Aug  SLP center not
identifiable

Hugo 1989 0600 UTC 23 Sep  Lack of northeasterly
surface winds

Bertha 1990 0900 UTC 2 Aug  Lack of northeasterly
surface winds

Not named 1991 1200 UTC 2 Nov  Influence of another
cyclone

Beryl 1994 1994 0300 UTC 19 Aug Influence of another
cyclone

Barry 1995 0900 UTC 9 Jul Lack of northeasterly
surface winds

Opal 1995 1200 UTC 6 Oct Lack of northeasterly
surface winds

Dennis 1999 1999 2100 UTC 7 Sep SLP center not
identifiable

Gordon 2000 1200 UTC20 Sep  Influence of another
cyclone

Isabel 2003 1800 UTC 19 Sep  Lack of northeasterly
surface winds

Hermine 2004 1500 UTC 30 Aug SLP center not
identifiable

Dennis 2005 2005 2100 UTC 17 Jul ~ SLP center not
identifiable

Beryl 2006 2006 0600 UTC21Jul  Influence of another
cyclone

Noel 2007 0900 UTC 4 Nov  Lack of northeasterly

surface winds
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FIG. 4. NARR ageostrophic frontogenesis wherein the ageostrophic wind is the total wind at 30 m minus the geostrophic wind
calculated from SLP [shaded, X107 K (100 km)~" (3 h)"'], SLP (hPa, solid black), and 1000-500-hPa thickness (dam, black
dashed), for the 10 group A cases from 2003 to 2011, all at # = 0 h. The center of each storm is marked by the first letter of the storm
name. For reference, CYUL is marked with a blue star and CYQB is marked with a black star. The location of interest (ageostrophic
frontogenesis) in the SLRV is marked with a purple oval. The remaining group A cases are available for viewing online (see
Supplement 2).

e The center of the (former) tropical cyclone is « the center of circulation of the (former) tropical

discernible in the NARR SLP field. cyclone in the NARR was undetectable (n = 4);if

e The 30-m NARR total wind is northeasterly the SLP field is unreliable, the ageostrophic wind

(channeled down the valley) in the region of calculations likely will be as well;

ageostrophic frontogenesis. o northeasterly 30-m winds were not found in the

o Att =0 h, there must be an along-valley pressure region of ageostrophic frontogenesis (n = 6); this

gradient with lower pressure to the west. suggests that the ageostrophic frontogenesis was due

e Attt =0 h, the wind direction difference between to processes unrelated to wind channeling and, thus,

the 30-m wind and the geostrophic wind in the unrelated to the orography (Roebber and Gyakum
SLRYV must be more than 20°. 2003; Carrera et al. 2009; Razy et al. 2012); or

o the ageostrophic frontogenesis at t+ = 0 h was

o Group B (null cases, n = 5) includes cases (Table 2) in judged (albeit subjectively) to be due to synoptic-

which the ageostrophic frontogenesis threshold crite- scale systems in northern Quebec, and was not

rion [>150 X 1072 K (100 km) ' (3 h) '] was not met attributed to the (former) tropical cyclone (n =

att=0h. 4). The goal of this study is to isolate the impacts

e Group C (cases not selected for further analysis, n = of SLRV orography on precipitation associated

14) includes cases that were left out of group A for one with the transitioning tropical cyclone, not other

of the following three reasons (Table 3): synoptic-scale systems.
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FIG. 5. As in Fig. 4, but for all group B cases (n = 5).
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The last two criteria in group A are established to
separate cases of pressure-driven channeling from forced
channeling and downward momentum transport, in which
the geostrophic wind direction and channeled wind di-
rection are similar (Carrera et al. 2009; Razy et al. 2012).
These processes will be discussed further in section 4a.

The remainder of this paper will explore the contrast in
dynamics between groups A and B, as well as focus on the
impact of group A cases on precipitation in the SLRV.
The dynamics of group C cases are available for viewing in
the online supplement to this paper (Supplement 2).

4. Synoptic-dynamic analysis
a. Frontogenesis

Figure 4 shows a sample of the 19 group A cases. We
chose the group A cases from 2003 to 2011, since that is
the time period for which we have precipitation (CaPA)
data. The group A cases not shown (1979-2002) can be
viewed online (see Supplement 2). The location of
ageostrophic frontogenesis for each group A case is
marked in Table 1. The ageostrophic frontogenesis at
t = 0 h occurs in two different areas of the SLRV. For
example, in the case of Frances (2004), the ageostrophic

MILRAD ET AL.

500 700 900

frontogenesis is located in the southwestern SLRV, from
CYUL southwestward toward Lake Ontario (Fig. 4). In
contrast, during the approach of Barry (2007), the
ageostrophic frontogenesis is located in the northeast-
ern SLRV, northeast of Quebec City (CYQB) (Fig. 4).
In cases where more than one area of ageostrophic
frontogenesis is present, the area listed in Table 1 is that
which is closest to the storm center. These areas were
chosen because they were the most likely to be collocated
with precipitation, given that enhanced precipitation is
the focus of this study. Within group A (n = 19), there are
15 cases in which the ageostrophic frontogenesis is lo-
cated in the northeastern SLRV, and 4 cases in the
southwestern SLRV (Table 1).

Figure 5 shows the group B (n = 5) null cases. None of
the group B cases track directly through the SLRV, in
contrast to several group A cases (Figs. 4 and 5). More-
over, Fig. 5 shows that the pressure gradients within the
SLRYV are generally weak, with the isobars parallel to
the long axis of the SLRV (e.g., Floyd 1999).

In Fig. 6, two cases from groups A and B are presented
to examine the 30-m wind and potential temperature
fields used to calculate the ageostrophic frontogenesis, as
the latter is a highly derived field. In the cases of Juan
(2003) and Frances (2004) (Figs. 6a,b), northeasterly 30-m
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FIG. 6. NARR ageostrophic frontogenesis at = 0 h, as in Fig. 4 (shaded), 30-m total wind (kt, barbs),
and 30-m potential temperature (K, black contours) for two group A cases: (a) Juan (2003) and
(b) Frances (2004), and two group B cases: (c) Josephine (1996) and (d) Floyd (1999). In (a) and (b), the
purple oval highlights the zoomed-in region of interest as in Fig. 4. The remaining cases from all groups

are available for viewing online (see Supplement 3).

winds within the SLRV are collocated with areas of
ageostrophic frontogenesis (regions marked by purple
ovals). Furthermore, the 30-m wind directions outside
the SLRV are quite different than the northeasterlies
within the SLRV. For Juan (2003), Fig. 6a shows that the
30-m winds are almost entirely southeasterly outside of
the SLRV. For Frances (2004), Fig. 6b shows that the
30-m winds south of the SLRV are southeasterly, while
winds to the north of the Ottawa River valley and
SLRV are easterly or east-northeasterly. The spatial
change in wind direction sets the stage for the ageo-
strophic frontogenesis located within the SLRV.

In contrast, Figs. 6¢,d show the 30-m wind and po-
tential temperature for two group B cases. During
both Josephine (1996) and Floyd (1999) (Figs. 6c¢,d),
the 30-m winds within the SLRV are almost entirely
northeasterly. In addition, the wind directions in the
adjacent regions outside the valley are also north-
easterly (Figs. 6¢,d). These wind directions corre-
spond to the geostrophic wind directions in these cases
(Fig. 5). Thus, it is likely that downward momentum
transport or forced channeling (Razy et al. 2012) is
occurring in the SLRV in group B cases. However,
the definitions of forced channeling and downward



APRIL 2013

3 -
2.8

MILRAD ET AL.

341

2.6
24
22

2

1.8 -
1.6
1.4
1.2 +
1 4
0.8
0.6 -
04 -+
0.2
o
-0.2 3\5

c._\ &
Q&Q 0@ 9* gf" .,'3' & oo
<

0. 461’—&’—‘09—69

0.6 - «., <
0.8

1
FIG. 7. NARR SLP gradients [hPa (100 km)

“'atr= 0 halong the SLRV for groups A (blue, n = 19) and B (red,

n = 5). Pressure differences were calculated by subtracting the SLP at the closest point in the SLRV to the cyclone
center from the SLP at the end of the SLRV (49.75°N, 64.5°W), i.e., northeast minus southwest.

momentum transport require that the channeled wind
direction be similar to the geostrophic wind direction,
meaning that the surface wind directions in and out-
side of the SLRV will be very similar. This setup is not
favorable to ageostrophic frontogenesis (Figs. 6c¢,d).
Similar structures are evident in the remainder of the
group A and B cases (see Supplement 3). As such, we
consider group A cases to be primarily associated with
pressure-driven channeling (Carrera et al. 2009; Razy
et al. 2012).

In group A cases, there is implied strong cold potential
temperature advection in the region of northeasterly
30-m winds and ageostrophic frontogenesis (Figs. 6a,b),
as evidenced by the strong buckling (analogous to, e.g.,
a thickness trough) of potential temperature contours
in the SLRV. Meanwhile, much weaker or no cold
advection is implied in group B cases (Figs. 6¢,d, re-
spectively). Similar results are seen in other group A
and B cases, respectively (see Supplement 3). The
stronger buckling of the potential temperature con-
tours in the region of northeasterly winds (Figs. 6a,b)
in group A cases further supports our assertion of
pressure-driven wind channeling, as colder surface air
from northeastern Quebec is advected toward the
southwest along the axis of the SLRV. This finding has
implications for static stability, which is discussed in
section 4c.

Carrera et al. (2009) and Razy et al. (2012) found that
pressure-driven channeling dominates in the SLRV
when there is an established pressure gradient from one
end of the SLRYV to the other. Thus, we calculated the

pressure gradient in the SLRV for all group A and B
events at ¢ = 0 h using

(Ap ) (100 km), @)

where Ap is the magnitude of the sea level pressure
(SLP) difference in the SLRV. The pressure differences
were calculated by subtracting the SLP at the point in
the SLRYV closest to the center of the transitioning
tropical cyclone from the SLP at the northeastern end of
the SLRV [Eq. (2)], located at the mouth of the Gulf
of St. Lawrence (49.75°N, 64.5°W). We calculated the
pressure gradient by dividing it by the distance (An) over
which Ap was calculated. The results are listed in units
of hPa (100 km) ! so that the values may be more in-
tuitive to operational forecasters.

Figure 7 shows that 18 of 19 group A cases have
pressure gradients larger than 0.4 hPa (100 km) ', while
the same can be said for only 1 of 5 cases in group B.
Moreover, eight cases in group A (e.g., Frances in 2004)
are associated with pressure gradients exceeding 1 hPa
(100 km) ! (Fig. 7). These findings are highly suggestive
of pressure-driven channeling.

Figures 8a and 8b present composite analyses for
groups A and B, respectively. Since 4 of 19 group A cases
had ageostrophic frontogenesis located in the south-
western SLRV (Table 1), we aim to limit composite
smearing by only compositing the 15 group A cases with
ageostrophic frontogenesis in the northeastern SLRV
(Table 1). Figure 8a shows that the only northeasterly
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FIG. 8. As in Fig. 6, but for NARR composites of (a) group A cases with ageostrophic frontogenesis
located in the northeastern SLRV (n = 15) and (b) group B cases (n = 5).

30-m NARR winds found in Fig. 8a are within the
SLRYV and are collocated with the ageostrophic front-
ogenesis. The 30-m winds to the north and south of the
SLRYV are primarily from the southeast. Moreover, the
surface cold-air advection signature observed in individ-
ual cases (Figs. 6a,b) is also present in the composite (Fig.
8a). This finding has important ramifications for the low-
level static stability in developing a near-surface tem-
perature inversion, discussed further in section 4c.

Figure 8b shows that in the group B (null case) com-
posite, 30-m winds are generally in the same direction
(northeasterly) both within and outside of the SLRV,
suggesting forced channeling or downward momentum
transport. This setup is not conducive to ageostrophic
frontogenesis, since the winds are largely from the same
direction (nearly geostrophic) both within and outside
of the SLRV. In addition, the northeasterly winds lo-
cated in the northeastern SLRV (Fig. 8b) are weaker
than those in the group A composite (Fig. 8a), perhaps
explaining the relative lack of surface cold-air advection
in group B cases.

Finally, structures in the northeastern SLRV (Figs. 6a
and 8a,b) are also consistent with coastal frontogenesis
(Bosart et al. 1972; Bosart 1975). The climatological
SSTs in the northeastern SLRV during the Atlantic
tropical season range from 284 to 289 K (available on-
line at the St. Lawrence Global Observatory; http://www.
slgo.ca). Figure 8a shows that the composite 30-m po-
tential temperatures correspond to these values. Since we
assume the land surface temperatures to the south to be
warmer, it is logical to think that the land-SST differ-
ence is a contributor to the magnitude of the tempera-
ture gradient and, thus, the ageostrophic frontogenesis

(Fig. 8a). In group B cases (Figs. 6¢,d and 8), the com-
posite 30-m potential temperatures in the northeastern
SLRYV also agree with the climatological SSTs, but the
potential temperatures over land are lower than in
group A (Figs. 6a and 8a), reducing the land-sea tem-
perature contrast and thus the coastal frontogenesis
contribution.

b. Precipitation

To analyze the precipitation distributions in the SLRV,
we focus on 10 group A cases from 2003 to 2011, in ac-
cordance with the availability of the CaPA (Mahfouf
et al. 2007). Figure 9 displays two-panel figures of all 10
cases, in order to compare the orientation of the pre-
cipitation to that of the valley-induced ageostrophic
frontogenesis. In Fig. 9, the left-hand panels show the
total ageostrophic frontogenesis for the 6-h period sur-
rounding t = 0 h (i.e., fromt = =3 htot = +3 h). The
right-hand panels in Fig. 9 show the CaPA precipitation
totals for the 12-h period surrounding ¢ = 0 h (Table 4).
Using values summed over several time periods avoids
problems caused by trying to compare instantaneous
values of ageostrophic frontogenesis at = 0 h with 6-h
precipitation totals. Although the greatest ageostrophic
frontogenesis in a particular case occurs at t = 0 h,
ageostrophic frontogenesis is still present at neighboring
times. Since precipitation accumulation is not an in-
stantaneous field, the ageostrophic frontogenesis at
neighboring times can still have an impact on precipi-
tation amounts. As an example, during the passage of
Ike (2008), ¢t = 0 h is 0600 UTC 15 September, so the
CaPA-accumulated precipitation shown in Fig. 9 is from
0000 to 1200 UTC 15 September (Table 4).
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FIG. 9. For the 10 group A cases from 2003 to 2011, (left for each storm) as in Fig. 4, but here the ageostrophic frontogenesis is the total
from ¢t = —3 h to +3 h. The center of each storm is marked with the first letter of the storm name and the lines denote the cross sections
taken in Fig. 11. (right for each storm) CaPA total precipitation (mm, shaded) for the 12-h period listed in Table 4 and NARR SLP (hPa,
solid black contours) at # = 0 h. The black ovals denote the area of enhanced precipitation in the SLRV. In all panels, CYUL is marked
with a blue star CYQB is marked with a black star, for reference.

Figure 9 shows qualitative evidence that in group A SLRYV; Fig. 1b). For example, during the approaches of
cases from 2003 to 2011, areas of enhanced precipitation  Frances (2004) and Ike (2008), an axis of heavy pre-
are collocated with areas of ageostrophic frontogene- cipitation is oriented parallel to the SLRV from the
sis, and both are oriented parallel to either the SLRV or  eastern end of Lake Ontario to CYUL (Fig. 9). The axis
the Ottawa River valley (a westward extension of the of heaviest precipitation is collocated with the ageostrophic
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TABLE 4. The 10 group A cases from 2003 to 2011, r = 0, and the
12-h precipitation periods used for the right-hand panels in Fig. 9.

CaPA 12-h precipitation

Storm  Year t=0h period in Fig. 9

Juan 2003 0000 UTC 29 Sep 1800 UTC 28 Sep-0600 UTC
29 Sep

Frances 2004 1500 UTC9 Sep  0600-1800 UTC 9 Sep

Arlene 2005 1500 UTC 14 Jun 0600-1800 UTC 14 Jun

Cindy 2005 0300 UTC10Jul 1800 UTC 9 Jul-0600 UTC
10 Jul

Ernesto 2006 1500 UTC3 Sep  0600-1800 UTC 3 Sep

Barry 2007 0600 UTC5Jun  0000-1200 UTC 5 Jun

Ike 2008 0600 UTC 15 Sep  0000-1200 UTC 15 Sep

Kyle 2008 1800 UTC 28 Sep 1200 UTC 28 Sep-0000 UTC
29 Sep

Earl 2010 1200 UTC 4 Sep  0600-1800 UTC 4 Sep

Irene 2011 0900 UTC 29 Aug 0000-1200 UTC 29 Aug

frontogenesis, and both are oriented parallel to the long
axis of the SLRV (Fig. 9). For Arlene (2005), both the
ageostrophic frontogenesis and the axis of heaviest
precipitation are located in the Ottawa River valley west
of CYUL (Fig. 9), a region that is also prone to pressure-
driven wind channeling (Carrera et al. 2009; Razy
et al. 2012).

For the sake of comparison, the online supplement to
this paper (see Supplement 5) shows plots as in Fig. 9 for
one group B (Hanna 2008) and one group C (Hermine
2004) case for which CaPA data were available. Unlike
in group A cases (Fig. 9), there is no enhancement of
precipitation in the SLRV evident in Hanna (2008) or
Hermine (2004). This is supportive of the observed
collocation of ageostrophic frontogenesis and enhanced
precipitation. The association between ageostrophic
frontogenesis and enhanced precipitation is analyzed
physically and discussed further in section 4c.

Figure 10 shows a composite of CaPA precipitation
for the 10 cases in Fig. 9, along with the location of the
center of each transitioning cyclone in the composite. At
t = —12 h (Fig. 10a), most of the composite precipitation
is located in New York and New England, and is not yet
in the SLRV. By t = —6 h (Fig. 10b), two areas of en-
hanced precipitation are evident in the SLRV: 1) the
region between Lake Ontario and CYUL and 2) the
region northeast of CYQB. This observation corre-
sponds to the fact that 3 of the 10 cases in the composite
have ageostrophic frontogenesis in the southwestern
SLRYV, while the remaining 7 cases have ageostrophic
frontogenesis in the northeastern SLRV. This bifur-
cation is also evident at ¢+ = 0 h (Fig. 10c), where pre-
cipitation in the SLRV is enhanced compared to regions
north and south of the valley. By t = +6 h (Fig. 10d), the
axis of heaviest precipitation is located in the north-
eastern SLRV.
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The precipitation composites from t = —6 hto +6 h
(Figs. 10b,d) show enhanced precipitation in the SLRV
despite the fact that many of the cyclone centers are
located outside of the SLRV. Along with the tempera-
ture and wind structures observed in Figs. 6 and 8, and
the pressure gradient calculations shown in Fig. 7, this
suggests that an approaching cyclone need only help to
establish a synoptic-scale pressure gradient in the SLRV
to have an impact on the precipitation distribution. The
cyclone itself does not actually have to be located within
the SLRYV, although in some cases it is (Figs. 10b,d).

¢. Dynamic mechanisms for ascent and static stability

Because the SLRV is a broad and shallow valley
(Carrera et al. 2009; Razy et al. 2012), the valley-induced
ageostrophic frontogenesis observed in group A cases
(Figs. 4 and 6) is likely a relatively shallow phenomenon.
The goal of this section is to suggest a physical pathway
between shallow ageostrophic frontogenesis and ascent
and precipitation.

Using Eq. (1), the geostrophic frontogenesis can be
written as Eq. (3), from Bluestein (1993, p. 307), where
the wind field is geostrophic and natural coordinates are
assumed such that 96/dx = 0. The geostrophic fronto-
genesis is related to QG forcing for ascent via Egs. (4)
and (5), where Eq. (4) is from Bluestein (1993, p. 307)
and Eq. (5) is from Bluestein (1992, p. 353):
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Equation (4) relates the geostrophic frontogenesis to Q
vectors, where Q is the Q vector, o is the static stability
parameter, p is the pressure, p is some reference pres-
sure, F, is the vector frontogenesis function for the
geostrophic wind, and « is R, the gas constant for dry air
divided by c,, the specific heat at constant pressure.
Equation (5) is the Q-vector form of the inviscid adia-
batic quasigeostrophic (QG) omega equation in which
the direction of vertical motion is related to the di-
vergence of the Q vector. Hoskins et al. (1978) further
describes Eq. (5), stating that “in quasi-geostrophic
theory ... vertical velocity is forced solely by the di-
vergence of Q.”



APRIL 2013

MILRAD ET AL.

FIG. 10. For the 10 group A cases from 2003 to 2011, CaPA composite 6-hourly accumulated precipitation (mm, shaded) atz = (a) —12,
(b) =6, (c) 0, and (d) +6 h. For each time, the accumulated precipitation is for the 6-h time period ending at that time. For (b)-(d), the
location of the center of each cyclone in the composite, as identified from NARR SLP, is included (red L symbols). For reference, CYUL is
marked with a blue star and CYQB is marked with a black star.

For each group A case from 2003 to 2011, Fig. 11
shows 1000-500-hPa layer-averaged Q-vector diver-
gence, sea level pressure, and 1000-500-hPa thickness at
t = 0 h. Utilizing Egs. (4) and (5), we can conclude that
areas of geostrophic frontogenesis and Q-vector con-
vergence are associated with areas of synoptic-scale
ascent and possible precipitation. We note that the
Q-vector divergence field in Fig. 11 was not smoothed
any more than the ageostrophic frontogenesis field was
in Figs. 4 and 6, retaining the relatively high resolution of
the NARR. Figure 11 shows that in several cases (e.g.,
Barry 2007), Q-vector divergence (associated with de-
scent) is observed near the area of precipitation and
ageostrophic frontogenesis (Fig. 9) in the SLRV. In
other cases such as Ike (2008) and Frances (2004), Q-vector
convergence is present, but is relatively equal in mag-
nitude on either side of the SLRV, suggesting no pref-
erential alignment of the large-scale ascent with the axis
of SLRV. We can therefore infer that the enhanced
precipitation along the SLRV (Figs. 9 and 10) is focused

by lower-tropospheric mesoscale forcing for ascent,
not synoptic-scale forcing or 1000-500-hPa geostrophic
frontogenesis.

To assess static stability during our group A events, we
use a combination of NARR cross-section (Fig. 12) and
sounding (Fig. 13) analyses. For the cross sections, the
criterion for convective (potential) instability (Bluestein
1992, p.222) is

dae,
d—z<0’ (6)

where 6, is the equivalent potential temperature and z is
height.

In the left-hand panels in Fig. 9, the black vertical lines
indicate areas chosen for cross-section analyses in Fig. 12.
The cross sections are oriented from southeast to north-
west through the areas of maximum ageostrophic front-
ogenesis, and perpendicular to the long axis of the SLRV,
provided the ageostrophic frontogenesis is collocated



Ernesto 2006

" Earl 2010

WEATHER AND FORECASTING

VOLUME 28

Irene 2011

1000-500 hPa Q-vector divergence

-64 -56 -48 -40 -32 -2 -16 -12 -6 -4 0

408 1216 20 2 40 & 56 6
[ TR [

FIG. 11. For the 10 group A cases from 2003 to 2011, NARR 1000-500-hPa layer-averaged Q-vector divergence (X107 '* K m 2 s~ !;
shaded cool colors for convergence, warm colors for divergence), SLP (hPa, solid black), and 1000-500-hPa thickness (dam, black dashed).
The center of each storm is marked by the first letter of the storm name. The times shown are ¢ = 0 h for each case, as listed in Table 1.
The location of interest (ageostrophic frontogenesis) in the SLRV is marked with a purple oval, as in Fig. 4. For reference, CYUL is
marked with a blue star and CYQB is marked with a black star. The remaining group A cases are available for viewing online (see

Supplement 4).

with regions of precipitation where precipitation data
were available (Fig. 9). The center point of each cross
section represents the region of ageostrophic fronto-
genesis in the SLRV, and is the location of each sound-
ing in Fig. 13.

Figure 12 shows that for all 10 group A cases from
2003 to 2011 there is substantial low-level ageostrophic
frontogenesis centered in the SLRV at ¢t = 0 h. The re-
maining group A cases show similar results (see Sup-
plement 4). In most group A cases (e.g., Ernesto in
2006), low-level ageostrophic frontogenesis is not ob-
served to the north or south of the SLRV, and is rela-
tively shallow, roughly encompassing only the lowest
75-100 hPa of the troposphere. In cases such as Irene
(2011) where there is also ageostrophic frontogenesis
outside the SLRV (Fig. 12), it is likely that not all of
the ageostrophic frontogenesis can be attributed to the
channeling within the SLRYV (e.g., Rotunno et al. 1994).
However, we suggest that channeling plays some role in
the ageostrophic frontogenesis in all group A cases. To

that end, the depth of the ageostrophic frontogenesis
roughly corresponds to the terrain height of the SLRV
(Fig. 1). In a couple of cases in Fig. 12 (e.g., Frances in
2004), a region of ageostrophic frontogenesis is present
in the midtroposphere, but remains distinct from the
low-level ageostrophic frontogenesis. The latter is likely
due to pressure-driven wind channeling and the orog-
raphy of the valley, and the former is not.

The equivalent potential temperature contours plot-
ted in each panel in Fig. 12 are used to evaluate potential
instability. There are two cases (Arlene in 2005, Cindy in
2005) that exhibit upright equivalent potential temper-
ature contours and thus low potential stability. How-
ever, most cases (e.g., Juan in 2003) are associated with
a potentially stable lower troposphere. The group A cases
in Fig. 12 were also examined for regions of conditional
symmetric (slantwise) instability (CSI, not shown), but
all cases were found to be lacking CSI. Thus, we turn our
focus to an examination of conditional instability, using
the soundings in Fig. 13.
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FIG. 12. For the 10 group A cases from 2003 to 2011, cross sections of ageostrophic frontogenesis [shaded, X102 K (100 km) ' (3 h) ']
and equivalent potential temperature (K, red contours), at r = 0 h. The cross-sectional area is denoted by the black lines for each case in
Fig. 9. A black star indicates the center of the SLRYV in each cross section. The remaining group A cases are available for viewing online

(see Supplement 4).

Roebber and Gyakum (2003), Razy et al. (2012),
and Ressler et al. (2012) found that northeasterly
pressure-driven channeling in the cold season results in
cold surface temperatures and strong low-level tem-
perature inversions, which are conducive to freezing
rain events in the SLRV. The cold surface temperatures
were induced by the channeling of colder surface air
from the northeast. The warmer inversion layer was
typically located immediately above the surface, and

moist neutral profiles were found above the inversion
layer (Razy et al. 2012). Figure 13 shows similar results
for the transitioning tropical cyclones in group A, despite
these events occurring during the warm season. Relatively
cold surface temperatures, a lower-tropospheric temper-
ature inversion, and a moist neutral profile above the in-
version layer are present in each group A case (Fig. 13).
This is consistent with the surface cold potential tem-
perature advection observed in the SLRV (Figs. 6a,b).
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FIG. 13. For the 10 group A cases from 2003 to 2011, NARR soundings at = 0 h with temperature (°C, red line), dewpoint (°C, blue
line), and winds (kt, barbs). The point chosen for each sounding is marked by a black star in each panel in Fig. 12. The remaining group A

cases are available for viewing online (see Supplement 4).

Even in the case of Arlene (2005), where low-level po-
tential instability is evident in Fig. 12, a temperature in-
version remains in place above the potentially unstable
layer (Fig. 13). Finally, the near-surface winds (Fig. 13)
are primarily northeasterly and distinct from winds above
the temperature inversions. This is also similar to what
Razy et al. (2012) and Ressler et al. (2012) found during
cold-season freezing precipitation events.

There are a couple of exceptions to the observation of
temperature inversions within group A (e.g., Cindy in
2005, Fig. 13; Karen in 2001; see Supplement 4). In
Cindy (2005), convective instability appears to be pres-
ent in the region of precipitation (Fig. 12). The region of
low-level cold potential temperature advection (and
thus the temperature inversion) is located to the north-
east of the precipitation. For the 10 group A cases for
which we have precipitation data, Cindy (2005) is the
only exceptional case.

5. Concluding discussion and future work

The SLRYV is a broad and shallow orographic feature
in eastern Ontario and Quebec, Canada (Fig. 1), that has
been shown previously to impact surface winds, ob-
served weather, and precipitation distributions during
the cold season (Roebber and Gyakum 2003; Razy et al.
2012; Ressler et al. 2012). We examine the impacts of the
SLRYV orography on precipitation distributions, using
38 cases of transitioning tropical cyclones that tracked
within 500 km of the SLRV (Fig. 3). We find thatin 19 of
the 38 cases (group A) there is substantial ageostrophic
frontogenesis oriented parallel to the long axis of the
SLRV (Fig. 4). This low-level, shallow (75-100 hPa)
ageostrophic frontogenesis is associated with pressure-
driven wind channeling (Roebber and Gyakum 2003;
Razy et al. 2012), in addition to a contribution to the
ageostrophic frontogenesis from coastal frontogenesis,
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FIG. 14. Schematic showing the processes involved in producing enhanced precipitation in group A cases. The red
circles and dotted lines indicate two common storm locations and tracks, respectively, for group A cases. The blue
and purple arrows represent the geostrophic and pressure-driven channeled surface wind, respectively. The black
lines approximate isobars, with the pressure gradient threshold for pressure-driven channeling identified in Fig. 7
written in purple. The yellow ellipses are typical regions of ageostrophic frontogenesis and precipitation enhance-

ment within the SLRV.

for group A cases in the northeastern SLRV near the
Gulf of St. Lawrence. In contrast, group B cases (Fig. 5a)
show no substantial ageostrophic frontogenesis in the
SLRYV and may be associated with forced channeling or
downward momentum transport, in which the near-
surface wind direction is similar to the geostrophic wind
direction. Moreover, Figs. 6a,b and 8 suggest that in
group A cases there is near-surface cold-air advection
down the SLRV from northeast to southwest, resulting
in a low-level temperature inversion (Fig. 13). An anal-
ysis of the along-SLRYV pressure gradient (Fig. 7) shows
that group A cases are associated with larger pressure
gradients than group B cases, lending credence to the
suggestion of pressure-driven wind channeling.
Although the unreliability of NARR precipitation in
Canada limits our assessment of precipitation distribu-
tion to 10 group A cases from 2003 to 2011 (Figs. 9 and
10), we show that ageostrophic frontogenesis and en-
hanced precipitation are concomitant and oriented par-
allel to the SLRYV in those cases. A composite analysis of
precipitation (Fig. 10) shows that the axis of heaviest
precipitation is located within and parallel to the SLRV
(Figs. 10b,d), regardless of the location of the center of
each cyclone. We acknowledge, however, that Figs. 9
and 10 merely provide circumstantial evidence of the

collocation of ageostrophic frontogenesis and enhanced
precipitation, and do not conclusively prove that the
former is fully responsible for the latter. For example,
one can argue that the enhanced precipitation amounts
in Ike (2008) line up along a pressure trough—warm front
that also happens to be within the SLRV (Fig. 9). Con-
sequently, mesoscale numerical model sensitivity exper-
iments (described below) will be necessary to quantify
the impact of the ageostrophic frontogenesis on pre-
cipitation amounts.

Figure 11 shows that there is no preference for large-
scale ascent and geostrophic frontogenesis to be ori-
ented purely within and parallel to the long axis of the
SLRYV. This suggests that the ageostrophic frontogenesis
serves as a mesoscale ascent-focusing mechanism for
enhanced precipitation in the SLRV.

In summary, we suggest the following physical path-
way to the modulation of heavy precipitation within the
SLRYV during group A transitioning tropical cyclone
events (an associated schematic of this process is pre-
sented in Fig. 14):

e A transitioning tropical cyclone approaches the
SLRYV, and helps to establish a synoptic-scale pressure
gradient in the valley, typically pointing from higher
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pressure to the northeast to lower pressure to the
southwest (Fig. 14). The pressure gradient within the
SLRV generally exceeds 0.4 hPa (100 km) ' (Figs. 7,
14). This pressure gradient allows for pressure-driven
wind channeling from northeast to southwest, result-
ing in northeasterly surface winds and low-level cold
potential temperature advection along the SLRV
(Figs. 6a,b, 8, and 14).

o In group A cases, the channeled northeasterly surface
winds in the SLRYV provide a source of low-level cold
air, while surface winds outside of the SLRV are
primarily southeasterly (Fig. 14). The ageostrophic
frontogenesis in the northeastern SLRV is likely
a combination of pressure-driven channeling and
coastal frontogenesis driven by the land-SST differ-
ence near the Gulf of St. Lawrence (Fig. 8a).

o The ageostrophic frontogenesis induced by pressure-
driven channeling (Fig. 14) is shallow (lowest 75-100 mb
of the troposphere) and is located primarily within the
confines of the SLRV.

e Soundings (Fig. 13) show surface-based cold air,
a large low-level temperature inversion, and moist
neutral profiles above the inversion layer. As such, we
can conclude that the shallow ageostrophic frontogen-
esis in the SLRV acts as an ascent mechanism that
allows air parcels to rise above the inversion layer, to
a layer of conditional instability.

In conclusion, this study serves as an assessment of the
physical mechanisms responsible for precipitation
modulation in the SLRV during transitioning tropical
cyclone events. Pressure gradient threshold values for
these events have been presented (Fig. 7). In addition,
potential temperature, wind, and stability profiles
unique to pressure-driven channeling occurrences dur-
ing these cases have been examined (Figs. 6, 8, 12, and
13). All such findings may be useful to the local fore-
caster in helping to predict precipitation distributions in
the SLRYV during the approach of transitioning tropical
cyclones.

While the results here do agree with the numerical
modeling results of the cold-season study of Roebber
and Gyakum (2003), future mesoscale numerical mod-
eling sensitivity studies of our cases are warranted to
further corroborate the findings of this paper. Specifi-
cally, the amounts of precipitation enhancement due to
the orographic effects must be quantified for group A
cases. To accomplish this, two mesoscale model simu-
lations should be conducted [similar to the 1998 Ice
Storm experiments of Roebber and Gyakum (2003)]:
(a) a finescale simulation that accurately replicates the
terrain of the SLRV and (b) a coarse-scale simulation in
which the terrain in the SLRV region is entirely flat.
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Comparisons of precipitation amounts between the two
simulations should provide substantial insight into ex-
actly how much the orography of the SLRV (and ac-
companying pressure-driven channeling) can increase
both near-surface ageostrophic frontogenesis and pre-
cipitation amounts during transitioning tropical cyclone
events.
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