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Abstract


Fifty-one cold-season bow echoes occurred in WSR-88D data over the continental United States during the four cold seasons (October through April) from 1997-1998 to 2000-2001.  Proximity soundings indicated that the majority of bow echoes developed when the 0-2.5-km shear was between 5 and 20 m s-1 and the 0-5-km shear was between 15 and 25 m s-1.  Moderate or strong 5-10-km shear was observed for most bow echoes, with a mean value of 19 m s-1.  Convective available potential energy (CAPE) in proximity soundings ranged from 0 to 3507 J kg-1.  Most cold-season bow echoes developed from either squall lines, groups of cells, or squall lines merging with cells outside of the squall line; other bow echoes developed from isolated supercells, pairs of cells, and squall lines embedded within areas of stratiform precipitation.  Overall, cell mergers occurred just prior to the development of 34 (67%) of the 51 bow echoes, and supercells were present in 22 (43%) bow echoes.  

Nine bow echoes were identified as severe, long-lived bow echoes (SLBEs), and seven of these had damage paths that met derecho criteria.  SLBEs developed in strongly-forced, dynamic synoptic patterns with low to moderate instability.  Warm air advection at 850 hPa and 700 hPa was observed at the initiation of all 9 SLBEs.  As in previous observational studies, proximity soundings illustrated that SLBEs are possible within much wider ranges of CAPE and shear than idealized numerical modeling studies have indicated.  Additionally, 5 of 7 (71 %) SLBE proximity soundings showed the 4-6-km system-relative winds (SRW) to be weaker than the 0-2-km SRW.  This supports other studies suggesting that relatively weak mid-level SRW should favor the development of an outflow-dominated thunderstorm.  Bulk Richardson Number (BRN) shear values ranged from 54 to 150 m2 s-2 for the strongly-forced SLBEs in this study.  The wide range of BRN shear values supports recent findings that, at least for strongly-forced environments, the parameter does not appear useful for determining the likelihood of outflow-dominated convection.

Cold-season bow echoes formed in four distinct synoptic patterns.  Twenty (39%) bow echoes formed in a Gulf-Coast pattern that produced strong shear and moderate instability over the southeastern United States.  Nineteen (37%) and seven (14%) bow echoes, respectively, formed in the Plains and East synoptic patterns, which resemble classic severe weather outbreak patterns.  Four of 51 (8%) bow echoes developed under a northwest-flow pattern.  One event in Idaho did not conform to any of the four synoptic patterns.
1.  Introduction

The bow echo (Fujita 1978) is a distinctive convective structure named for its bow- or arc-shaped appearance on plan-view radar reflectivity displays.  Bow echoes are observed near the leading edge of thunderstorm outflows, and they have been closely related to damaging winds at the ground; hence, they are of great interest in severe-weather forecasting.  Johns and Hirt (1987) showed that downbursts from long-lived intense bow echoes called derechos (Hinrichs 1888) account for the majority of casualties and damage resulting from convectively induced nontornadic winds in the United States.

Many observational and numerical studies of bow echoes and derechos have been performed (see the reviews in Przybylinski 1995; Weisman 2001; Wakimoto 2001).  Although four previous studies have produced derecho climatologies (Table 1), none addressed cold-season bow echoes exclusively or nonderecho-producing echoes.
The purpose of this paper is to construct a climatology of bow echoes, not limited to derechos, in the continental United States over four cold seasons.  In this paper, a cold season is defined as 1 October through 30 April.  Data and methodology are discussed in section 2.  Section 3 presents a four-cold-season climatology of bow echoes, their severity, and their environments.  Synoptic patterns associated with cold-season bow echoes are examined in section 4.  Conclusions are presented in section 5.
2. Data and Methodology

All severe-thunderstorm wind reports were obtained for the four cold seasons (October through April) from 1997-1998 to 2000-2001 using the NOAA publication, Storm Data.  The National Climatic Data Center (NCDC) online archive of hourly national radar mosaics (http://www4.ncdc.noaa.gov/cgiwin/wwcgi.dll?WWNEXRAD~Images2) was examined for bow-shaped echoes at all times corresponding to severe-thunderstorm wind reports.  This procedure produced a list of 144 possible bow echoes.  Additionally, a search of every available radar mosaic revealed six possible bow echoes that were not associated with severe-thunderstorm winds reported in Storm Data.
The temporal resolution of the NCDC online archive of hourly national radar mosaics was usually 1 hour, with images posted for the top of each hour.  However, some mosaics were missing, and others represented times of 15, 30, or 45 minutes after the hour.  For the period studied, the maximum gap between mosaics was 1 hour and 45 minutes.  Therefore, any bowing radar echo that persisted for at least 1 hour and 45 minutes should have appeared on at least one mosaic.  The spatial resolution of the mosaics is somewhat coarse, but it is sufficient to identify bow echoes, other bowing convective lines, and even individual supercell, multicell, or pulse thunderstorms. The ability to identify convective modes was critical to creating this bow-echo climatology.  The NCDC online archive of hourly national radar mosaics was important because no other readily available dataset contains evidence of every bow echo over an extended period of time, regardless of the size and severity.

a. Defining a bow echo

Weather Surveillance Radar-1988 Doppler (WSR-88D) (Crum and Alberty 1993) level-II data (Crum et al. 1993) were available for all but two of the 150 possible bow echoes.  In some cases, data from the radar(s) closest to the mature bow echo were not available, but data from other radars were sufficient to determine whether the event met bow-echo criteria.  Unfortunately, precise and consistent criteria for what constitutes a bow echo are rare in the previous literature.  Instead, a series of studies has incrementally added to the known radar characteristics, space scales, and time scales associated with bow echoes (see the reviews in Przybylinski 1995; Weisman 2001).
Most bow echoes vary between 20 km and 120 km in length (e.g. Fujita 1978; Przybylinski 1995).  Przybylinski (1995), however, pointed out that,   “Studies by Wakimoto (1983) and Przybylinski (1988) have shown that in cool-season strong-dynamic environments, small-scale bow echoes of less than 20 km in length and embedded in a larger squall line can be significant severe wind and tornado producers.”  Some bow echoes have been observed to last more than a day (Lee et al. 1992), whereas other bow echoes last only a few hours.  When, then, does a crescent-shaped radar echo take on a distinctive identity as a bow echo? 

Fujita (1978) described the life cycle of a bow echo as "a gradual transition from a large, strong, and tall echo to a bow [echo] which often turns into a ‘comma-shaped echo.’"  Another defining characteristic of bow echoes has traditionally been their direct association with downburst winds (e.g., Fujita and Caracena 1977; Fujita 1978).  Klimowski et al. (2000) argue that, “As downbursts cannot be verified for all bowing structures observed on radar, a somewhat broader definition must be adopted: …a bow or crescent-shaped radar echo with a tight reflectivity gradient on the convex (leading) edge, the evolution and horizontal structure of which is consistent with outflow-dominated systems.  That is, the bowing echo should demonstrate an increasing radius with time, be associated with very strong winds, and/or exhibit a persistent arc which deviates significantly (in direction or magnitude) from the mean tropospheric wind."
Presumably, Klimowski et al. (2000) use the term outflow dominated to describe an expanding cold pool, one that spreads beneath and advances beyond the leading edge of the original convective line.  An expanding cold pool often controls the evolution of leading-line convection in bow echoes (e.g., Rotunno et al. 1988; Weisman et al. 1988; Weisman 1993; Skamarock et al. 1994); hence, some indication of an expanding cold pool or outflow dominance is appropriate when defining bow echoes.  In their definition, Klimowski et al. (2000) indicate some ways that radar data can be used to assess outflow dominance.  The best method is to examine the flow character of squall lines and bow echoes using vertical cross sections of storm-relative velocity.  The necessary data may not be sampled, however, when the convection is far from the radar or moving perpendicular to the radial direction of the radar.
The definition of bow echo given by Klimowski et al. (2000) will serve as the basis for the definition of bow echo for this study.  No limits are placed on size or curvature of bow echoes.  The minimum frequency of the NCDC national radar mosaics, at 1:45, sets a necessary lower boundary for the lifetime of a bow echo.  Bow echoes that persisted for less than 1:45 may have occurred entirely between the times of two national radar mosaics.  Most likely, the 1:45 longevity requirement excludes very small crescent-shaped radar echoes that are not associated with an organized mesoscale convective system.  For examples of how this scheme was applied to bow echoes and other convective events, see Burke (2002).  Applying these criteria to our 150 cases yielded 51 bow echoes.
b. Classifying development modes of bow echoes 

Once a bow echo was confirmed using Level-II WSR-88D data the early development was then classified as one of six modes: squall line, group (or cluster), supercell, pair, embedded, and squall line/cell merger.  Klimowski et al. (2000) identified the squall line, group, and supercell modes (Figs. 1a,b,c) as the three primary initial modes of convection from which their 110 bow echoes developed.  Bluestein and Parker (1993) describe the pair (Fig. 1d) as an initial mode for isolated, severe convective storm formation along the dryline in the southern plains states.  Bluestein and Jain (1985) also showed that severe squall lines occasionally develop from an embedded mode in which the squall line is embedded in a larger area of weaker, stratiform precipitation (Fig. 1e).  The sixth mode for the early development of bow echoes, squall line/cell merger, can be described as a squall line overtaking either an isolated cell or a group of cells external to the squall line (Fig. 1f).  This is distinct from the squall-line mode in which mergers are only between cell members of the original squall line.

First echo was defined as the first appearance of a 40-dBZ echo within the squall line, group of cells, pair of cells, or single cell that eventually formed a bow echo.  The time of the first 40-dBZ echo was unambiguous from Level-II WSR-88D data.  In some cases, however, Level-II WSR-88D data were not available from radars that were near the first echo.  The NCDC national radar mosaics were then used to estimate the time of first echo to within 30-60 minutes.  Development time was defined as the time between first echo and the time of bow-echo start.  Bow-echo start was often quite sudden, so bow-echo start times reported in this study are close estimates of the time that the cold pool began to move ahead of the line of convection, causing a bow shape to appear in WSR-88D data.  Bow-echo end was defined as the time when the outflow boundary, which was often visible as a fine line in reflectivity data, failed to generate new radar echoes associated with deep moist convection.  Bow-echo end was undeterminable for two bow echoes that proceeded into the Atlantic Ocean, out of range of the WSR-88D network.  Longevity is defined simply as the lifetime of the bow echo from bow-echo start to bow-echo end.
c. Radar signatures

Previous research has identified radar signatures that may give insight into the location of damaging surface winds with some bow echoes.  The most notable radar signatures are bookend vortices (Fujita 1978; Weisman 1993) and rear-inflow jets (Smull and Houze 1985, 1987; Houze et al. 1989).  Miller and Johns (2000) also showed cases in which extreme wind damage was associated with supercells embedded within derechos.  This study sought to determine the frequency of bookend vortices, rear-inflow jets, and supercells in cold-season bow echoes. 
In a mature bow echo, cyclonic and anticyclonic bookend vortices develop north and south, respectively, of the channel of rear-to-front flow (Weisman 1993).  For simplicity, only the northern bookend vortices were examined in this study.  A northern bookend vortex was defined as a cyclonic mesoscale vortex located north of the bow-echo apex.  The vortex must have persisted for at least 1:45 to be considered a distinct component of the bow echo rather than a transient vortex.  General rear-to-front storm-relative flow is present in a majority of squall lines (Houze et al. 1989).  The rear-inflow jet as defined for this study, however, was a horizontally compact maximum of storm-relative inflow in the middle levels of the convective system near and just behind the leading edge.  The Glossary of Meteorology (Glickman 2000) defined a supercell as “…a single, quasi-steady rotating updraft, which persists for a period of time much longer than it takes an air parcel to rise from the base of the updraft to its summit (often much longer than 10-20 minutes).”  Based on this definition, a cell was considered a supercell if the Doppler radar velocity signature of a deep, rotating updraft could be followed for one hour or more.  All of the supercells observed during this study persisted for well over one hour.

d. Environmental parameters 

Some of the difficulties in choosing appropriate proximity soundings for deep moist convection have been discussed previously (e.g. Brooks et al. 1994).  In this study, proximity soundings were required to have been taken within 300 minutes (5 hours) and 300 km of the path of the bow-echo apex as it appeared in WSR-88D data.  Furthermore, the soundings must have been uncontaminated by convection, and located ahead of the path of the bow echo.  Surface and upper-air maps were inspected manually to ensure that each sounding was representative of the environment immediately ahead of the bow echo.  In some cases, to better represent the environment from which a bow echo formed, the surface observation in the sounding was substituted with a surface observation taken immediately ahead of the convection at the time of bow-echo start.
Shear was defined as the vector difference between winds at the top of a layer and the bottom of a layer.  The 0-2.5-km, 0-5-km, and 5-10-km above ground level (AGL) shear vectors were computed to investigate low-level, mid-level, and upper-level shear, respectively.  Using WSR-88D level-II data, bow echoes were tracked at their apexes to estimate system direction and speed.  System-relative winds (hereafter, SRW) could then be estimated.  Convective available potential energy (CAPE) and the mean mixing ratio in the lowest 100 hPa AGL were computed to measure instability and low-level moisture, respectively.  Lifting condensation level (LCL), level of free convection (LFC), and CAPE were calculated using the most unstable parcel in each proximity sounding.
3.  Climatology


During the four cold seasons (October through April) from 1997-1998 to 2000-2001, 51 bow echoes were identified (Table 2).  Bow echoes were observed in 22 states, primarily south of 45°N and east of the Rocky Mountains (Fig. 2).  At least one bow echo was observed during 16 of the 28 months studied, and at least one bow echo was observed in each calendar month (Fig. 3), although the majority (84%) of bow echoes occurred in February (15), March (10), and April (18).  January through April of 1998 and 2000 were the most active periods, accounting for 30 (59%) of the 51 bow echoes.  Bow echoes primarily occurred in the southeast United States between January and March, and in the Plains from late February through April.
a. Temporal frequencies for cold-season bow echoes

The majority of first echoes took place in the afternoon with a strong spike between 1800 and 1900 UTC (Fig. 4a).  First echoes were much less frequently observed in the overnight or early morning hours.  A maximum in the time of bow-echo start (Fig. 4b) distribution is seen in the early evening about 10 hours after the maximum in the time of first echo distribution.  The mean development time was about seven hours (Fig. 5a).  All the bow echoes studied required at least 1.5 hours to evolve from first echo to bow echo.  A few events were tracked for over 11 hours before the bow echo began.  For example, radar echoes existed for 20 hours prior to bow-echo start in the 12 April 2000 event from the Lake Charles, Louisiana, WSR-88D (Lake Charles-021601).  For time of bow-echo end (Fig. 4c), the maximum in the distribution was near midnight, just 2 to 3 hours after the maximum in the time of bow-echo start distribution.  Correspondingly, the distribution of bow-echo longevity has a strong peak between two and three hours (Fig. 5b).  A majority of the bow echoes observed had lifetimes of less than eight hours, although seven bow echoes lasted for more than nine hours.  The longest-lasting bow echo, the 21 January 1998 event which began near the Lake Charles, Louisiana WSR-88D (Lake Charles-012198), lasted more than 16 hours.
b. Development modes

The most common development modes for bow echoes were squall line (26), group (12), and squall line/cell merger (6) (Fig. 1).  There did not appear to be any preferred geographical regions in which bow echoes developed from particular modes.  Cell mergers occurred just prior to the formation of 34 (67%) of the 51 bow echoes.  This agrees well with Klimowski et al. (2000) who reported that “the majority (70%) of bow echoes observed to evolve from isolated cells or groups of storms occurred immediately after some type of convective merger.”  Cell mergers were noted with 11 (91%) of the 12 bow echoes that evolved from the group mode.  However, cell mergers were observed in only 5 (19%) of 26 bow echoes that evolved from squall lines, excluding those of the squall-line/cell-merger mode.  In contrast, Klimowski et al. (2000) reported cell mergers in 50% of squall-line bow echoes in their dataset.

The average development time for squall-line bow echoes was 7 h, but there was a range from 1.6 to 20.1 h.  Development times for group-mode events ranged from 3 to 8.5 hours.  The distribution is skewed toward the high end, though, as one third of the group-mode events had development times between 8 and 8.5 hours.
Environmental variables were compared among the squall line and group modes for which there was a sizeable number of proximity soundings, 21 and 13, respectively.  Group-mode bow echoes generally had both higher LCL heights (Fig. 6a) and higher LFC heights (Fig. 6b).  The other environmental variables studied did not differ greatly between the two modes.
c. Radar characteristics for cold-season bow echoes

Thirty-two (63%) of the 51 bow echoes contained an observable bookend vortex.  Supercells existed either in the formative or mature stages of 22 (43%) bow echoes.  Ten (38%) of 26 squall-line bow echoes contained embedded supercells.  Although rear-inflow jets were observed in only 27 (53%) bow echoes, most bow echoes did contain rear-to-front flow.  Given the definition of a bow echo as being outflow dominant, this should be expected.  In four cases, rear-inflow jets could not be confirmed or discounted because of large distances between the radars and bow echoes during their mature phases.  In other cases, bow echoes moved perpendicular to the radial direction from the radar, so the flow normal to the long axis of the bow echoes was not sampled by the radars.

d. Environmental parameters

Forty-six proximity soundings associated with 41 bow echoes were studied.  The mean 0-2.5-km shear for bow echoes was 14 m s-1, with 85% of the distribution lying between 5 and 20 m s-1 (Fig. 7a).  The mean 0-5-km shear was 23 m s-1 with 69% of the distribution lying between 15 and 25 m s-1 (Fig. 7b).  Significant shear above 5 km was a characteristic of cold-season bow-echo environments; the mean 5-10-km shear was 19 m s-1, with values ranging from 7 to 48 m s-1 (Fig. 7c).  The mean CAPE for bow-echo environments was 1366 J kg-1, with values ranging from 0 to 3507 J kg-1 (Fig. 7d).  The proximity sounding showing 0 J kg-1 of CAPE was taken at Roanoke, VA, within 41 minutes and 247 km southeast (i.e. in the inflow) of the Charleston-021800 bow echo.
e. Bow-echo severity

Altogether, the 51 bow echoes studied produced 899 reports of severe thunderstorm wind, an average of 17.6 reports per bow echo.  Table 2 presents the number of severe-thunderstorm-wind reports, ranging from 0 to 130, associated with each bow echo.  There was a pronounced break in the distribution of severe-thunderstorm wind reports per bow echo.  Most bow echoes (41) produced 20 or fewer severe-thunderstorm wind reports.  Two bow echoes produced exactly 28 reports, and one of those events met the definition of a derecho that is a concentrated area of reports consisting of convectively induced wind damage and/or convective gusts > 26 m s-1 (50 kt) with a major axis of at least 400 km (250 nm).  Reports within this area must exhibit a nonrandom pattern of occurrence by showing a pattern of chronological progression, either as a singular swath or as a series of swaths.  A derecho also must have at least three reports, separated by 64 km (40 nm) or more, of either F1 damage (Fujita, 1971) and/or convective gusts of 33 m s-1 (65 kt) or greater, and no more than 3 h can elapse between successive wind damage (gust) events (Johns and Hirt 1987).  The eight remaining cold-season bow echoes all produced 52 or more severe-thunderstorm wind reports, and six of those events qualified as derechos.  The union of derechos with bow echoes that produced 52 or more severe-thunderstorm wind reports forms a set of 9 very damaging bow echoes termed severe, long-lived bow echoes (SLBEs).
From an idealized modeling study, Weisman (1993) hypothesized that SLBEs represent a dynamically unique form of mesoconvective organization.  This appears to be supported indirectly by the current findings.  Eight of 9 SLBEs in this study produced at least 52 severe thunderstorm wind reports, which is at least 24 (86%) more than the number of reports that were associated with any nonSLBE (bow echoes of lesser intensity and shorter duration that SLBEs).  Moreover, 40 of 42 (95%) nonSLBEs did not produce any reported tornadoes (Table 2).  Four of the 9 SLBEs also produced only 0-2 tornadoes, but the 9 SLBEs produced a combined 55 tornadoes, including 26 tornadoes from one SLBE.

Bentley and Mote (1998) discussed two corridors of cold-season derecho tracks.  One is in the Southeast United States from eastern Texas through North Carolina, whereas the other is in the mid-Atlantic States from northern Virginia to Connecticut (Figs. 8a,b).  Figure 8c is a track map for the nine cold-season SLBEs studied here.  Two SLBEs originated in Oklahoma and Kansas during April; the locations of these events cannot be compared to Bentley and Mote (1998) which did not include April as a cold-season month.  Five SLBEs from this study fall into the Southeast corridor identified by Bentley and Mote (1998).  The two remaining SLBEs, Nashville-011799 and Louisville-110900, are located well outside of the mid-Atlantic corridor identified by Bentley and Mote (1998).  Johns and Evans (2000) have already noted that Bentley and Mote (1998) may include some damaging wind events that were not associated with bow echoes because radar images were not examined for that study.  This may explain how such a distinct event corridor such as the mid-Atlantic in Bentley and Mote (1998) was not observed in this study.
f. Environments of SLBEs and nonSLBEs
1) Synoptic patterns
Johns and Hirt (1987) showed that 90% of a dataset of warm-season derechos developed in westerly or northwesterly flow at 500-hPa.  In contrast, all of the cold-season SLBEs in this study developed when the 500-hPa wind was southwesterly, from between 205 and 265 degrees, with a median of 230 degrees.  Johns and Hirt (1987) also showed that 40% of the warm-season derechos in their study developed in weakly-forced synoptic patterns, ones in which low-level warm air advection takes place on the cool-side of a quasi-stationary surface boundary, often in a region characterized by extreme instability.  During the cold season, stronger, more progressive synoptic-scale cyclones, reduced heating, and intrusions of cold, dry, continental air make extreme instability much less likely.  All 9 SLBEs in this study developed in strongly forced synoptic patterns (e.g., Johns 1993; Evans and Doswell 2001) with low to moderate instability.  One common thread, though, between warm-season derechos and cold-season SLBEs was low-level warm air advection.  In 86% and 74%, respectively, of warm-season derechos they studied, Johns and Hirt (1987) found 850-hPa warm air advection and 700-hPa warm air advection at the initiation point.  In this study, both 850-hPa and 700-hPa warm air advection were present at initiation of all 9 SLBEs.
2) Shear and CAPE

Idealized modeling studies of SLBEs (e.g., Rotunno et al. 1988; Weisman et al. 1988; Weisman 1993) have emphasized the role of ambient vertical wind shear from the surface up to 5 km in sustaining the redevelopment of convection at the leading edge of long-lived squall lines and bow echoes.  Weisman (1993) showed evidence that severe, long-lived bow echoes may be restricted to environments in which the component of vertical wind shear perpendicular to the bow echo is at least 20 m s-1 over the lowest 5 km AGL.  In this study, the component of 0-5-km shear perpendicular to the observed cold-season SLBEs was generally at least 20 m s-1, agreeing with the threshold suggested by Weisman (1993).  Also, according to Weisman (1993), modeled SLBEs are particularly favored when most of the shear is confined to the lowest 2.5 km AGL.  In this study, however, the component of 0-2.5-km shear perpendicular to the bow echo was less than 20 m s-1 for 6 of 8 SLBE proximity soundings, and was as low as 7.8 m s-1 in the Fort Worth-042699 derecho.  Evans (1998) also found that many observed SLBEs are associated with 0-2.5-km shears below 10 m s-1.  Coniglio and Stensrud (2001) have shown that shear above 5 km may also play an important role in maintaining some strong, long-lived squall lines (or bow echoes).  In the current study, all SLBE proximity soundings show 5-10-km shear that is comparable in magnitude to the observed low-level and mid-level shears, with the mean 5-10-km shear being 21 m s-1.

Weisman (1993) also showed evidence that derechos (or SLBEs) are restricted to environments that include CAPE of at least 2000 J kg-1.  Observational studies, however, have shown that large CAPE is most necessary for derechos that occur in weakly-forced environments that are primarily confined to the warm season (e.g., Johns 1993; Evans and Doswell 2001).  In this study, only 1 of 8 cold-season SLBE proximity soundings indicated CAPE above 2000 J kg-1, and four of 8 (50%) SLBE proximity soundings indicated CAPE below 1000 J kg-1.  Evans and Doswell (2001) found 25% of their derechos to have CAPE less than 1000 J kg-1.  In this study, three proximity soundings associated with the Louisville-110900 and Houston-021098 SLBEs showed CAPE ranging between 76 J kg-1 and 522 J kg-1, yet these low-CAPE events produced a combined 225 severe-thunderstorm wind reports.  Forecasters should be aware of the potential for severe long-lived bow echoes even when CAPE is very low (e.g., Evans and Doswell 2001).
Despite the often low values of CAPE, rich low-level moisture appears to be critical to the production of SLBEs.  The mean mixing ratio in the lowest 100 hPa AGL for SLBE environments ranged from 9 to 14 g kg-1, with a mean of 11 g kg-1 (Fig. 9).  Rich low-level moisture does not, however, make SLBE environments distinct from environments in which other bow echoes formed.  Thirty-three of the 43 (77%) nonSLBE proximity soundings also indicated mean mixing ratios in the lowest 100-hPa AGL of at least 9 g kg-1.  Correspondingly, the distributions of CAPE (Fig. 10a) and the heights of the LCL (Fig. 10b) and LFC (Fig. 10c) are very similar for SLBEs and nonSLBEs.
3) Storm-relative winds and BRN shear

Recent research has shown that SRW appears to describe SLBE and nonSLBE environments as well, if not better, than other parameters (Evans 1998; Evans and Doswell 2001).  The 0-2-km SRW usually represents low-level storm-relative inflow.  The 4-6-km SRW usually represents the mid-level storm-relative outflow or the ability of the environmental wind to remove precipitation from the updraft.  Evans (1998) and Evans and Doswell (2001) observed that in SLBE and strongly-forced derecho environments 4-6-km SRW is consistently weaker than 0-2-km SRW.  The same relationship is observed in this study, as 5 of 7 (71 percent) SLBE proximity soundings showed the 4-6-km SRW to be weaker than the 0-2-km SRW (Fig. 11).  This finding supports other studies which suggested that relatively weak mid-level SRW should produce an outflow-dominated thunderstorm (e.g., Brooks et al. 1994; Thompson 1998).  Furthermore, the current study finds a somewhat linear relationship between 4-6-km SRW and CAPE for SLBEs (Fig. 12).  Some SLBEs formed in environments with very low values of both 4-6-km SRW and CAPE; other SLBEs formed with increasing values of both 4-6-km SRW and CAPE.  It seems physically reasonable that as CAPE increases, an outflow-dominated convective system (i.e., SLBE) may form despite greater evacuation of precipitation at the mid levels. 
Recent studies have also investigated BRN shear as a possible tool for determining whether an environment is likely to support outflow-dominated convection such as SLBEs.  Using a mesoscale model on nine severe weather events, Stensrud et al. (1997) found that outflow-dominated convection was likely when BRN shear values were less than 40 m2 s-2, whereas sustained low-level mesocyclones were favored when BRN shear values were between 40 and 100 m2 s-2.  Thompson (1998), however, found that BRN shear values were greater than 50 m2 s-2 for 39 percent of a dataset of nontornadic/outflow-dominated supercells.  Evans and Doswell (2001) also found that in strongly-forced environments, “BRN shear appears to become less valuable as a tool to discriminate bow echo development from environments conducive to supercell tornadoes…”  BRN shear values ranged from 54 to 150 m2 s-2 for the strongly-forced SLBEs in this study.  Furthermore, 50% of all bow-echo (SLBE and nonSLBE) soundings in this study had BRN shear values greater than 50 m2 s-2.  At least for strongly-forced environments, BRN shear does not appear useful for determining the likelihood of outflow-dominated convection.
4.  Synoptic Patterns

Fifty cold-season bow echoes were associated with four distinct synoptic patterns: Gulf Coast, Plains, East, and Northwest Flow.  The Pocatello-021400 bow echo was not associated with any of these synoptic patterns.  The four patterns were determined primarily by the appearance of synoptic weather features, nevertheless, three of the identified patterns correspond very well to bow echoes that formed in different geographical regions, hence the names Gulf Coast, Plains, and East.  The fourth pattern, Northwest Flow, consists of the only four instances in which there was northwesterly upper-level flow associated with cold-season bow echoes.  
Within a given pattern, the synoptic maps for individual bow echoes displayed marked similarities.  Therefore, despite a relatively small sample size, each category contains enough cases to make composite maps meaningful.  The Pocatello-021400 bow echo from Idaho was the only one that did not occur during one of the four patterns.  Composite maps of the time nearest, but preceding bow-echo start (00, 06, 12, or 18 UTC), depicting the four synoptic patterns, were generated from the NOAA-CIRES Climate Diagnostics Center web site (http://www.cdc.noaa.gov/) using the NCEP/NCAR reanalysis dataset (Kalnay et al. 1996).
a. Gulf Coast

From late January to late April, twenty bow echoes occurred with a Gulf Coast synoptic pattern that produced moderate instability and strong, deep shear over the Gulf of Mexico and Southeastern states.  Two bow echoes occurred on the same day, so the composite maps for the Gulf Coast pattern consist of 19 dates.  At 500 hPa, a broad longwave trough was situated in the center of the United States (Fig. 13a), accompanied by a 40 m s-1 southwesterly jet at 250 hPa over the Gulf of Mexico (Fig. 14c).  Southerly flow at 850 hPa transported moisture into the Gulf Coast states from the eastern half of Louisiana eastward across Florida (Fig. 14a).  Local maxima in 850-hPa and 700-hPa wind speed, 10 m s-1 and 15 m s-1, respectively, occurred over the Gulf Coast, resulting in strong vertical wind shear (Figs. 14a,b).  In most cases, 850-hPa warm air advection, associated with a deepening cyclone, occurred at the bow-echo start point; although, a few bow echoes started well to the south of similar zones of 850-hPa warm air advection.  Many Gulf Coast events developed first echoes in southern Texas and moved east-northeast (Fig. 13c).
b. Plains
Primarily occurring from late February through April, nineteen bow echoes were associated with a Plains synoptic pattern.  Some bow echoes occurred on the same day, so the composite maps for the Plains pattern consist of 15 dates.  A relatively sharp, negatively-tilted 500-hPa trough over the southwestern United States placed the southern and central Plains states in a region of large-scale ascent (Fig. 15a), and a surface trough in the lee of the Rocky Mountains produced moist low-level return flow from the Gulf of Mexico (Fig. 15b).  A southerly low-level jet at 850 hPa (Fig. 16a) over north-central Texas and southern Oklahoma, and a well-defined, southwesterly upper-level jet at 250 hPa (Fig. 16b) crossed at a large angle to produce strong deep-layer shear.  The Plains pattern is similar to the pattern favorable for severe thunderstorms and tornadoes first shown by Newton (1967).  Johns (1993) also noted that the dynamic pattern for bow echoes “has many characteristics of the ‘classic’ Great Plains tornado outbreak pattern.”  Two of the 19 Plains bow-echoes were accompanied by tornado outbreaks.  The Kansas City-100498 bow echo occurred north of an outbreak of tornadic supercells, whereas the Topeka-041001 bow echo was directly responsible for the tornado outbreak.  In all, there were 35 tornadoes directly associated with Plains bow echoes compared to 15, 14, and 0 tornadoes with East, Gulf-Coast, and Northwest-Flow bow echoes, respectively.  Several Plains bow echoes developed first echoes near the Caprock region of the Texas panhandle, with the bow echoes then starting in Oklahoma (Fig. 15c).  

c. East
The East pattern accounted for 7 bow echoes, and was similar to the Plains pattern; the only major difference, aside from geographical location of features, is that the low-level jet was more parallel to the upper-level jet (Figs. 18a,b).  The 500-hPa composite for the East pattern was characterized by a longwave trough in the Plains with its axis roughly over the Missouri river (Fig. 17a) and a closed MSLP low over Illinois (Fig. 17b).  Curvature of the isobars suggests a warm front extending northeastward from the low towards Pennsylvania and possibly a cold front trailing the low through Arkansas.  A strong pressure gradient between the low in Illinois and a 1020-hPa high off the East Coast provided strong low-level inflow from the Gulf of Mexico into the eastern United States (Fig. 18a).  There may have been some coupling between a broad, 35 m s-1 250-hPa jet over the central United States and a 40 m s-1 jet exiting the Great Lakes (Fig. 18b).  East bow echoes (Fig. 17c) appear to have tracked farther during their development time than did Plains bow echoes.  The East pattern agrees well with the pattern Barnes and Newton (1986) showed to be favorable for the development of bow echoes.  The mean CAPE for the East pattern was the lowest among the four synoptic patterns (Table 3).
d. Northwest Flow

Whereas 47 of 51 (92%) bow echoes occurred under southwesterly upper-level flow, only four bow echoes took place under northwest flow.  Each of the four Northwest Flow bow echoes occurred in a strongly amplified large scale pattern with a broad 500-hPa ridge over the western United States and western Canada and a broad 500-hPa trough over the eastern United States and southeastern Canada (Fig. 19a).  The 500-hPa height pattern resembles a documented example of a warm-season northwest-flow pattern in which a bow echo formed in the southern Plains (Johns 1984, p. 457) where the four Northwest Flow bow echoes in this study occurred (Fig. 19c).  A surface high was located over the Rockies and Great Plains (Fig. 19b).  Flow was weak and unorganized at 850 hPa (Fig. 20a), but a northwesterly 40 m s-1 jet at 250-hPa (Fig. 20b) crossed the region where Northwest Flow bow echoes occurred.  Proximity soundings to Northwest Flow bow echoes revealed weaker 0-2.5-km shear and 5-10-km shear than was observed with the other three patterns, but the mean 0-5-km shear was actually stronger for Northwest Flow bow echoes than for any other pattern (Table 3).
5. Conclusions

A search of radar mosaics and Level-II WSR-88D data revealed 51 cold-season (October-April) bow echoes that occurred in the contiguous United States from 1997-1998 to 2000-2001.  These are the key findings.

· Over 4 cold seasons, 51 bow echoes were observed in 22 states, primarily south of 45°N latitude and east of the Rocky Mountains.  Bow echoes primarily occurred in the southeast United States from January through March, and in the Plains from late February through April.
· Six development modes for bow echoes were observed; although, most bow echoes evolved from squall lines (26), a group (or cluster) of cells (12), and squall line/cell mergers (6).

· Thirty-two (63%) of the 51 bow echoes contained an observable, northern (cyclonic) bookend vortex.  Rear inflow jets were observed with 27 of 51 bow echoes (53%).  Supercells existed either in the formative or mature stages of 22 (43%) bow echoes.
· Shear was usually moderate or strong.  The mean 0-2.5-km shear for bow echoes was 14 m s-1, with 85% of the distribution lying between 5 and 20 m s-1.  The mean 0-5-km shear was 23 m s-1, with 69% of the distribution lying between 15 and 25 m s-1.  The mean 5-10-km shear was 19 m s-1, ranging from 7 to 48 m s-1.  The mean CAPE for bow-echo environments was 1366 J kg-1, ranging from 0 to 3507 J kg-1.
· There were 9 severe, long-lived bow echoes (SLBEs), eight of which produced between 52 and 130 severe thunderstorm wind reports.  Although 4 of 9 SLBEs produced only 0-2 reported tornadoes, the 9 SLBEs produced a combined total of 55 reported tornadoes.  Most nonSLBEs, 40 of 42 (95%), did not produce reported tornadoes.  SLBEs developed in strongly-forced, dynamic patterns with moderate instability.  Warm air advection at 850 hPa and 700 hPa took place at the initiation point of all 9 SLBEs.  Environments of SLBEs showed abundant low-level moisture (mean low-level mixing ratios at least 9 g kg-1).  Five of 7 (71 percent) SLBE proximity soundings show that 4-6-km SRW was weaker than the 0-2-km SRW.  This supports other studies which suggest that relatively weak mid-level SRW should produce an outflow-dominated thunderstorm.  Comparing 4-6-km SRW and CAPE shows that as CAPE increases, SLBEs may form despite greater evacuation of precipitation at the mid levels.  BRN shear values ranged from 54 to 150 m2 s-2 for the strongly-forced SLBEs in this study, supporting recent findings that, at least for strongly-forced environments, BRN shear does not appear useful for determining the likelihood of outflow-dominated convection.
· Cold-season bow echoes occurred during four distinct synoptic patterns.  A Gulf Coast Pattern consisted of a broad longwave trough at 500 hPa centered over the central U.S.  Warm air advection was often observed at 850-hPa near the bow-echo start point.  A Plains pattern was characterized by a relatively sharp trough over the Southwestern U.S. and a strong surface low on the lee side of the Colorado Rockies.  The Plains pattern resembles the severe weather pattern of Newton (1967), with a large crossing angle between the 850-hPa low-level jet and the 250-hPa upper-level jet.  An East pattern resembles the Plains pattern displaced farther east, with the low-level jet being more parallel to the upper-level jet.  The East pattern resembles the pattern that Barnes and Newton (1986) showed to be favorable for bow-echo development.  A Northwest Flow pattern groups the only four bow echoes that occurred in northwest 500-hPa flow.  The pattern consists of a broad 500-hPa ridge over the western United States and western Canada and a broad 500-hPa trough over southeastern Canada.  Northwest Flow bow echoes occurred in the Southern Plains where 0-2.5-km and 5-10-km shear was weaker than observed in other patterns, but 0-5 km shear was actually stronger than in all other patterns.
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FIGURE CAPTIONS
Figure 1. Convective modes from which bow echoes developed.  The number of cold-season bow echoes that developed from each mode is indicated in parenthesis.  Shaded areas represent high radar reflectivity values associated with convective cells, whereas areas without shading represent lighter, stratiform precipitation.
Figure 2. Track map for 51 bow-echoes that occurred during the cold seasons from October 1997 to April 2001.  See section 2b for definitions of first echo, bow-echo start, and bow-echo end.
Figure 3. Number of bow echoes per month during the cold seasons from October 1997 to April 2001.
Figure 4. Frequency plots for the time of (a) first-echo, (b) bow-echo start, and (c) bow-echo end for bow echoes that occurred in the cold seasons from October 1997 to April 2001.  The one-hour bin labeled 01 represents times between 00 and 01 UTC.

Figure 5. Frequency distributions for (a) development time and (b) bow-echo longevity.  The one-hour bin labeled 01 represents times between 00 and 01 UTC.  Note: the definition of bow echo in this study required longevity of at least 1:45.

Figure 6. Cumulative frequency distributions of (a) LCL height (m) and (b) LFC height (m) for the squall line and group modes of bow-echo evolution.  The bins labeled 500 represent heights from 1 to 500 m.

Figure 7.  Frequency distributions for (a) 0-2.5-km shear (m s-1), (b) 0-5-km shear (m s-1), (c) 5-10-km shear (m s-1), and (d) CAPE (J kg-1) for bow-echo environments.  The bin labeled 50 represents bow echoes whose proximity soundings indicated less than 50 J kg-1 of CAPE.
Figure 8. (a) Tracks of derechos that occurred in the southeast United States during 1986-1995 (from Bentley and Mote 1998).  (b) Tracks of derechos that occurred in the mid-Atlantic United States during 1986-1995 (from Bentley 

and Mote 1998).  (c) Tracks of severe long-lived bow echoes observed during the cold seasons of October 1997 to April 2001 (this study).
Figure 9. Cumulative frequency distributions of mean low-level mixing ratio (g kg-1) for severe long-lived bow echoes (SLBEs) and nonSLBEs.  The bin labeled 4 represents mean low-level mixing ratios less than 4 g kg-1.  The bin labeled 5 represents mean low-level mixing ratios greater than or equal to 4 g kg-1 but less than 5 g kg-1.
Figure 10. Cumulative frequency distributions of (a) CAPE (J kg-1), (b) lifting-condensation-level (LCL) height (m), and (c) level-of-free-convection (LFC) height (m) for severe long-lived bow echoes (SLBEs) and nonSLBEs.  The bins labeled 1000 represent values of CAPE (J kg-1) or height (m) greater than or equal to 500 but less than 1000.
Figure 11.  Scatter plot of 0-2-km SRW versus 4-6-km SRW for 46 bow-echo proximity soundings.  The diagonal line represents the one to one ratio.
Figure 12.  Scatter diagram of 4-6-km storm-relative wind speed (m s-1) versus CAPE (J kg-1) for SLBEs and nonSLBEs.  The diagonal line separates environments in which SLBEs sometimes developed from environments in which SLBEs did not develop.
Figure 13. (a) Composite 500-hPa geopotential heights (contour interval = 60 dam), (b) composite mean-sea-level-pressure (contour interval = 4 hPa), and (c) track map for bow echoes that occurred in the Gulf-Coast synoptic pattern.  The composites consist of nineteen unique dates/times selected from 6-hourly data (00, 06, 12, 18 UTC), representing the times nearest to but preceding 20 bow echoes.  See section 2b for definitions of first echo, bow-echo start, and bow-echo end.  Composite images were provided by NOAA-CIRES Climate Diagnostics Center, Boulder Colorado from their web site at http://www.cdc.noaa.gov/.
Figure 14. Composite plots of vector wind (contour interval = 5 m s-1) for (a) 850 hPa, (b) 700 hPa, and (c) 250 hPa for the Gulf-Coast synoptic pattern.  The composites consist of nineteen unique dates/times selected from 6-hourly data (00, 06, 12, 18 UTC), representing the times nearest to but preceding 20 bow echoes.  Images were provided by NOAA-CIRES Climate Diagnostics Center, Boulder Colorado from their web site at http://www.cdc.noaa.gov/.
Figure 15. (a) Composite 500-hPa geopotential heights (contour interval = 60 dam), (b) composite mean-sea-level-pressure (contour interval = 4 hPa), and (c) track map for bow echoes that occurred in the Plains synoptic pattern. The composites consist of 15 unique dates/times selected from 6-hourly data (00, 06, 12, 18 UTC), representing the times nearest to but preceding 19 bow echoes.  See section 2b for definitions of first echo, bow-echo start, and bow-echo end.  Composite images were provided by NOAA-CIRES Climate Diagnostics Center, Boulder Colorado from their web site at http://www.cdc.noaa.gov/.
Figure 16. Composite plots of vector wind (contour interval = 5 m s-1) for (a) 850 hPa, and (b) 250 hPa for the Plains synoptic pattern.  The units for contoured wind speeds are m s-1. The composites consist of 15 unique dates/times selected from 6-hourly data (00, 06, 12, 18 UTC), representing the times nearest to but preceding 19 bow echoes. Images were provided by NOAA-CIRES Climate Diagnostics Center, Boulder Colorado from their web site at http://www.cdc.noaa.gov/.
Figure 17. (a) Composite 500-hPa geopotential heights (contour interval = 60 dam), (b) composite mean sea level pressure (contour interval = 4 hPa), and (c) track map for bow echoes that occurred in the East synoptic pattern. The composites consist of 7 unique dates/times selected from 6-hourly data (00, 06, 12, 18 UTC), representing the times nearest to but preceding 7 bow echoes.  See section 2b for definitions of first echo, bow-echo start, and bow-echo end.  Composite images were provided by NOAA-CIRES Climate Diagnostics Center, Boulder Colorado from their web site at http://www.cdc.noaa.gov/.
Figure 18. Composite plots of vector wind (contour interval = 5 m s-1) for (a) 850 hPa, and (b) 250 hPa for the East synoptic pattern.  The composites consist of 7 unique dates/times selected from 6-hourly data (00, 06, 12, 18 UTC), representing the times nearest to but preceding 7 bow echoes.  Images were provided by NOAA-CIRES Climate Diagnostics Center, Boulder Colorado from their web site at http://www.cdc.noaa.gov/.
Figure 19. (a) Composite 500-hPa geopotential heights (contour interval = 60 dam), (b) composite mean-sea-level-pressure (contour interval = 4 hPa), and (c) track map for bow echoes that occurred in the Northwest-Flow synoptic pattern. The composites consist of 4 unique dates/times selected from 6-hourly data (00, 06, 12, 18 UTC), representing the times nearest to but preceding 4 bow echoes.  See section 2b for definitions of first echo, bow-echo start, and bow-echo end. Composite images were provided by NOAA-CIRES Climate Diagnostics Center, Boulder Colorado from their web site at http://www.cdc.noaa.gov/.
Figure 20. Composite plots of vector wind (contour interval = 5 m s-1) for (a) 850 hPa, and (b) 700 hPa for the Northwest-Flow synoptic pattern.  The units for contoured wind speeds are m s-1. The composites consist of 4 unique dates/times selected from 6-hourly data (00, 06, 12, 18 UTC), representing the times nearest to but preceding 4 bow echoes.  Images were provided by NOAA-CIRES Climate Diagnostics Center, Boulder Colorado from their web site at http://www.cdc.noaa.gov/.

Table 1. Bow-echo and derecho climatologies.

Article
Climatology
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# Events
# Cold-

Season Events


Johns and Hirt (1987)

Derechos (1980-1993)
All

70

0

Johns et al. (1990)

Strongest derechos 
Warm season
14

0

(1983-1987)

Bentley


Derechos* (1986-1995)
All

112

36

and Mote (1998)

Evans


Derechos (1983-1993)
All (1988-1993),
67

12

and Doswell (2001)




Warm season 

(1983-1987)

       This study (2002)

Bow Echoes (1997-2001)
Cold-Season
51

51


* Bentley and Mote (1998) used a slightly modified form of the derecho criteria, which Johns and Hirt 
(1987) defined.
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Table 2. Bow echoes and their attributes.  

Note: SLBE stands for severe - long lived bow echo  

 Table 3. Mean CAPE and shear values associated with four synoptic patterns in which bow echoes formed.
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Cluster



52 (SLBE)

3
Gulf


030898
Jacksonville, FL
Squall Line


7

0
Gulf


032098
Miami, FL

Cluster



1

0
Gulf


032698
Goodland, KS
Cluster



1

0
Plains


040698
Witchita, KS
Squall Line


3

0
Plains


040698
Tulsa, OK

Squall Line


16

0
Plains


041998
Tallahasse, FL
Squall Line/Cell Merger

4

1
Gulf


100498
Kansas City, MO
Cluster



1

0
Plains


1999


011799
Nashville, TN
Cluster



83 (SLBE)

12
East


021799
Houston, TX
Embedded



0

0
Gulf


030599
Memphis, TN
Squall Line/Cell Merger

2

0
East


040299
Norman, OK
Squall Line


6

0
Plains


040299
Wicthita, KS
Squall Line


12

0
Plains


042599
Little Rock, AR
Cluster



11

0
Plains


042699
San Angelo, TX 
Squall Line


1

0
Plains


042699
San Angelo, TX
Squall Line


75 (SLBE)

6
Plains


120399
Witchita, KS
Squall Line/Cell Merger

12

0
Plains


2000


020700
Houston, TX
Supercell



0

0
NW Flow


021400
Knoxville, TN 
Squall Line


17

0
Gulf


021400
Pocatello, ID 
Squall Line


8

6
Mountain


021800
Charleston, WV 
Squall Line


0

0
East

022200
Norman, OK
Squall Line


3

0
Plains

022400
Lubbock, TX
Squall Line


3

1
Plains

022900
Davenport, IA
Pair



0

0
East


031100
Atlanta, GA
Cluster



6

0
Gulf


031600
Tallahassee, FL
Cluster



7

0
Gulf


032700
Shreveport, LA
Cluster



20

0
NW Flow


041200
Austin, TX
Squall Line/Cell Merger

3

0
Gulf

041200
Lake Charles, LA
Squall Line


4

0
Gulf

041700
Charleston, WV
Squall Line


0

0
East

042400
Lake Charles, LA
Squall Line/Cell Merger

4

0
Gulf

042400
Amarillo, TX
Supercell



2

0
NW Flow


042800
Lubbock, TX
Cluster



2

0
Plains

042900
Goodland, KS
Squall Line


0

0
Plains

110900
Louisville, KY
Squall Line


95 (SLBE)

2
East

2001


021601
Jackson, MS
Squall Line


60 (SLBE)

0
Gulf


031201
Shreveport, LA
Squall Line


69 (SLBE)

1
East


032401
Midland, TX
Cluster



5

0
NW Flow


032901
Tallahassee, FL
Squall Line


28

0
Gulf


041001
Topeka, KS
Squall Line/Cell Merger

28 (SLBE)

26
Plains


041401
Springfield, MO
Supercell



4

0
Plains


041501
Tulsa, OK

Squall Line


68 (SLBE)

0
Plains






Table 2. Bow echoes and their attributes.







Note: SLBE stands for severe-long lived bow echo











36





