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ABSTRACT

On 18 September 1992 a series of thunderstorms in Nebraska and eastern Colorado, which formed south of a synopticscale cold front and north of a Rocky Mountain lee trough, produced a cold outflow gust front that moved southeastward into Kansas, southeastern Colorado, and Oklahoma around sunset. When this cold outflow reached the vicinity of
the lee trough, an undular bore developed on a nocturnally produced stable layer and moved through the range of the
Dodge City WSR-88D Doppler radar. The radar data revealed that the undular bore, in the leading portion of a region of
northwesterly winds about 45 km wide by 4 km high directly abutting the cold outflow, developed five undulations over
the course of 3 h. Contrary to laboratory tank experiments, observations indicated that the solitary waves that composed
the bore probably did not form from the enveloping of the head of the cold air outflow by the stable layer and the breaking off of the head of the cold air outflow. The synoptic-scale cold front subsequently intruded on the surface layer of air
produced by the cold outflow, but there was no evidence for the formation of another bore.
Profiler winds, in the region affected by the cold air outflow and the undular bore, contained signals from nocturnally, southward-migrating birds (most likely waterfowl) that took off in nonfavorable southerly winds and remained
aloft for several hours longer than usual, thereby staying ahead of the turbulence associated with the undular bore.
1. Introduction

The high plains of the United States, by virtue of
their gently sloping, almost flat terrain that stretches
from the Gulf of Mexico deep into Canada and their
abrupt westerly border along the Rocky Mountains,
provide a conduit for the passage of both cold fronts
and migrating birds from Canada into the United
States. The passage of a cold front is also favorable
for bird migration since it provides northerly winds.
However, thunderstorms are endemic in the region as
surface heating, or more organized regions of convergence, force convection fueled by warm, moist air
from the Gulf of Mexico. Outflows of cold air from
the thunderstorms can produce gravity (or density)

currents (Charba 1974; Goff 1976; Mueller and
Carbone 1987). Radiational cooling on clear nights can
produce lower-level stable layers soon after sunset
(Izumi and Barad 1963; Estournel et al. 1986). Lee
troughs, formed by downslope flow from the Rockies,
are also ubiquitous in this region (Palmen and Newton 1969; Steenburgh and Mass 1994; Martin et al.
1995). All of these disparate phenomena came together
on the afternoon and evening of 17 September, and the
early morning of 18 September 1992, when an undular
bore, accompanied by rapid wind shifts, moved southward through Kansas with flocks of migrating birds
flying ahead of it.
In this paper we present an observational analysis
of this case. In a subsequent paper we will describe
numerical simulations of the same case using the Pennsylvania State University-National Center for Atmospheric Research MM5 mesoscale model.
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sudden, and relatively permanent, change in the height
of a horizontal fluid interface and in the velocity of the
fluid beneath the interface. The fluid interface can be
the free surface of a single fluid, an interface between
two fluids of different densities, or the interface between a lower, stably stratified fluid and an upper,
neutrally or near-neutrally stable fluid. The first situation is associated withfree surface bores, such as tidal
bores in rivers. The second situation is applicable to
internal bores produced in laboratory tank experiments. The third situation is applicable to internal
bores in the atmosphere. The terms "sudden" and
"relatively permanent" in our definition of a bore are
somewhat arbitrary but are used to indicate that for a
true bore the fluid velocity and interface height do not
return to their predisturbance values after the bore has
passed.
Two important aspects of bores are the generating
mechanism and the structure of the disturbance itself.
The most basic structural classification of bores is the
distinction between undular and turbulent bores.
Rottmann and Simpson (1989) have shown from tank
experiments that the ratio of the postbore height to the
prebore height (termed the bore strength) determines
whether a bore is undular or turbulent. Strong bores
are turbulent, which means that the disturbance is characterized by a single, turbulent transition in height and
velocity. Weak bores are undular, which means that
the transition in height and velocity occurs over a series of several laminar, wavelike undulations. The atmospheric bore described in this study, as well as most
of the atmospheric bores reported previously in the
literature, are of the undular type.
The most commonly observed or hypothesized
cause of undular bores in nature is the advance of a
gravity current into a two-layer fluid, where the gravity current fluid is more dense than either of the two
fluid layers into which it is advancing. The gravity
current lifts and pushes forward the lower fluid, causing an increase in the velocity of the lower fluid and
in the height of the interface. The leading edge of the
discontinuity in the lower fluid propagates as an
undular bore ahead of, and faster than, the gravity current. For example, in the case of tidal bores in rivers,
as the heavier saltwater from the inbound tide flows
as a gravity current upstream and beneath the lighter
freshwater, the latter is lifted over the advancing saltwater. However, some freshwater is partially blocked
by the advancing saltwater and moves away from it
as a series of waves. The sudden increase in the depth
of the freshwater occurs with the passage of the first
1044

wave of the series, which is the leading edge of the
undular bore. Of course, the increase in the depth of
the freshwater of the river, following the passage of
an undular bore, is not permanent in the strict sense
of the word, but it does last until the turn of the tide,
which may be many hours later. Nice illustrations of
undular bores onriversare shown by Simpson (1987,
20, 102, 103).
An example of the atmospheric equivalent of an
undular bore in ariveris an internal undular bore that
is generated as a gravity current (from a thunderstorm
outflow gust front, cold front, or a katabatic flow)
moves into a stable layer. Under appropriate conditions, the air in the stable layer is partially blocked by
the advancing colder air. An undular bore is then
formed in the stable layer, the leading edge of which
moves away from the gravity current. In this case, there
would be a suddenrisein the depth of the stable layer,
followed eventually by a gravity current. The distance
between the leading edge of the undular bore and the
gravity current depends on the elapsed time since the
gravity current initiated the undular bore and their relative speeds. Consequently, the passage of an undular
bore is accompanied by the movement of the air in the
stable layer in the direction of the motion of the bore
(i.e., the wind shifts toward the direction of the motion of the bore), but there is no significant change in
the surface temperature or dewpoint until the gravity
current arrives.
Laboratory tank experiments (e.g., Rottman and
Simpson 1989) have shown that, under appropriate
conditions, as a gravity current intrudes into a stably
stratified fluid the head of the gravity current is first
enveloped by the fluid. The fluid then moves away
from the gravity current as a solitary wave, carrying
with it some of the gravity current fluid. This process
partially disrupts the head of the gravity current, which
reforms, thereby allowing a second solitary wave to
form and move away. In this manner, an internal
undular bore is formed as a series of solitary waves.
Solitary waves, as defined by Simpson (1987), are
not periodic; they consist of a single symmetrical
hump that propagates at a uniform velocity without
change in form. This type of solitary wave arises from
a balance between the tendency of nonlinear gravity
waves to steepen ahead of their crests (amplitude dispersion) and the tendency of the longer wavelength
components to propagate at higher velocity (frequency
dispersion); see Christie et al. (1978). Since the higheramplitude solitary waves travel faster, the series of
solitary waves composing an undular bore is ampliVol. 79, No. 6, June 1998
Unauthenticated | Downloaded 01/09/23 09:30 AM UTC

tude ordered, with the highest-amplitude waves arriving first.
Closed circulations, in the form of propagating
vortices, occur within large-amplitude solitary waves;
these can account for the gravity current fluid being
carried away within the solitary waves of an undular
bore. Eventually the gravity current fluid can separate
from the solitary wave and be left behind it (Doviak
et al. 1991). Surprisingly, even though they require
exact balances to be established between dispersion of
nonlinear gravity waves, solitary waves are easy to
generate in tank experiments, where, if conditions are
favorable, almost any disturbance of the stable fluid
will produce a solitary wave (Davis and Acrivos 1967;
Benjamin 1967; Simpson 1987). Interestingly, despite
the hypothesis that undular bores are formed in the
atmosphere in the same way as in tank experiments,
the sequence of generation by a gravity current with
each undulation being formed from the enveloping of
the head of the gravity current by the stable air, then a
mixture of the gravity current head and the stable air
moving away as a solitary wave, has never been
documented.
When the gravity current that drives an undular
bore looses its strength and dissipates, the disturbance
can continue to propagate as a series of solitary waves,
but the stable layer and the winds return to their
prebore values (Fulton et al. 1990; Christie 1989).
Such a disturbance does not meet the requirements of
an undular bore. Only a few of the atmospheric disturbances that have been labeled as undular bores
actually fulfill the requirement that the stable layer remain elevated for an extended period of time following the passage of the bore. Only some of the
spectacular cloud formations called "morning glories"
that occur in Northern Australia, as reported by Clarke
et al. (1981) and Smith and Crook (1982), are undular
bores. In addition, Christie (1989) noted that barograph
records of some morning glories indicate that the
stable layer does not remain elevated for a long period
of time, and therefore they are better classified as a
series of amplitude-ordered solitary waves. Smith
(1988) does give examples of morning glories that are
true undular bores. Koch et al. (1991) give an example
of an undular bore in the early stages of formation.
Other examples of true undular bores are found in
Charba (1974), Smith et al. (1986), Mahapatra et al.
(1991), and Smith et al. (1995). Disturbances that have
been labeled as imdular bores, but which are better
described as solitary waves, are discussed by Shreffler
and Binkowski (1981), Haase and Smith (1984),
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Fulton et al. (1990), Wakimoto and Kingsmill (1995),
and Ramamurthy et al. (1993).
Haase and Smith (1989) described what they call
a "modified gravity current," which had the appearance of an undular bore but differed from a true undular
bore in that there was positive flow relative to the disturbing motion behind the leading edge and cooling
took place due to the advection of the gravity current
air. Such a disturbance occurs when the phase speed
of the solitary waves is slower than the gravity current intruding on the stable layer. Since the disturbance
does not move ahead of the gravity current, such a
complex structure is best referred to as a modified
gravity current. These modified gravity currents can
evolve into a series of solitary waves as the gravity
current weakens and the denser fluid separates from
the solitary waves. Fulton et al. (1990) and Doviak
et al. (1991) show examples of atmospheric modified
gravity currents that evolved into solitary waves.
Schematics of the three disturbances described
above, namely, an undular bore, a sequence of solitary
waves, and a modified gravity current, are shown in
Fig. 1. Typical height and length scales are given for

FIG. 1. Schematics of (a) an undular bore, (b) a sequence of
solitary waves, and (c) a modified gravity current.
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the atmosphere, along with the relative speeds of the (Pennycuick 1969). Turbulence is also less at night,
different features. A nice summary of this subject is which makes flying less strenuous (Kerlinger and
Moure 1989).
given by Smith (1988).
Migrating birds do not fly continuously night after night; they stop, rest, and eat at staging posts
(Elphick 1995). Migrants respond rapidly to surface
3. Bird migration
wind directions. For example, mass departures of nocThere are certain traditional routes for the migra- turnal migrants in early and midfall are triggered by a
tion of waterfowl, south in the fall and north in the change in wind direction from south to north, which
spring, over the North American continent. These occurs with a cold-frontal passage (Raynor 1956;
routes are called "flyways" (Mead 1983); the one that Hassler et al. 1963; Lowery and Newman 1966;
traverses the high plains is called the "central flyway." Richardson 1978). If the onset of north winds does not
The "North American flyway of the sandhill crane" occur before the normal takeoff time, but later at night,
(Fig. 2) is typical of migration routes within the cen- the migrants will take off the following evening
(Hassler et al. 1963). Resting migrants will wait for
tral flyway.
favorable
weather conditions, but after several days of
Nocturnal migrants, such as waterfowl and passerines (perching birds), normally take off shortly after waiting will take off even if conditions are not ideal.
sunset at the end of civil twilight (Mead 1983). Civil
Wilczak et al. (1995) showed that migrating birds
twilight ends after sunset at the time when artificial are detectable on 404-MHz systems used by the U.S.
illumination is normally required to carry on ordinary National Weather Service (NWS) for measuring winds
outdoor activities. The migrants generally fly until (hereafter referred to as the "wind profiler"), and these
midnight and then start to land (Richardson 1972). signals occur most commonly during the spring and
Nocturnal migration is a consequence of the need to fall migrations. O'Bannon (1994) discusses anomaforage in daylight (Berthold 1993). Nocturnal migra- lous Doppler radar signals from the same source; in
tion also helps reduce overheating and dehydration of the fall the anomalous "winds" are normally northerly,
the migrants as cooler nighttime temperatures in- and in the spring southerly, which fits the pattern of
creases the transfer of heat from their bodies seasonal bird migration. Wind profiler data has shown
the ability of ducks, geese, and shorebirds to compensate for wind drift (Gauthreaux 1991).
In this paper we will utilize the fact that migrating
birds can be detected by wind profilers to show that
large numbers of waterfowl flew south ahead of a gravity current generated by thunderstorms and a subsequent undular bore. We will also explore possible
factors that caused the birds to take off in unfavorable
winds.
4. Observing systems

Surface data used in this study were obtained from
the NWS Automated Surface Observing System, the
Aviation Weather Observation System, and the Surface Aviation Observation network. Upper-air data
were obtained from the NWS rawinsonde network,
with soundings taken at 0000 and 1200 UTC. Winds
were obtained from the National Oceanic and Atmospheric Administration's (NOAA) 404-MHz National
Wind Profiler Network (Martner et al. 1993). Radar
FIG. 2. Map showing the North American flyway of the sand- reflectivity and wind velocity data were collected from
hill crane (shaded region).
the NWS WSR-88D 10-cm wavelength Doppler ra1046
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dar located at Dodge City, Kansas (Crum and Alberty tion shown in Fig. 6, which runs from RAP south to
1993). Data from the NOAA GOES-7 operational sat- Longview, Texas (GGG).
ellite were also utilized.
It can be seen from the temperature, wind, and 0
fields in Figs. 5 and 6 that the cold front was a deep
tropospheric front. During the 12 h from 0000 to
5. Synoptic-scale analysis
1200 UTC 18 September, this front became shallower
as it spread out. Figures 3 and 5 show that the highest
Figures 3 and 4 show the synoptic-scale conditions 0 air was located over DDC, east of the trough. At
at 0000 and 1200 UTC on 18 September 1992. During 1200 UTC 18 September (Figs. 4 and 6), the highest
this period a strong surface cold front moved south- 6 air was still located east of the trough, but the adward from Nebraska to the Texas panhandle. As the vancing cold front had lifted the somewhat lower 0
cold front advanced, a lee trough, which was located air located west of the trough along its advancing edge.
south and east of the cold front at 0000 UTC, also
moved and remained ahead of the cold front through
the 12-h period. Surface winds east of the trough were 6. Mesoscale analysis
southerly over a wide region of the central United
States; winds west of the surface trough were light a. The thunderstorm gust front
from the north to west, and winds behind the cold front Figure 7 shows a more detailed view of the surface
were strong from the north to northwest. The dotted conditions at 0200 UTC 18 September. Here we see
line in Fig. 3 shows the location of the vertical cross the cold front moving southward into eastern Colosection depicted in Fig. 5, which runs from Glasgow, rado, and the lee trough running SW-NE from eastMontana (GGW), Rapid City, North Dakota (RAP), ern New Mexico to Iowa. A north wind of 12 m s
North Platte, Nebraska (LBF), Dodge City, Kansas was blowing at Goodland, Kansas (arrow in Fig. 7);
(DDC), to Norman, Oklahoma (OUN). The dotted line Colorado Springs, Colorado (COS), also experienced
in Fig. 4 marks the location of the vertical cross sec- strong north winds. The leading edge of these winds
are marked by the heavy dotted line in Fig. 7; we will
refer to this feature as the wind shift line. Three hours
e

_1

FIG. 3. Synoptic-scale map of surface pressure (in hPa), wind
direction and speed (short barb = 2.5 m s , long barb = 5 m s ),
cold front (heavy barbed line), and lee trough (heavy dashed line)
FIG. 4. As for Fig. 3 but valid for 1200 UTC 18 September
valid for 0000 UTC 18 September 1992. The dotted line is the lo- 1992. The dotted line is the location of the cross section shown in
cation of the cross section shown in Fig. 5.
Fig. 6.
-1
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FIG. 5. Time-height cross section along the dotted line shown
in Fig. 3 for 0000 UTC 18 September 1992. Solid lines are isotherms (labeled in °C). Dashed lines are moist isentropes (0), labeled in kelvins. Winds are shown by the standard symbols. The
FIG. 6. As for Fig. 5 but for 1200 UTC 18 September 1992 and
cold front is shown by the heavy solid line extending upward.
for the dotted line shown in Fig. 4.

later (Fig. 8), the leading edge of this
wind shift line had advanced onto the
position of the lee trough, modifying the
shape of the trough. The two arrows in
Fig. 8 mark Hays, Kansas (HYS), where
a north-northeast wind of 15 m s was
blowing, and Concordia, Kansas (CNK),
where thunderstorms were reported and
the wind had returned to light southerly
following a shift to the north.
A time series of pressure, temperature, and wind direction and speed was
plotted from the surface station reports
for 31 stations in the region of the wind
shift line. Time series at three of these
stations (GLD, HYS, and CNK) were
chosen to illustrate the typical changes in
thesefieldsassociated with the wind shift
line and synoptic-scale cold front. These
traces are shown in Figs. 9-11, respectively, where the data points represent
point observations taken at the stations.
At GLD (Fig. 9) the onset of strong north
winds at 0200 UTC was accompanied by
rapidly rising pressure followed by a
slight decrease in temperature but no
change in dewpoint. The passage of the
synoptic-scale cold front occurred between 0500 and 0600 UTC, when the
wind again blew hard from the north, the
_1

FIG. 7. Small-scale map of surface pressure (in hPa), wind direction and speed
(short barb = 2.5 m s , long barb = 5 m s ), cold front (heavy barbed line), wind
shift line (heavy dotted line), and lee trough (heavy dashed line) valid for 0200 UTC
18 September 1992. Station reports are plotted using the standard convention. The
arrow marks Goodland, Kansas.
_1
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pressure rose, and the temperature and
dewpoint dropped. At HYS (Fig. 10),
shortly after 0400 UTC, the wind shifted
suddenly to the north, gusting to 25 m s ;
the pressure rose slightly, the temperature dropped, but the dewpoint hardly
changed.
The cold-frontal passage occurred at
HYS at 0730 UTC, with a sudden increase in the north winds accompanied
by strong gusts, a pressure rise, and a
slight temperature drop. About an hour
after the wind shift the temperature and
dewpoint began a more substantial decrease. At CNK (Fig. 11), with the onset of gusty north winds, there was a
sudden pressure jump, a temperature
drop, but no change in dewpoint. After
the initial shift to the north, the winds
decreased in speed and returned to the
previous direction. Thunderstorms were
reported at CNK earlier in the day but
also at the time of the onset of the north
wind. The subsequent cold-frontal passage occurred at CNK at 0700 UTC. The
wind shift line can easily be distin., ,
,
.
FIG. 8. As for Fig. 7 but for 0500 UTC 18 September 1992. The arrows mark
guished
from the subsequent
synopticsas.
scale cold-frontal passage at these
stations. The synoptic-scale cold front
was not characterized by sudden rises in pressure, tem- wind shift line was calculated to be moving at 14 m s"
perature, or dewpoint drops, though these parameters toward the southeast.
did change slowly after its passage; the passage of the
Prior to the first appearance of the wind shift line
front was accompanied by strong, gusty winds from at 0100 UTC, there were late afternoon thunderstorms
the north. Even though both features were characterized by a sudden wind shift to the north, the synopticscale cold front had a longer period of gusty winds,
sustained pressure rises, and temperature drops. There
was also a dewpoint drop with the passage of the
synoptic-scale cold front, in contrast to no change (or
at some stations a rise in dewpoint) with the passage
of the wind shift line.
Figure 12 shows the location of the 33 surface stations studied in detail, the isochrones of the wind shift
line, and the type of wind shift. Toward the center of
the wind shift line, the wind speed decreased, but there
was no change in wind direction. At the outer edges
of the wind shift, and just before the line was no longer
trackable, there was a decrease
in wind ,speed
and a „FIG. 9. Sea level, pressure, temperature, dewpoint, and, wind
.,
.
,
directional shift. Two stations,
in the Oklahoma
pan^
handle, showed no wind shift or a decrease in wind marked by a "G" and given in m s" . PRESRR = pressure rising
speed. From its positions at 0100 and 0800 UTC, the rapidly.
_1
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FIG. 11. Sea level pressure, temperature, dewpoint, and wind
FIG. 10. Altimeter setting, temperature, dewpoint, and wind
speed and direction at Hays, Kansas (HYS). Wind gusts marked speed and direction at Concordia, Kansas (CNK). PRJMP = pressure jump, TR- = light thunderstorm rain, TR+ = heavy thunas in Fig. 9.
derstorm rain, T = thunder, R- = light rain, F = fog.

to the north. The NWS radar summaries for 1435,
1735, 2035, and 2335 UTC show this development
(Fig. 13). A substantial region of thunderstorm rain at
2335 UTC covers the area north of the onset of the
wind shift line (compare the first position of the wind
shift line shown in Fig. 12 with the radar echoes in
Fig. 13d). The wind shift line appeared just after the
appearance of large areas of thunderstorm precipitation north of its conception and the wind shift line had

FIG. 12. The dashed lines are isochrones of the wind shift line
on 18 September 1992. The dots, triangles, diamonds, and squares
show the 33 stations studied in detail classified by the type of wind
shift.
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the characteristics of an outflow of cold air that was
clearly separated from the synoptic-scale cold front
behind it. Figure 14 shows an infrared satellite picture
of the region of the synoptic-scale cold front, the lee
trough, and the wind shift line at 0401 UTC 18 September 1992. A rope cloud can be seen along the southwest section of the wind shift line, with isolated
convective clouds along the northeast section (also indicated by the thunderstorms at CNK). Rope clouds
are indicators of a line of sharp updrafts that occur
along the leading edge of cold fronts (see Simpson
1987, 36). Shapiro et al. (1985) have shown that up-

FIG. 13. Radar echoes on 17 September 1992 at (a) 1435,
(b) 1735, (c) 2035, and (d) 2335 UTC. The radar echo top heights
are given in hundreds of feet, RW indicates moderate rain showers, and TRW indicates moderate thundershowers. TRW- indicates light thundershowers.
Vol. 79, No. 6, June 1998
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ward air motion along the leading edge
of cold fronts in the high plains are convective scale (> 5 m s over 1 km). Also,
since it is well established that thunderstorms produce cold outflows that have
the characteristics of mesoscale cold
fronts (e.g., Charba 1974; Goff 1976;
Mueller and Carbone 1987), the wind
shift line was associated with leading
edge of the cold outflow from the thunderstorms. In the next section we will see
that this interpretation is complicated by
the development of an undular bore
ahead of the thunderstorm outflow.
_1

b. The undular bore
As the wind shift line approached FIG. 14. Infrared satellite picture at 0401 UTC 18 September 1992. Shown are
Dodge City, Kansas, it came into range the cold front (heavy barbed line), the wind shift line (heavy dotted line), and the
of the NWS WSR-88D Doppler radar lee trough (heavy dashed line).
located at that city. Figure 15 shows the
radar echoes at 0458 UTC 18 September, close to the makes use of the 3D position of the line of zero radial
time the wind shift line was encountering the lee velocities, which are the points in space where the
trough. A thin line of stronger radar returns, very close Doppler radar measurements confine the wind to two
to the position of the wind shift line, can be seen at possible directions, or zero total velocity. Inspection
the leading edge of the radar echo region. No precipi- of the surrounding areas of Doppler data, together with
tation was reported at Dodge City, Kansas, so the ra- the meteorological context, usually allows for a deterdar echo must have been from nonprecipitating cloud mination of wind direction from the zero radial veloc(as seen in the satellite data), from dust and/or insects, ity line. Figure 17 shows the regions of zero radial
or it was due to changes in the refractive properties of velocities for 0556 UTC taken at an elevation angle
the atmosphere. Three hours later, when the wind shift of 1.5°. Location A shows southwest winds ahead of
line had moved south of Dodge City (0758 UTC, the waves shown in Fig. 16. Location B shows a wind
Fig. 16), six more lines of thin stronger radar echoes shift to west-northwest winds. Location C shows a
developed behind the first line; the whole pattern has wind shift back to southwest winds, and in locations
the appearance of a wave sequence. At this time, the D and E there are shifts back to northwest winds; resynoptic-scale cold front was within range of the gion E of the zero radial velocity line, which is located
WSR-88D Doppler radar, which was operating in a close to the radar, indicates the surface wind direction.
precipitation-detection mode using a volume coverage Each point in these regions is at a height and location
pattern. A slight increase in radar echo intensity can in space determined by the distance from the radar and
be seen at the location of the cold front, but no wave- the elevation angle of the radar. Apparently the seclike echoes are apparent (Fig. 16).
ond wind shift shown in Fig. 17 was not as strong as
The structure of the apparent wave sequence in the first. However, since the wind shift information is
radar echoes was investigated further by using a tech- for different heights, caution must be taken in drawnique for obtaining detailed horizontal wind directions ing conclusions from one conical scan. Since the wavein features that are two-dimensional using data from like feature is two-dimensional, combinations of the
a single Doppler radar (Locatelli and Hobbs 1978). wind directions at many antenna angles and times
While there are more sophisticated techniques for ob- (0533-0724 UTC and 23 individual scans), and protaining detailed winds from single Doppler measure- jection of the wind directions onto a plane normal to
ments though the use of numerical models (e.g., Sun the wavelike feature, yield detailed information on
and Crook 1994), the digitally recorded radar data wind direction. Since the radar data indicated that adnecessary for the application of these techniques were ditional lines of stronger radar echo were being gennot available. The Locatelli and Hobbs technique erated, individual conical scans were aligned based on
Bulletin of the AmericanAMeteorologicalSociety
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FIG. 15. Radar echoes at 0458 UTC 18 September 1992 from
Dodge City, Kansas, WSR-88D Doppler radar at 0.5° elevation.
Also shown are the cold front (heavy barbed line), wind shift line
(heavy dotted line), and lee trough (heavy dashed line).

the position of the leading line of stronger radar echo
or for later conical sections by the leading edge of the
surface northeast winds. The result is a cross section
of horizontal wind directions valid at the end time of
0724 UTC. Regions with no wind vectors in Fig. 18
are areas that had insufficient radar reflectivity or no
zero radial velocity winds. The derived winds, for convenience, were transcribed to a grid that was 0.1 km
in the vertical by 5 km in the horizontal. Since the
horizontal resolution of the individual scans was much
higher (about 1 km), the wind shifts associated with

FIG. 17. Region of the atmosphere where the WSR-88D Doppler radar at Dodge City showed zero radial velocities for a conical scan of 1.5° elevation at 0556 UTC.
1052

FIG. 16. As for Fig. 15 but for 0758 UTC 18 September 1992.

the individual waves are accurately determined. The
arrows at the bottom of Fig. 18 show the positions of
the first five lines of stronger radar echo obtained from
the 0.5° elevation angle data. The small squares at the
top of Fig. 18 mark the height of the radar echo obtained from the highest elevation scans. The distance
scale at the top of the figure starts when the surface
wind first shifts from southerly to northwesterly. At
radar echo tops, the individual wavelike features were
still apparent in the individual radar scans, but the wind
shifts were too small to show up in the composite.
Three main regimes of horizontal wind can be seen
in Fig. 18. The first regime (lightly shaded region in
Fig. 18) has winds veering with height and a southwest
wind at the surface. From Figs. 5,6, and 8 it can be seen
that this wind pattern is typical of the pattern south of
the lee trough. The second regime (moderately shaded
region in Fig. 18) has northeast winds at the surface and
a concentrated zone of backing winds aloft. Between
these two regimes were wavelike lines of stronger radar
echo, where the winds were mostly from the northwest
turning to the north-northwest above 3 km in height,
but vertical strips of southwest winds (heavily shaded
region in Fig. 18) were aligned with the positions of the
second, third, fourth, and fifth lines of stronger radar
echo. Between the strips of southwest winds was a
region of westerly winds. Only in thefirstvertical strip
of southwest winds did the southwest winds reach to
the surface; each succeeding vertical strip of southwest
winds was located farther from the ground. The vertical
nature of the strips of southwest winds, and the vertical alignment of the first wind shift to northwest, was
verified in the individual conical radial velocity scans.
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Surface observations from Dodge City are shown
at the bottom of Fig. 18. These observations were
placed in Fig. 18 by noting the distance, at the time of
the observation, of Dodge City from either the leading echo line or the start of the northeast winds (whichever was closer at the time of the observation). The
surface wind ahead of the first line of stronger radar
echo was from the south at about 5 ms , the temperature was 23.5°C, and the dewpoint 13.5°C. There was
a reported pressure jump of 0.4 hPa about 7.5 km back
from the first line of stronger radar echoes. A surface
observation just after the pressure jump verifies the
northwest wind in this region and yields a value for
the speed of this wind of 8 m s . The dewpoint remained the same as prior to the pressure jump, but the
temperature rose slightly. A wind shift was reported
coincident with the onset of northeast winds derived
from the radar data. Shortly after the wind was reported
from 20° at 8 m s , gusting to 12 m s . Only a slight
drop in temperature was recorded at the leading edge
of the northeast winds, but farther back into the northeast winds the temperature as well as the dewpoint
dropped by several degrees. The pressure observations
show the notation "pressure rising rapidly" close to the
leading edge of the NW winds, and the pressure continuously rising into the region of northeast winds. The
speed of the leading edge of the northwest winds (the
first line of stronger radar echo) was calculated from
the series of conical scans to be 13 m s , and the speed
of the leading edge of the northeast winds was 10 m s .
Based on these observations (sudden wind shift to
the northeast, the pattern of backing winds with height
indicative of a cold advection, and the drop in temperature and dewpoint), we conclude that the region of
northeast winds (moderately shaded region in Fig. 18)
was produced by the cold outflow from the thunderstorms described in section 6a. The region between the
southwest winds and the northeast winds was an internal undular bore, triggered by the forward movement of the cold outflow from the thunderstorms. The
sudden shift to northwest winds (perpendicular to the
axis of the wavelike radar echoes) throughout the
lower 1-2 km, the higher speed of the leading edge of
the northwest winds than the cold outflow, the wavelike nature of the radar echoes, the addition of new
lines of stronger radar echo with time, the fluctuations
in the wind direction in this region, the initial rapid
increase followed by a sustained increase in pressure,
and the slight rise in temperature all support the presence of an internal undular bore. Since the boundary
layer air inside the undular bore was the same as the
-1
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FIG. 18. Cross section showing wind direction through the
undular bore at 0724 UTC 18 September 1992 derived from the
WSR-88D Doppler radar winds. The arrows point in the direction toward which the wind is blowing, with a vertical arrow indicating a south wind. Surface reports for Dodge City, Kansas,
listed at the bottom of the figure, are coded as follows: the top two
numbers are wind direction (°) and wind speed (m s )» the middle
two numbers are temperature and dewpoint (°C), and the bottom
number is the surface pressure (051 = 1005.1 hPa).
_1

boundary layer air ahead of it, it might be expected that
the surface temperature would not change as a result
of the passage of the bore. However, other studies have
shown that mixing within the solitary waves on the
undular bore can bring down potentially warmer air
from aloft causing the temperature increase at the surface (Smith and Reeder 1988).
A necessary condition for the formation of an
undular bore is that the forward-moving gravity current intrudes on a stable layer. The first wave of the
undular bore was formed prior to 0458 UTC (i.e., 4 h
after sunset). Total sky cover in the region in which
the bore formed was only four-tenths (see Fig. 7).
Izumi and Barad (1963) and Estournel et al. (1986)
have shown that radiational cooling on clear nights can
produce lower-level stable layers soon after sunset.
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Under these conditions, we hypothesize that by the
time the undular bore had formed nocturnal cooling
had begun to transform the deep mixed layer (up to
700 hPa as seen in the 0000 UTC Dodge City sounding) into a stable layer.
The undular bore formed close to the time the cold
outflow from the thunderstorm reached the position
of the lee trough (Fig. 15) and subsequently caused the
trough to conform to the shape of the undular bore
(compare Figs. 7, 8,15, and 16). Lee troughs can have
the structure of weak warm fronts east of the surface
trough position (Locatelli et al. 1989; Steenbergh and
Mass 1994; Martin et al. 1995). While the lower levels of the atmosphere were also well mixed on the east
side of the trough before sunset, we hypothesize that
the synoptic-scale, warm-frontal structure of the lee
trough contributed to stabilization of the lower layers
once the sun set and that it was a factor in the development of the undular bore. An analogous occurrence
was noted by Carbone et al. (1990). They speculated
that an undular bore was triggered by a gravity current intruding on the more stable air east of a dryline.
7. Migrating birds

Hourly averaged winds from 12 profiler sites were
studied. The locations of these sites are shown in the
first panel of Fig. 19. The hourly averaged winds at
Granada, Colorado (GDA), are shown in Fig. 20 for
the period 0000-1300 UTC 18 September. The winds
are plotted at the center of the hour over which they
were averaged. The wind shift line (i.e., the position
of the leading edge of the cold outflow from the thunderstorms based on the isochrone analysis shown in
Fig. 12) passed GDA between 0330 and 0430 UTC,
and the synoptic-scale cold front passed between 0700
and 0800 UTC. There are three wind regimes in
Fig. 20. The first (the heaviest shaded area in Fig. 20)
starts at the synoptic-scale cold front with northerly
winds on the surface topped by a zone of backing
winds, typical of a cold-frontal zone. This is the vertical extent of the synoptic-scale cold front. The second
area (the medium shaded region in Fig. 20) lies between the wind shift line and the synoptic-scale cold
front. In this region the winds were also northerly but
did not extend above 2 km in height. We identify this
region with the vertical extent of the thunderstorm
outflow. The cross-hatched region is for the hour over
which the undular bore passed by the profiler, as determined by the waves seen on the WSR-88D Doppler
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radar, and shows the height of the bore as determined
from the radar. Hourly averaging of the profiler winds
would have obscured the bore winds. Since the Dodge
City radar shows that the first wave of the undular bore
developed at -0500 UTC (Fig. 15), the wind shift line
after 0400 UTC could represent the passage of the bore
immediately followed by the thunderstorm outflow.
This may be why at stations such as Hays, Kansas, the
temperature drop did not coincide with the wind shift
(as would be expected for a thunderstorm outflow) but
was delayed (see Fig. 10). The height of the synopticscale cold front compares favorably with that seen in
the cross sections (Figs. 5 and 6), and the thunderstorm
outflow compares favorably with that derived from the
radar (see Fig. 18). A third area of anomalous northerly winds, located from 1.5 to 4 km in height, is the
lightest shaded area enclosed by a dashed line in
Fig. 20. This region is unique in that it does not show
up in any other datasets. Also, it does not appear in
the rawinsonde upper-level winds at either 0000 or
1200 UTC. The apparent wind speed in this region
ranges from 5 to 25 m s" . By -0500 UTC only one
wave of the undular bore had developed (see Fig. 15),
so we would not expect the winds associated with the
undular bore to affect the hourly averaged profiler
winds between 0400 and 0500 UTC at GDA.
The pattern of profiler winds at GDA was typical
of those from other profiler sites that experienced the
passage of both the wind shift line and the synopticscale cold front. Figure 19 shows the profiler sites, the
hourly positions of the lee trough, the wind shift line
(thunderstorm cold outflow), and the synoptic-scale
cold front from 0100 to 1000 UTC. Profiler stations
are circled in Fig. 19 for those cases where the anomalous region of northerly winds was present in the
hourly averages ending at the stated time period. The
first appearance of the anomalous region of northerly
winds was between 0200 and 0300 UTC at GDA, as
the wind shift line approached. Subsequently, as the
wind shift line moved southeastward, the anomalous
region of northerly winds appeared only ahead of the
wind shift line as it approached a profiler site. Using
the profiler data from 0200 to 0600 UTC, the speed
of the leading edge of the anomalous region of northerly winds was found to range from 20 to 40 m s .
It is to be expected that nocturnally migrating birds
would have taken off in northern Kansas on 18 September 1992 at about 0115 UTC (the end of civil twilight) and landed after -0600 UTC (midnight); see
section 3. The first appearance of the anomalous northerly winds was between 0200 and 0300 UTC at GDA,
1
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FIG. 19. Hourly isochrones of the cold front (heavy solid barbed line), wind shift line (heavy dotted line), and lee trough (heavy
dashed line). The dots show the location of the profilers used in this study. Profiler sites where migrating birds were detected are
circled.

which is close to the time that migrating birds taking
off just ahead of the first appearance of the wind shift
line would have reached the GDA profiler. The
anomalous winds in the profilers were northerly (i.e.,
in the direction of the fall migration), located above
the surface (between 2 and 4 km, where migrants fly),
and in one of the main fall migration routes (the central flyway). Based on these observations, we conclude
that the anomalous region of northerly winds was
caused by nocturnal migrating birds.
The wind speeds measured by the profiler in the
anomalous region (20 m s was common) would be
different than the actual air speed of the migrants, since
the speed sensed by the profiler is a combination of
the ground speed of the migrants (which depends on
the true wind speed and the speed of the birds relative
to the winds) and the wind speed. Figure 20, and other
profiler winds, shows that at the height the migrants
were flying the environmental winds could have been
from south-southwest to west, which means the true
air speed of the migrants was slightly higher or lower
than their ground relative speed. Waterfowl, such as
ducks and geese, fly at migration speeds of 1925 m s (Mead 1983), and waterfowl fly higher than
passerines (Kerlinger and Moure 1989). Migrants have
been detected by radar up to 2 km above the ground;
the highest echoes are usually quite intense and are
thought to represent flocks of waterfowl, not passerines (Richardson 1972). Mallards have been known
_1

to reach 6.4 km above the ground during migration
(Elphick 1995). Hence, we surmise that the migrating
birds that caused the anomalous northerly winds in the
profiler data were waterfowl.
8. Discussion

a. The undular bore
In the case study we have described, the distance
between the first and second undulations (i.e., lines of

_1
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FIG. 20. Hourly averaged winds derived from the profiler at
Granada, Colorado (GDA). See text for an explanation of the three
shaded regions.
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stronger radar echo indicating lines of maximum air
parcel uplift) was 10 km and slightly less than 8 km
between the other four undulations (Fig. 18). Five
undulations developed between 0458 and 0758 UTC
(compare Figs. 15 and 16), so the formation time for
each undulation was 36 min. Assuming that the formation of each undulation (solitary wave) was similar to the process that occurs in tank experiments, this
implies that the head of the gravity current reformed
about every 36 min and would have been < 10 km wide
when fully formed. The wind direction in the cold
outflow from the thunderstorm shows no evidence of
a gravity current-like head at its leading edge (Fig. 18).
One could argue that since the cold outflow winds
were a composite of many winds from single conical
scans over the time that the cold outflow head was
forming and "breaking off," the resulting composite
would average out any trace of the cold outflow head.
However, a careful inspection of the individual winds
in the conical scans did not indicate the presence of
any northeasterly winds ahead of the main body of
northeast winds that might indicate a head on the cold
outflow.
A consequence of the breaking off of the head of
the cold outflow is the forward transportation of the
air within the cold outflow as a trapped circulation
within a solitary wave. The cold outflow was characterized by northeast winds (Fig. 18). However, there
was no indication of any northeast winds in the region
of the undular bore, either in the composite or in the
individual conical scan. The possibility exists that turbulent mixing of the cold outflow air with the boundary layer air could have destroyed any traces of the
northeast winds before they could be detected.
Consequently, we have no observational evidence that
the undulations of the undular bore were formed by
the enveloping and subsequent breaking off of the head
of the cold outflow. It is possible that this process occurred but was undetected.
We now compare the undular bore described in this
paper with what we termed true undular bores in section 2. Smith et al. (1995) described a true undular bore
(their case 2) that occurred in the Central Australian
Fronts Experiments in 1991; they show 5-min profiler
data that can be compared to our data shown in Fig. 18.
Their profiler winds are for the early stages of the
undular bore, where the first two undulations are
formed. They show fluctuations, associated with the
first wave, in the wind direction (at 0-0.8 km in height)
from preundular bore to undular bore back to
preundular bore over -10 min. The undular bore was
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moving at 12 m s and therefore had a wavelength of
~8 km. This is similar to the change in the wind direction associated with the first two undulations of the
undular bore described in this paper (Fig. 18), the
height of the first vertical column of southwest winds
(0-1 km), the wavelength between the first two undulations (-10 km), and the speed of the leading edge of
the undular bore (13 m s )- However, in the Smith
et al. case there was no indication of a stepped structure in the vertical columns of wind, such as that shown
in the columns of southwest wind in Fig. 18. However,
at the time the undular bore studied by Smith et al.
passed the profiler site, the subsequent undulations
might not have been formed. Kruse and Johnson
(1995) described an undular bore, triggered by a cold
front moving south through Kansas on 28-29 October 1994, that had 10 closely spaced parallel bands of
higher radar reflectivity separated by ~5 km and
moved at a speed of ~11 m s .
Mahapatra et al. (1991) used multiple observations,
including a single Doppler radar, to describe a true
undular bore that they hypothesized was formed by the
intrusion of thunderstorm outflow on a stable layer
formed by earlier thunderstorm outflows. They reported a wave crest separation of 8 km between the
first and second waves, and 6.3 km between the fourth
and fifth waves. They reported a propagation speed of
~ 12 m s for thefirstwave and a wave height >2.1 km.
These compare well to the values for the undular bore
described in this paper of 10 and 8 km for wave separation, a propagation speed of 13 m s , and a wave
height ~4 km.
The undular bore described in this paper can be
compared to the sequences of solitary waves described
by Haase and Smith (1984). These waves passed over
the National Severe Storms Laboratory (NSSL) instrumented tower at Norman, Oklahoma, on the morning
of 9 June 1982. Since the tower was only 444 m high,
we will compare the winds measured at the 6.3-m
height on the tower to the lowest-level winds shown
in Fig. 18. Haase and Smith report that the wind
shifted abruptly from the predisturbance direction of
southerly to north-northwesterly. Over a period of
40 min the direction oscillated between southerly and
north-northwesterly, with a period of oscillation of
10 min. The wind then reverted back to southerly, until
3 h later when it again shifted as a synoptic-scale cold
front passed by the tower. The disturbance moved at
a speed of 16.4 m s and the distance between the
solitary waves was -7-10 km. This wavelength is
similar to the undulations reported in this paper.
_1
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However, in the Haase and Smith case, the surface
wind reverted back to the predisturbance wind direction three times, rather than once; also, the wind reverted to the predisturbance direction after 40 min. As
discussed in section 2, the return to the predisturbance
conditions indicates the disturbance was a sequence
of solitary waves, rather than an undular bore. In the
present case, the surface wind remained northwesterly
(normal to the undular axis) until the cold thunderstorm outflow passed. Some similarities are to be expected between the Haase and Smith case and a true
undular bore, since both are composed of a series of
solitary waves. Differences might also be expected,
since the solitary waves reported by Haase and Smith
had traveled for over 6 h by the time they passed the
NSSL tower. By this time, the waves had separated
from the thunderstorm outflow that may have triggered them. By contrast, the undular bore described
here was less than 3 h old and was still being driven
by the thunderstorm cold outflow.
We have no explanation for the steplike nature of
the columns of SW winds associated with the waves
of the undular bore. We also do not know why the pressure jump reported at Dodge City came with the second but not the first wave of the undular bore (except
to note that there might have been an error in the notation made at the station). Unfortunately, the pressure
trace at Dodge City is not available.
b. Migrating birds
What caused the migrating birds to take off in
nonfavorable winds (that had a southerly component)
ahead of favorable winds (with a northerly component)
that followed the passage of the undular bore and the
gravity current described in this paper? We showed in
section 7 that the migrating birds took off ahead of the
wind shift line at the leading edge of the thunderstorm
cold outflow, around the latitude of northern Kansas
between 0100 and 0200 UTC (at the end of civil twilight). This is close to the time that nocturnal migrants
would have normally begun to migrate from that area.
However, several factors indicate that the migrants
were adversely affected by the wind shift line and the
undular bore.
Figure 7 shows that the surface wind south of the
wind shift line had a southerly component, and the
profiler winds indicate that the migrants could have
been flying high above the ground into a head wind
with a southerly component (Fig. 20). Generally, migrants fly high above the ground with a tail wind and
low to the ground with a head wind (Elphick 1995).
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Hassler et al. (1963) showed that mass departures of
migrants in the fall can be initiated by the surface wind
changing from south to north and that nonfavorable
winds will retard migration. Some migrants even undergo reverse migration if the winds are opposite to
the direction of intended migration (Richardson 1972).
The migrants only appeared in the profiler winds directly ahead of the wind shift line and the undular bore.
Also, migrants were not detected at profiler sites, such
as HBR (Hillsboro, Kansas) and NDS (Neodesha,
Kansas), that were located to the side of the wind shift
line and the undular bore (Fig. 19).
Even though the flyway of the sandhill crane
(Fig. 1) appears to be quite narrow, many migrants
follow broad paths (Elphick 1995). Hence, migrants
may have been on the ground outside of the region
effected by the wind shift line and the undular bore,
but the migrants did not appear in profiler data other
than immediately ahead of the wind shift line and
undular bore. For instance, they did not appear in
Oklahoma until long after their normal takeoff time
(the end of civil twilight) had passed, and the migrant
signal in the profiler winds in Oklahoma can be tracked
from Kansas and Colorado without much change in
shape. It appears that migrants did not take off in Oklahoma at the end of civil twilight because of the unfavorable southerly winds, but they did take off in the
same unfavorable surface winds farther north. The
profiler winds showed that a strong low-level southerly jet was present east of the lee trough but not west
of it. It could be that this low-level jet kept the migrants
on the ground, while those startled by the undular bore
lifted off in the weaker southerlies west of the trough.
Based on these observations, we surmise that the approaching wind shift line prompted the mass takeoff
of migrants.
Migrants like to avoid severe weather such as intense precipitation, falling snow, hail, icing conditions,
and lightning (Richardson 1978), and they will avoid
thunderstorms by flying ahead of them (Berthold
1993). Hence, the thunderstorms in the region of the
wind shift line may have been responsible for the migrants taking off into the southerly winds. However,
after flying south of the thunderstorm activity, the
migrants, once aloft, flew uncharacteristically high
against a head wind and continued to do so well past
their normal landing time (see Fig. 19). Figure 20 indicates that while some of the migrants were flying up
to 2 h ahead of the wind shift line and undular bore,
the back edge of the migrants was only just ahead of
the undular bore.
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Migrants also avoid turbulence (Kerlinger and
Moure 1989), and pigeons can detect infrasound [i.e.,
sound with a frequency below 10 Hz (Mead 1983)].
Wind striking a mountain produces infrasound that can
be transmitted for hundreds of kilometers with little
attenuation (Mead 1983). The solitary waves that compose an undular bore contain regions of turbulence that
can be quite severe if wave breaking is involved (see
Simpson 1987, 186). The waves of the undular bore
studied in this paper reached at least as high as the flying migrants (Fig. 18). Hence, once aloft, the migrants
may have kept flying against head winds to avoid the
turbulence in the undular bore, and they might also
have been frightened by the low-frequency sound generated by the turbulence. Figure 19 indicates that the
migrants kept flying several hours after the last indication of the wind shift line in the surface reports.
However, since the solitary waves composing the
undular bore could have continued southeastward as
a sequence of waves after the cold outflow from the
thunderstorm was dissipated, the solitary waves could
have continued to drive the migrants southward.
To illustrate the difficulties of flying in an undular
bore, we can recount the experience of T. Chandler,
an agricultural pilot in Greensburg, Kansas, who had
the bad luck to fly in wind shifts similar to those described in this paper. Mr. Chandler took off in northerly winds from the airport and headed toward the
fields to be crop dusted. When at cruise speed and an
altitude of 22 m, the aircraft dropped abruptly to 3 m
above the ground while at full power. The pilot was
able to avoid crashing by quick action, but when he
descended into the field to be sprayed, instead of accelerating as expected the aircraft again decelerated.
The rest of the flight was similar, with the pilot fighting to keep the aircraft at the correct altitude in rapidly changing wind conditions, including sudden roll
motions (Johnson 1994). We can surmise that migrating birds would also be affected by the turbulence associated with an undular bore and might attempt to
avoid such conditions.
9. Conclusions

On 18 September 1992 a series of thunderstorms
in Nebraska and eastern Colorado, which formed south
of a synoptic-scale cold front and north of a Rocky
Mountain lee trough, produced a cold outflow gust
front that moved southeastward into Kansas, southeastern Colorado, and Oklahoma around sunset. When
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the cold outflow reached the vicinity of the lee trough,
an internal undular bore developed that moved through
the range of the Dodge City WRS-88D Doppler radar.
The radar data revealed that the undular bore, in the
leading portion of a region of northwest winds 45 km
wide by ~4 km high directly abutting the cold outflow,
developed five undulations over the course of 3 h. The
first undulation was associated with a vertical column
of air from the surface to 1 km in height, where the
wind suddenly shifted to the northwest from the
prebore southwest wind. The last four undulations
were associated with vertical columns of air where the
wind direction suddenly rotated back to the prebore
direction. The first vertical column reached the ground,
but subsequent columns were located at increasing
distances above the ground, to form a stairlike structure. The observations indicated that the solitary waves
that composed the bore did not form from the enveloping and subsequent breaking off of the head of the
cold thunderstorm outflow. The synoptic-scale cold
front subsequently intruded on the surface layer of air
produced by the cold outflow, but there was no evidence of any other bore formation.
Profiler winds in the region affected by the cold
thunderstorm outflow and the undular bore contained
signals from nocturnally migrating birds (most likely
waterfowl). The migrants took off in nonfavorable
southerly winds, presumably to keep ahead of the late
evening thunderstorms, and they kept aloft for longer
than normal, probably to stay ahead of turbulence associated with the undular bore.
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With the development of meteorological science and the continual refinement of the
technologies used in its practical application, the need to produce a new edition of the
International Meteorological Vocabulary (IMV) became evident (the original edition was
published in 1966). This volume is made up of a multilingual list of over 3500 terms
arranged in English alphabetical order, accompanied by definitions in each of the
languages (English, French, Russian, and Spanish) and an index for each language. This
new edition has been augmented with numerous concepts relating to new meteorological
knowledge, techniques, and concerns. It should help to standardize the terminology used in
this field, facilitate communication between specialists speaking different languages, and
aid translators in their work.
WMO No. 182, 784 pp., softbound, color-coded index, $95 (including
postage and handling). Please send prepaid orders to: WMO
Publications Center, American Meteorological Society, 45 Beacon St.,
Boston, MA 02108-3693. (Orders from U.S. and Canada only.)
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