
Vertical velocities associated with gravity waves measured in the
mesosphere and lower thermosphere with the EISCAT VHF radar

N. J. Mitchell, V. St. C. Howells

Department of Physics, The University of Wales, Aberystwyth, Ceredigion, SY23 3BZ, UK (E-mail:Nick.Mitchell@aber.ac.uk)

Received: 13 October 1997 /Revised 30 April 1998 /Accepted: 15 May 1998

Abstract. The EISCAT VHF radar (69.4°N, 19.1°E)
has been used to record vertical winds at mesopause
heights on a total of 31 days between June 1990 and
January 1993. The data reveal a motion ®eld dominated
by quasi-monochromatic gravity waves with represen-
tative apparent periods of �30±40 min, amplitudes of up
to �2.5 m s)1 and large vertical wavelength. In some
instances waves appear to be ducted. Vertical pro®les of
the vertical-velocity variance display a variety of forms,
with little indication of systematic wave growth with
height. Daily mean variance pro®les evaluated for
consecutive days of recording show that the general
shape of the variance pro®les persists over several days.
The mean variance evaluated over a 10 km height range
has values from 1.2 m2s)2 to 6.5 m2s)2 and suggests a
semi-annual seasonal cycle with equinoctial minima and
solsticial maxima. The mean vertical wavenumber spec-
trum evaluated at heights up to 86 km has a slope
(spectral index) of )1.36 � 0.2, consistent with obser-
vations at lower heights but disagreeing with the
predictions of a number of saturation theories advanced
to explain gravity-wave spectra. The spectral slopes
evaluated for individual days have a range of values, and
steeper slopes are observed in summer than in winter.
The spectra also appear to be generally steeper on days
with lower mean vertical-velocity variance.
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1 Introduction

Gravity waves play an important role in the dynamics of
the middle atmosphere. The waves are now known to

transport energy and momentum from their lower-
atmosphere sources and deposit them at greater heights.
Modelling studies have revealed that the vertically
transferred horizontal momentum profoundly in¯uences
the circulation of the mesosphere/lower-thermosphere
(MLT) region, decelerating the atmospheric zonal ¯ow
away from radiative-equilibrium values, closing the
mesospheric jets and inducing a meridional circulation
which ultimately cools the summer mesopause to
extremely low temperatures through the consequent
ascent of air required by continuity considerations (e.g.
Houghton, 1978; Lindzen, 1982; Holton, 1982, 1983;
Matsuno, 1983; Dunkerton, 1982; Miyahara, 1984;
Holton and Zhu, 1984; Garcia, 1989; McIntyre, 1989).
The turbulence arising from gravity-wave breaking
processes is also important in the transport of heat and
constituents. The temporal and geographic variations in
gravity-wave ¯uxes thus contribute to the variability of
large-scale properties of the atmosphere. Attempts to
understand and model the middle atmosphere therefore
require detailed information about properties of the
gravity-wave ®eld.

The majority of recent studies of gravity waves in the
middle atmosphere have been made primarily at mid-
latitudes and have employed either Rayleigh and
sodium lidars to measure perturbations of temperature
and density (e.g. Gardner et al., 1989; Mitchell et al.,
1991; Wilson et al., 1991; Meriwether 1993; Senft et al.,
1993; Meriwether et al., 1994) or MF, MST and
incoherent scatter radars to measure wind perturbations
(e.g. Vincent and Reid, 1983; Meek et al., 1985a, b;
Vincent and Fritts, 1987; Fritts and Yuan, 1989; RuÈ ster
and Reid, 1990; Fritts et al., 1992; Nakamura et al.,
1993; Gavrilov et al., 1995). However, despite the
considerable body of these latter radar observations,
the great majority of such studies have concerned
measurements of horizontal winds only. The fact that
the vertical-wind perturbations associated with gravity
waves are usually an order of magnitude smaller than
the horizontal winds makes these measurements techni-
cally di�cult, and even at MLT heights the verticalCorrespondence to: N. J. Mitchell
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motions are expected to have amplitudes of only a few
m s)1 at most. An additional limitation is the very
limited temporal and spatial coverage o�ered by some
of the techniques able to make such measurements.
Consequently, gravity-wave vertical motions at MLT
heights have been investigated by only a very limited
number of studies (e.g. Reid, 1987; Meek and Manson
1989; Fritts et al., 1990; Fritts and Hoppe, 1995; Hoppe
and Fritts, 1995).

Gravity waves occur at scale sizes too small to be
resolved in current GCMs and so the parameterisations
of the gravity-wave ®eld is an important problem for
such models encompassing the MLT region (e.g. Hines,
1997a, b). A key aspect in such parameterisations is an
understanding of the nature of gravity-wave spectra and
of the physical processes shaping the spectra. Gravity-
wave spectra have been known for a number of years to
have a simple ``universal'' power-law form at vertical
wavenumbers above a critical value (VanZandt, 1982;
Smith et al., 1987). The spectral region over which the
power-law form holds is taken to represent saturated
waves and numerous observations have revealed a form
in which the power spectral density of horizontal winds
expressed in terms of vertical wavenumber, Fu(m), varies
with vertical wavenumber, m, as Fu(m) µ m)3 (VanZ-
andt, 1982).

A number of theories invoking di�erent physical
mechanisms have been advanced to account for the
observed spectra, including theories based on linear
instability (Dewan and Good, 1986; Smith et al., 1987),
di�usive damping (Weinstock, 1990), Doppler spreading
(Hines, 1991), saturated-cascade processes (Dewan,
1994) and di�usive ®ltering (Gardner, 1994). These
theories are all successful in accounting for the observed
spectral amplitudes and slopes when the spectra are
those of ¯uctuations in horizontal velocity or temper-
ature, and so observations of these quantities cannot be
used to distinguish between the theories. However, the
vertical-wavenumber spectra of vertical velocities pre-
dicted by at least some of the theories for saturated
waves are signi®cantly di�erent, and so such observa-
tions can in principle be used as a test of saturation
theories (for example, see the extensive discussion of
Gardner, 1996).

In this study we report observations of the vertical-
velocity ®eld made using the EISCAT VHF incoher-
ent-scatter radar. Previous studies of the vertical
motions associated with gravity waves made using this
instrument have employed measurements of very high
time resolution, but of durations limited to a few
hours (e.g. Fritts et al., 1990; Fritts and Hoppe, 1995;
Hoppe and Fritts, 1995). In the present study a much
larger data set of lower time-resolution measurements
made on a total of 31 days is used to investigate a
number of properties of the vertical motions due to
gravity waves at mesopause heights. The general
character of the waves observed are described and
the variance of vertical velocities is used as a tracer of
wave activity across the height range observed. Spectra
of vertical velocities in terms of vertical wavenum-
ber are presented and the availability of data from

di�erent seasons, and from short runs of consecutive
days of recording, allows an investigation of the
seasonal and day to day behaviour of some aspects
the vertical-velocity ®eld.

2 Measurements and data analysis

The EISCAT VHF radar used in this study is located at
69.4°N, 19.1°E, near Tromsù in Norway. The radar
operates at a frequency of 224 MHz and has a mean
power output of about 0.3 MW. The data were recorded
with EISCAT Common Program 6 which uses a single
vertical beam and can measure vertical winds between
about 74±97 km, however, no information is provided
about horizontal winds or temperatures. The range
gates used correspond to a vertical resolution of 1.05
km and the data were pre-integrated in time to give
samples every 5 min. The lowest height gate corre-
sponded to a height of 75.0 km, and usable signal was
rarely returned above about 97 km, so that at most
about 21 consecutive height gates of data were avail-
able. In each case, the quality of the ®t to the returned
spectrum was used to provide a value for the uncer-
tainty associated with each velocity determination. In
the work reported here the decision was made to reject
all data points with velocity uncertainties in excess of
0.5 m s)1.

Vertical winds were recorded on a total of 31 days
between June 1990 and January 1993. Most of data form
short series of several consecutive days of observation.
The lengths of the continuous sections of data recording
were 6, 4, 3, 3, 3, 2, 2, 2, 2, 2, 1,1 days. The dates of the
individual observation sessions are given in Table 1. Not
all the days of observation recorded signal satisfying the
above criterion in all height gates at all times, and
Table 1 also indicates for each day the percentage of the
6912 possible data points over 24 h between 75 and 100
km which yielded usable data. From the values in
Table 1, it is clear that some days of observation yielded
a comparatively limited number of data points. In
general, this was due to curtailment of recording outside
of a limited number of hours in the particular day, rather
than patchy data throughout the day.

3 General characteristics of the vertical motion ®eld

Examples of the vertical-velocity ®elds recorded are
presented in Fig. 1a, b as time-height contour plots. No
®ltering in time or height has been applied to the data,
which were recorded over the two continuous 24-h
periods covering 31 July 1992 (Fig. 1a) and 18 March
1991 (Fig. 1b). Note that the ®gures are plotted on
di�erent velocity scales in order to highlight details of
each data set. Both sets of data display general
characteristics typical of all the wave ®elds recorded in
this study.

Considering the data for 31 July 1992, the motion
®eld is seen to be dominated by short-period oscilla-
tions, with only limited indications of longer-period
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motions. An example of the latter is the suggestion of a
descending phase front at heights between about 88±96
km from about 06:00 to 12:00 UT. The dominant,
shorter-period motions appear to be quasi-monochro-
matic gravity waves with amplitudes of up to �2.5 m s)1

and periods of 30±40 min. The wave events appear to
have durations of up to about 8 h (e.g. the quasi-
monochromatic wave maximising at heights near 84
km). In all cases the vertical wavelengths appear to be
very large, with the phase fronts being, in most cases,
e�ectively vertical. The vertical coherence of the mo-
tions is striking, with individual phase fronts appearing
over vertical extents of some 10 km or so. Signi®cantly,
wave amplitudes do not appear to increase systemati-
cally with height, and, except in isolated episodes, there
is little sign of the e(z/2H), amplitude growth associated
with energy-conserving motions. Wave activity appears
to be highly variable over both the height and time range
observed. For instance, compare the strong wave
activity centred at heights near 84 km at 09:00 UT,
where velocities are recorded of up to �2.5 m s)1, with
the quiescent wave ®eld between �88±94 km at the same
time, where amplitudes are <1 m s)1.

The data for 18 March, 1991 show a broadly similar
pattern of vertical phase fronts. However, the ampli-
tudes are signi®cantly reduced compared to those for 31
July, 1992 except for larger amplitude motions at all
heights before about 02:00 UT, and the descending
region of higher amplitudes starting above 95 km at the
start of the day and slowly descending after about 10:00
UT to �90 km by 20:00 UT.

Table 1. Dates of EISCAT VHF Common Program 6 vertical
wind data. The percentage of usable data points is indicated after
each date

1990
June 12 (53%), 13 (22%)
July 30 (21%), 31 (74%)
August 1 (10%), 27 (34%), 28 (30%)
September 20 (18%)
November 20 (15%), 21 (38%)

1991
February 12 (10%), 13 (54%), 14 (7%), 20 (19%), 21 (25%)
March 17 (30%), 18 (84%), 19 (70%), 20 (37%)
June 4 (52%)

1992
July 30 (37%), 31 (83%)
October 27 (34%), 28 (73%), 29 (51%)

1993
January 20 (10%), 21 (5%), 22 (53%), 23 (42%), 24 (52%),

25 (22%)

Fig. 1. Time-height contours of vertical velocity for data recorded on a 31 July, 1992, and b 18 March, 1991. Note the di�erent velocity scales
used
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This pattern of motion is in marked contrast to that
of horizontal winds revealed throughout the meso-
sphere by radar wind measurements (e.g. Manson,
1990; Nakamura et al., 1993), throughout the upper
stratosphere by lidar measurements of temperature and
density perturbation (e.g. Gardner et al., 1989; Mitchell
et al., 1991; Wilson et al., 1991) and throughout the
lower stratosphere by lidar and MST/ST-radar mea-
surements (e.g. Meriwether, 1993; Mitchell et al., 1994).
In these measurements the motion ®eld is found to be
dominated by quasi-monochromatic waves with periods
comparable to the inertial period and vertical wave-
lengths ranging from �2 km in the lower stratosphere to
�15±20 km at mesopause heights.

In a number of the longer continuous data intervals
considered here there are episodes in which a wave
appears con®ned to a particular height range for
several hours and has an amplitude which becomes
very small or zero at the edges of this range. An
example can be seen in Fig. 1a from about 06:00 to
13:00 UT centred at heights of �83 km. The data for
this event is presented in more detail as a time-height
contour map of vertical velocity for times between
06:00±13:00 UT and heights between �77±90 km in
Fig. 2. Of particular interest is the way in which the
wave's amplitude appears to decrease rapidly from a
maximum of about 2.5 m s)1 at �83 km to very small
amplitudes near �88 km.

To investigate this behaviour further, amplitudes in
each height gate were calculated by least squares
®tting a sine wave to the six-hour time interval
speci®ed. For each height gate the period of the ®tted
function was varied until a maximum in amplitude
resulted. The wave amplitudes for each height gate
derived by this method are presented as a function of
height in Fig. 3. Figure 3 clearly shows the rapid rise
and curtailment of wave amplitude with height, with
wave activity essentially con®ned between heights of
�78±87 km.

Also indicated on Fig. 3 are four predicted wave-
amplitude growth curves, initiated from the measured
wave amplitude of 0.6 m s)1 at a height of 77.7 km. The

growth curves are calculated assuming a simple e(z/2H)

amplitude growth in an isothermal atmosphere at the
indicated temperatures of 180, 160, 140 and 120 K. It
can be seen from Fig. 3 that the wave grows with height
more rapidly than would be the case for a conservative
motion in an atmosphere at any credible mesopause-
region temperature. This, combined with the vertical
phase coherence strongly indicates that the wave is in
fact ducted. Unfortunately, no information is available
about the temperature or horizontal wind structure of
the atmosphere for the data considered here, so the
suggestion of ducting cannot be directly con®rmed for
this example.

It has recently become recognised that the middle
atmosphere provides an environment rich in the tem-
perature and wind structures capable of ducting gravity
waves. Ducts can be formed by either Doppler or
thermal processes. In the case of Doppler ducts,
Doppler shifting increases a wave's intrinsic frequency
to a value above that of the Brunt-Vaisala frequency,
N, outside of the duct. Chimonas and Hines (1986)
described the behaviour of Doppler-ducted gravity
wave and reported several examples of waves appar-
ently so ducted at tropospheric heights. Similarly,
thermal ducts may be formed when ¯uctuations of N
with height, perhaps caused by wave-induced pertur-
bations of the background temperature gradient, trap a
wave within a layer of atmosphere where at immedi-
ately greater and lesser heights the value of N is lower
than the wave frequency. Lidar observations have in
fact revealed temperature lapse rates approaching the
adiabatic in the upper mesosphere (e.g. Wilson et al.,
1991; Meriwether et al., 1994), and as temperature lapse
rates approach the adiabatic, the associated value of N
tends towards zero, so gravity waves of even middle
periods can become trapped in a duct bounded by such
regions.

Radar studies of the vertical winds associated with
gravity waves have usually used MST or ST radars and
focused on tropospheric or lower stratospheric heights.
A comparatively limited number of such studies have
been made of waves at mesopause heights. In this latter

Fig. 2. Time-height contours of
vertical velocity for data recorded
on 31 July, 1992 between 06:00±
13:00 UT at heights of 76±90 km
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group are studies of summer mesopause-region vertical
winds made using the EISCAT VHF radar by Fritts
et al. (1990), in which vertical winds measured with a 10
s time resolution were recorded for a total of 36 h on
nine days in June and July 1987. Data were also used in
their study from 3 days of recording with the SOUSY
VHF radar. Hoppe and Fritts (1995) and Fritts and
Hoppe (1995) again used EISCAT VHF data to measure
vertical mesopause-region winds on one day in June
1988, this time under PMSE conditions. The strong
scatter from the PMSE allowed a time resolution of 2 s.
The data were recorded in two intervals, one of about
3 h, the other of 1 h following after a gap of 1 h. In these
studies, wave motions with similar periods, vertical
coherence and vertical wavelengths to those reported
here were identi®ed by the authors in at least some of the
data.

Our observations, based on a longer data set
covering winter and equinoctial conditions as well as
summer, suggest that this pattern is representative of the
mesopause region throughout the year. However, there
are some di�erences apparent in comparing the high-
resolution studies described above with our observa-
tions. In particular, the study of Fritts et al. (1990)
found vertical velocities up to �10 m s)1, a factor 3
greater than recorded in our lower resolution data. The
higher velocities may simply re¯ect a particularly active
day, or may be a product of the di�erent time
resolutions. Also, an example of high-frequency waves
(wave periods �1±10 min) presented by Hoppe and
Fritts (1995), where the authors interpret the vertical
phase coherence over some 7.2 km of altitude as
possible evidence of ducting, does not display the
approximately Gaussian pro®le of amplitude with
height evident in our data for the event described above
and displayed in Fig. 2 and 3.

Further evidence that ducted motions may be
common at mesopause heights has been provided by
the combined MF radar and all-sky nightime airglow
CCD imager study reported by Taylor et al. (1995), in
which the authors demonstrated that small-scale
waves exhibiting highly coherent phase structures
observed at four di�erent emission altitudes were
Doppler ducted.

4 Vertical pro®les of velocity variance

Variance of the vertical velocity in each height gate
provides a measure of wave activity. The vertical pro®le
of variance can be used as a tracer to give insight into
physical processes within the wave®eld. For each of the
31 days of data, the mean pro®le of vertical-velocity
variance was calculated. A variety of di�erent types of
variance pro®le are observed, and Fig. 4a±d presents
four representative examples of vertical pro®les of
variance between 76±95 km from 4 June 1991, 31 July
1990, 27 August 1990 and 25 January 1993, respectively.
In each case, all the data recorded in the indicated 24-h
interval are considered, so the curves incorporate
contributions from all waves present. It is clear from
Fig. 4 that a wide variety of forms of variance curve are
observed.

The example for 4 June 1991 (Fig. 4a) reveals a
quiescent wave ®eld with approximately constant vari-
ance values �1 m2s)2 at all but the greatest heights. The
example from 31 July 1990 (Fig. 4b) also reveals a wave
®eld which demonstrates little growth with height,
except above �91 km, however, in this case the wave
®eld is considerably more energetic with variances of
�3±5 m2s)2 over most of the height range. A signi®-
cantly more energetic wave ®eld is revealed in the data
for 27 August 1990 (Fig. 4c), where the variance
increases in an approximately linear fashion from values
of �2 m2s)2 near 76 km to �15 m2s)2 near 95 km. A
more complicated structure is displayed in the data for
25 January, 1993 (Fig. 4d) in which the variance rises
from values near 3 m2s)2 at 76 km to a maximum of �12
m2s)2 near 89 km then decreases to values near 2 m2s)2

near 95 km.
In two of the short series of consecutive days of

recording it was noticed that the vertical pro®les of
vertical wind variance tended to have a similar shape
over a time scale of days. An example is presented in the
series of four daily mean variance curves calculated for
each day in the period 17±20 March 1991 shown in
Fig. 5a±d. In these four pro®les a region with variance
values ¯uctuating between �2±5 m2s)2 extends to
heights of about 86 km with little indication of any
systematic growth, above which the variance increases
rapidly with height. A similar sequence of pro®les for
the period 21±25 January 1993 is presented in Fig. 6a±e,
in which variances rise from values of about 5 m2s)2 or
less to values of >10 m2s)2 at heights near 90 km
before declining again at greater heights. In each of
these two series the general shape of the variance
pro®les remains similar from day to day. A possible

Fig. 3. The amplitude-height pro®le for the quasi-monochromatic
gravity wave observed between 06:00±12:00 UT on 31/7/92. Also
indicated are the predicted amplitude growth curves for temperatures
of 180, 160, 140 and 120 K isothermal atmospheres
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reason for this behaviour is the background structure of
wind and/or temperature, but in the absence of this
information it is not possible to investigate the phe-
nomenon fully.

The mean variance over an arbitrary height range,
evaluated as a function of time, can be used to
investigate the seasonal behaviour of wave activity.
The averaging over a height range is necessary because
of the small-scale ¯uctuations in the vertical pro®les of
variance when this quantity is evaluated as a daily
mean for each height gate. Figure 7 presents the mean

variance over the height interval 76±86 km evaluated
for each of the 31 days of observation plotted against
day number in the year. The upper limit was selected
because some of the vertical pro®les of variance
change character at about this height, and because
this is representative of mesopause heights above
which it might be anticipated that the environment
in which the waves are propagating changes. Data
from all four years of observation are superimposed.
The limited number of samples, and the small fraction
of usable data from some days of observation,

Fig. 4. Pro®les of the daily-mean variance of vertical velocity for a 4 June, 1991; b 31 July, 1990; c 27 August, 1990 and d 25 January, 1993
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introduces uncertainty into any attempt to discern a
seasonal cycle. However, there is a suggestion of a
winter maximum with mean variances having values
up to 6.5 m2s)2. Values as low as 1.2 m2s)2 are
evident around the spring equinox, and a secondary
maximum with values up to 5.8 m2s)2 is evident near
the summer solstice. The situation at the autumnal
equinox is less clear, with three data points from
October 1992 (day numbers 299, 300, 301) suggesting
that a secondary minimum may occur near the
autumnal equinox.

A limited number of other studies have measured
the vertical pro®le of vertical-velocity variance at
mesopause heights. Fritts and Yuan (1989) used the
Poker Flat MST radar over 8 days in July 1986 and
found vertical-velocity variances to be approximately
constant over the height range 82±87 km, with values
of �6 m2s)2 below 87 km. RuÈ ster and Reid (1990) used
two days of data recorded by the SOUSY VHF radar
in June 1987 at heights between �83±90 km, and found
vertical motions dominated by oscillations with periods
of less than one hour and with variances which

Fig. 5 a±d. Pro®les of the daily-mean variance of vertical velocity for four successive days in 1991. a 17 March, b 18 March, c 19 March and d 20
March
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gradually increased from �1 m2s)2 near 83 km to �3
m2s)2 near 90 km. The study of Fritts et al. (1990)
reported variances increasing from �3.5 m2s)2 at 81.6
km to �6 m2s)2 at 90 km with a mean of 5.2 m2s)2 for
the 36 h of measurements made with the EISCAT-
VHF radar (selecting data points with errors of £0.3
m s)1), and variances ranging from �4 m2s)2 at 83 km
to �6 m2s)2 at 90 km with a mean of 5.1 m2s)2 for the
three days of measurements made by the SOUSY
radar.

The variances presented in this study are thus
broadly comparable with this earlier work, although it

should be noted that the highly variable wave ®elds
described in Sect. 3 and illustrated in Fig. 1a, b suggest
that measurements of short duration made only a few
hours apart could produce quite di�erent pro®les and
means of vertical-velocity variance, so direct compari-
sons should be treated with caution. The persistent
shape of the daily mean variance pro®les over a number
of days is similar to the report of persistent horizontal
momentum ¯ux pro®les of Fritts et al. (1992) who
examined 16 days of data recorded from heights of �68±
84 km using the Jicamara MST radar (12°N) during
summer 1987. A correspondence in momentum ¯ux and

Fig. 6 a±e. Pro®les of the daily-mean variance of vertical velocity for four successive days in 1993. a 21 January, b 22 January, c 23 January and d
24 January e 25 January
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variance pro®les is to be expected as it is believed to be
the high-frequency waves which make the dominant
contribution to the momentum ¯ux, and it is also these
waves which make the greatest contribution to the
vertical-velocity variance.

A number of sophisticated climatologies of gravity
waves at mesopause heights have been constructed
from middle or low-latitude measurements of horizon-

tal winds. Climatologies of gravity wave motions at
high latitude are much less well developed. MF-radar
studies based on horizontal winds have indicated that
at mid-latitudes there is an annual cycle for long-
period gravity waves with a winter maximum, whilst at
higher wave frequencies (e.g. periods 0.2±2.5 h) a
marked semi-annual component with a secondary
maximum in summer becomes apparent (e.g. Manson
and Meek, 1993; Gavrilov et al., 1995; Nakamura et al.,
1996).

Our results for the seasonal variation in variance are
not in disagreement with the idea that the vertical-
velocity ®eld may behave in a similar manner to that of
high-frequency gravity waves observed in horizontal
velocity measurements. Such a similarity is to be
anticipated given the dominant contribution to the
vertical velocities made by high-frequency waves (Sect.
3) but requires a larger data set than currently available
for certainty.

5 Vertical-wave number spectra

The vertical-velocity pro®les were used to investigate
the spectral composition of the wave ®eld in terms of
power spectral density as a function of vertical
wavenumber, Fw(m). In calculating the spectra only
data up to heights of 86 km were considered. This
arbitrary upper height limit was chosen in an attempt
to avoid spanning the mesopause for the reasons given
in Sect. 4, and this restriction limited the number of
height gates available to at most 10 (i.e. a 10.5 km
height range). In a signi®cant fraction of the data,
fewer points were available for analysis because of
episodes of low signal-to-noise in the records. Rather
than interpolate over gaps in the individual pro®les of
vertical velocity, a Lomb-Scargle periodogram was
used. This technique allows the spectral analysis of
non-periodically spaced data. Spectra were calculated
using the periodogram for each individual vertical
pro®le of vertical velocity, then averaged to give a
daily-mean spectrum. No attempt was made to try and
divide data into cases with and without ducted waves.
In the absence of horizontal wind and/or temperature
information only the most conspicuous cases (such as
that of Figs. 2 and 3) could be identi®ed. The mean
spectrum calculated from all the available data in which
9 or 10 height gates satis®ed the velocity uncertainty
criterion is shown in Fig. 8. Notice that in Fig. 8 there
are data points corresponding to spectra calculated
over a vertical extend of both 10.5 km (10 height gates)
and 9.45 km (9 height gates).

If the mean spectrum is assumed to have a power-law
form, Fw(m) µ mk, the spectral index or slope, k, is found
by a linear regression to be )1.36 � 0.2. However, the
individual daily mean spectra display a considerable
range of spectral slopes from �)0.41 to �)2.25.

An indication of the range of spectral indices is given
in Fig. 9, which presents the daily-mean spectral index
against day number; again, data from di�erent years are

Fig. 6e.

Fig. 7. The daily-mean vertical velocity variance over the height
range 76±86 km for all data
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superimposed. Figure 9 shows a clear trend for the
steeper spectral indices to be found in summer and
shallower slopes to occur in winter. The equinoctial

values are comparable with those of the winter months,
although the small number of days of recording prevents
de®nite conclusions. Finally, it should be noted that the
wavenumber regime accessible to our analysis is likely to
fall entirely within that composed of saturating waves.
Typical values for m* (the transitional wave number
between saturated and unsaturated waves) reported in
studies of horizontal winds at mesopause heights
correspond to vertical wavelengths in excess of 15 km
(e.g. Smith et al., 1987).

Finally, we examined the spectral index as a function
of the daily-mean variance over the 76±86 km height
range described in Sect. 4. The variation of spectral
slope with daily-mean variance is shown in Fig. 10.
From this plot it can be seen that there is a tendency for
the spectral index to become more positive (i.e. shal-
lower spectral slopes) on days when the mean variance
has higher values.

Observations made at lower heights have also investi-
gated spectral slopes at high wavenumbers. The ST-radar
studies of Kuo et al. (1985) measured the slopes of
vertical-velocity spectra to be near )1.7 in the middle
troposphere and near )0.34 in the lower stratosphere.
Larsen et al. (1987) reported slopes near )1.3 for
troposphere/lower-stratosphere data and Sidi et al.
(1988) reported a spectral slope of )1.8 for the lower
stratosphere based on a high-resolution balloon mea-
surement. At mesopause heights, Fritts and Hoppe
(1995) measured slopes of from �)1 to �)3 for two
short duration, high-resolution measurements using the
EISCAT VHF radar. Gardner et al., (1995) used a
Doppler/Sodium lidar to measure vertical wind pro®les
over 6 hours between heights of 84±100 km andmeasured
the spectral slope to be )1.4; however, in this study the

Fig. 8. The mean vertical-wavenumber spectrum of all data over the
range 76±86 km. Note that data from spectra calculated with either 9
or 10 data points are included

Fig. 9. The daily-mean spectral index (slope) for each of the days of
data evaluated over the height range 76±86 km

Fig. 10. The spectral index (slope) as a function of daily-mean
variance over the height range 76±86 km
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data was integrated for 20 minutes before spectral
analysis, which may have supressed the amplitudes of
any high-frequency motions present if of similar periods
to those reported here.

A major motivation in studying the vertical-velocity
spectra of atmospheric gravity waves is that they o�er an
opportunity to test theories which have been advanced to
explain the observed ``universal spectrum'' of gravity-
wave horizontal motions ®rst reported by VanZandt
(1982). Gardner (1996) reviewed current theories in some
depth, and compared their predictions for a number of
atmospheric parameters, including the form of the
vertical-wave number spectrum of vertical velocities,
Fw(m). This parameter is particularly important because,
unlike the spectra of horizontal velocities, at least some
of the theories predict di�erent behaviour and so allow a
test against observation.

The theories invoking linear convective or dynamic
instability (Dewan and Good, 1986; Smith et al., 1987)
predict a fully separable (m, x) spectrum in which the
shapes of the horizontal and vertical-velocity wave
number spectra, Fu(m) and Fw(m), respectively, will be
identical within the saturated part of the wave spectrum
(that which lies at m-values above the critical value m*).
There is a considerable, but not unanimous, body of
evidence that suggests the Fu(m) spectra have slopes
close to )3 (e.g. Smith et al., 1987), and so similar values
are predicted by this theory for the Fw(m) spectra. The
di�usive ®ltering theory of Gardner (1994) predicts that
the (m, x) spectrum of horizontal winds is not separable
and that the vertical-velocity spectra, Fw(m), will have a
power-law form with slopes µ m(5-2p), where p is the
spectral index of the frequency spectrum of horizontal
winds, and has observationally based values of p �1.6±
2. Thus the di�usive ®ltering theory predicts Fw(m) µ m
to Fw(m) µ m1.8, i.e., positive spectral slopes of steepness
+1 to +1.8. The saturated cascade theory of Dewan
(1994) predicts non-separable (m, x) spectra with slopes
of about +1. Neither the di�usive damping theory of
Weinstock (1990), nor the Doppler spreading theory of
Hines (1991) are as yet su�ciently developed as to be
able to make predictions of the vertical-velocity spectral
form.

The results presented in our study suggest that the
observed spectral slopes of the vertical-velocity spectra
are not close to those predicted by any of the theories
described already. At all times the spectra have a
negative slope, but usually have values between �)0.4
to �)1.6; signi®cantly less than predicted by the linear
instability theories. However, a complication in the
study of the vertical motion ®eld is the probable
presence of a population of ducted waves. In cases
where there is a signi®cant contribution to the vertical
velocities from ducted waves, the spectra may be
contaminated by the approximately Gaussian pro®le
of amplitude across the duct (Fig. 3). An assessment of
the prevalence of ducted motions is thus essential before
the wavenumber spectra of vertical velocity can be used
as a de®nitive test of saturation theories.

6 Conclusions

We have presented analysis of 31 days of vertical-wind
records made using the EISCAT VHF radar between 12
June, 1990 and 25 January, 1993. The motion ®eld
appears to be dominated by high-frequency motions of
large vertical wavelength and periods of order 30±40
min. In at least some of the data there are strong
indications that waves are trapped in ducts, although
additional information about horizontal winds and/or
temperatures would be necessary to con®rm this
suggestion. Such additional information would also be
useful in investigating the possible e�ects of Doppler
shifting on the observed waves. The vertical-velocity
variances display various forms, but there is little
indication of the expected wave growth with height,
despite the fact that the dominant waves appear to have
very large vertical wavelengths, and so might be
expected to belong to the unsaturated part of the spec-
trum. The persistence of the general form of the vertical
pro®les of daily mean variance suggests that the wave
®eld is being shaped by longer-lasting properties of the
atmosphere, either the background temperature or
mean (horizontal) winds, and is similar to that reported
in at least one study of the vertical ¯ux of horizontal
momentum (Fritts et al., 1992). The seasonal variation
in vertical-velocity variance appears to be consistent
with the semi-annual cycle reported in studies of short-
period gravity waves made using observations of
horizontal velocity. The spectral properties of the wave
®eld examined over a wave number range which would
be expected to be composed of saturated waves agrees
with observations made in the troposphere and lower-
stratosphere, but do not agree with the predictions of
linear instability theory (Dewan and Good, 1986; Smith
et al., 1987), di�usive-®ltering theory (Gardner, 1994) or
saturated-cascade theory (Dewan, 1994). However, the
presence of ducted motions within the wave ®eld may
seriously contaminate the vertical-wavenumber spectra.
This may be an explanation of why the spectra have
shallower slopes for wave ®elds of higher variances
(Fig. 10) and again highlights the need for studies in
which simultaneous measurements are made of several
atmospheric parameters.
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