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Abstract. The winter MaCWAVE (Mountain and convective 1 Introduction
waves ascending vertically) rocket campaign took place in
January 2003 at Esrange, Sweden and the ALOMAR obserThe MaCWAVE winter campaign in January 2003 involved
vatory in Andenes, Norway. The campaign combined bal-2 sounding rockets and 46 MET rockets launched from
loon, lidar, radar, and rocket measurements to produce fulESRANGE, Sweden, 51 balloons launched from ESRANGE
temperature and wind profiles from the ground to 105 km.and Andoya Rocket Range/ALOMAR, Norway, and radar
This paper will investigate gravity wave propagation in the and lidar data collection at both locations. An overview the
mesosphere and lower thermosphere using data from the Weampaign is given by Goldberg et al. (2006) and the condi-
ber sodium lidar on 28—29 January 2003. A very large semid-ions in the stratosphere are provided by Blum et al. (2006).
iurnal tide was present in the zonal wind above 80 km thatMountain waves were present during the first winter salvo
grew to a 90 m/s amplitude at 100 km. The superposition of(24 January 2003) below65 km, but were prevented from
smaller-scale gravity waves and the tide caused small regiongenetrating to higher altitudes by a zonal wind reversal due
of possible convective or shear instabilities to form along theto a stratospheric warming (Wang et al., 2006). A second
downward progressing phase fronts of the tide. The gravityrocket sequence on 28-29 January 2003 observed a large am-
waves had periods ranging from the Nyquist period of 30 minplitude semidiurnal variation and superposed high-frequency
up to 4h, vertical wavelengths ranging from 7 km to more motions also observed with lidar and radar instrumentation
than 20 km, and the frequency spectra had the expected -5 ESRANGE and ARR/ALOMAR. This paper will concen-
slope. The dominant gravity waves had long vertical wave-trate on the amplified semidiurnal tide on 28-29 January
lengths and experienced rapid downward phase progressio2003, the resultant regions of possible instability, and the
The gravity wave variance grew exponentially with height up residual gravity wave (GW) field.
from 86 to 94 km, consistent with the measured scale height,
suggesting that the waves were not dissipated strongly by the
tidal gradients and resulting unstable regions in this altitudey  |nstrumentation
range.

i i .. In 2000, CSU and NWRA/CoRA installed the Weber wind-
Keywords. Meteorology and atmospheric dynamics (Mid- oy herature sodium lidar at the ALOMAR observatory in
dle atmosphere dynamics; Waves and tides; Thermospherigq therm Norway. The lidar measures temperature, radial

dynamics) wind, and sodium density from roughly 80 to 105km alti-
tude by probing the Doppler width and Doppler shift of the
atmospheric sodium resonance line (She et al., 2002). The
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highly stabilized seed frequencies at the sodiugy Ppeak  the campaign (25-27 January 2003), there was a significant
and+630MHz. The seed beam is combined with a pulsedterdiurnal amplitude in the meteor radar winds, but this was
YAG beam in the pulse dye amplifier to obtain typically 1W at a lower altitude of~88 km (Goldberg et al., 2006). There
of pulsed power at 589 nm. The Weber lidar splits the pulsewere also a number of shorter-period perturbations that were
output into two beams and receives the backscattered signg@resent in both beams, indicating a horizontal scale greater
using the two 1.8-m diameter telescopes of the ALOMAR than the beam separation-e60 km.
Rayleigh/Mie/Raman lidar. For the MaCWAVE/MIDAS We fit a 12-h period and a constant term to these times
winter campaign, the two beams were inclined 20the east  series (Fig. 3). Both tidal theory and the meteor radar mea-
and west of zenith in an attempt to measure momentum fluxsurements of the zonal and meridional wind suggest that the
so meridional winds were not measured with the lidar. Thediurnal tide was very small (Goldberg et al., 2006), so the
seed laser was running at 10% of normal power which ledconstant term should be very close to the daily mean. The
to a pulse power of 200 mW per beam (40% of normal), sozonal wind semidiurnal amplitude increased from 35m/s at
we did not have sufficient returned photon counts to calculate84 km to 91 m/s at 100km. The zonal wind phase shows
momentum flux. The vertical and temporal resolutions thatsmooth downward progression with time consistent with a
may be deduced from lidar signal were 150 m and 1 min for30-km vertical wavelength. The temperature amplitude de-
the sodium density and 1 or 2km and 15 min for temperaturecays with altitude with a maximum of 14K at 84km to a
and winds. minimum of 3K at 96 km. The temperature phase has the ex-
The laser frequency drifted with time during the first 3h pected quadrature with the zonal wind phase (a 3-h lag) for
of the campaign on 28 January 2003, due to operator errola westward-propagating tide. The derived temperature phase
By using the average of the zonal winds in two beams, webecomes in phase with the zonal wind at higher altitudes, but
can remove the effect of the frequency drift and any verticalthe temperature fit is not good at higher altitudes as the tem-

wind present from our calculated zonal winds: perature amplitude decays, and there are other indications of
, wave superposition at higher altitudes, as noted above.
We = (V20E — V2ow)/2 SiN20°), 1) The tidal signal also showed up in both the meteor radar

and the falling sphere measurements. The zonal wind am-
tion of the zonal wind, the projection of the vertical wind, and Plitudes measured by the meteor radar were also quite large,

wind error from the frequency offset. The average removegthough about 10% lower than the lidar amplitudes. The

the effect of the frequency offset and any vertical winds thatf@lling sphere temperatures and zonal winds also agreed well

are the same at the 2 beam locations. The vertical wind i¢Vith the lidar data, although the falling spheres only mea-
generally 1-2 orders of magnitude smaller than the horizonSUréd up to about 85 km over a period of 6 h (Goldberg et al.,

tal wind in a 15-min average, so it is not a big effect in this 2006). . » . .

case. Averaging the two beams can also introduce biases due e have notidentified the specific cause for the zonal wind
to small horizontal-scale GWs, but this is also a small effect2MPplitude to increase so strongly while the temperature am-
for averaged data. plitude decays with altitude. Dissipation can affect the struc-

ture of the tide and change the relationship between the ver-
tical wind (and resulting temperature perturbation) and the
3 Semidiurnal tide horizontal winds, but cannot account for the apparent change
in period. Meteor radar measurements show similar merid-
The lidar data on the night of 28/29 January 2003 werejonal amplitudes that increase with height on this night, indi-
dominated by the semidiurnal tide. Figure 1 shows the ef-cating that the tidal winds had a normal spiral structure and
fects of the tide on the temperature, zonal wind, and sodiunsuggesting a fairly simple modal structure.
density calculated from the average of both beams. Other The mean temperature profile decreases slightly with
waves were visible, however, especially in the temperaturenejght from 210K at 85km to 200K at 100km. This is
and sodium density. The time series of temperature and zonalonsistent with the expected high winter mesopause, but the
wind and their errors for both beams at four altitudes are plot-mean gradient is quite small at only 0.67 K/km. The mean
ted in Fig. 2. The differences between the two zonal windzonal wind profile varies from —10 m/s at 85 km to 30 m/s at
measurements at the start of the night were due to the laserpo km. This represents a moderate positive altitude gradi-
frequency drift. The temperature was much less sensitive t@nt of~2.7 m/s/km. These mean gradients are much smaller
the frequency drift. Averaging both beams, the zonal windthan the tidally-induced gradients.
followed the 12-h fit (black line) quite closely. The tempera-
ture fits were quite good for 85 and 90 km, but at higher alti-
tudes the apparent period in the temperature time series wag Instabilities
6 to 8 h, suggesting either a superposition of the semidiurnal
tide and shorter-period gravity waves or simply a transitionThe principal instabilities accompanying GWs and winds
to a 6 or 8-h tide or GW at these higher altitudes. Earlier inshears in the atmosphere are generally considered to be

where the radial winds (dew) are the sum of the projec-
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Fig. 1. Contours of temperature, zonal wind, and sodium density for 28—-29 January 2003 measured by the Weber lidar using the average of
the two beams. Note the strong semidiurnal perturbation.

convective or dynamical in nature. This proves to be a sig-Klaassen, 1997; also see Fritts and Alexander, 2003, for a
nificant (and inaccurate) simplification, in general, as therereview of these dynamics). Despite this complexity, the sim-
are a multitude of instabilities that can arise, and these depler view of these instabilities often provides a convenient
pend on the specific characteristics of the flow, the ampli-and qualitative, if imperfect, context in which to assess in-
tudes and intrinsic properties of the involved waves, the ini-stability structures, energetic sources, and occurrence. Given
tial conditions at the time of instability occurrence, and the this (and because we cannot assess initial conditions and spe-
influences of viscosity and thermal diffusivity (Achatz, 2005; cific details in each case), we assume that convective insta-
Fritts et al., 2006; Lombard and Riley, 1996; Sonmor andbility can occur when the temperature lapse ratel'{ed) is
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Fig. 2. Time series of zonal wind (right column) and temperature (left column) for beam 1 (20W, blue) and beam 2 (20E, red) for 4 altitudes
with errors and the semidiurnal fit (black line).

greater than the adiabatic lapse rate of 9.5 K/km, resulting irbuoyancy frequency from the temperature profile for each
an imaginary buoyancy frequendy, Dynamical instability = beam and for the average of the two beams. The Richard-
is assumed to be caused by large wind shears and to occwon number is defined as the buoyancy frequency squared
when the Richardson numbeRi) is less than 0.25. Taking divided by the square of the vertical shear of the horizontal
the simple view, we calculate the temperature gradient andvind. We also will use only the zonal wind gradient (as the

Ann. Geophys., 24, 1199208 2006 www.ann-geophys.net/24/1199/2006/
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Fig. 3. Semidiurnal amplitude, phase, and constant for zonal wind and temperature on 28 January 2003. Note how the zonal wind amplitude
increases with height and the temperature amplitude decreases with height. The phase difference between zonal wind and temperature go
from over 3h at 84 km to near zero above 95km. The mean wind and temperature profiles have a simple structure and relatively small
gradients.

lidar measured only in the zonal plane), which will under-  We first subtracted the fitted semidiurnal tide from the tem-
estimate the total wind shear and overestimate Figure 4  perature and wind fields calculated from the average of the
shows the regions wher®i is less than 0.25 and the tem- two beams. These residual fields are shown in Fig. 5 along
perature gradient is more negative than —9.5 K/km, the adiwith the error values. There are many perturbations visible
abatic gradient for this altitude. There was a broad regionwith amplitude larger than the noise level. Most of the per-
of instability following the downward phase progression of turbations were present in both temperature and zonal wind
the tide, as well as additional descending zones of instabilityand showed coherence in altitude and downward phase prop-
due to a 4-h wave during the first half of the night. Within agation consistent with upward propagating GWs. There
each region, there were small patches of potential instabilitywere a number of waves with periods from 30—-60 min and
where smaller-scale waves enhanced the gradients due to theng vertical wavelengths, as well as the 4-h wave evident
longer-period waves beyond the identified thresholds. Then Fig. 4. There are relatively few GWs with vertical wave-
small patches sometimes occur in both beams at the sanlengths less than 7 km. Lomb periodograms were computed
time and show up in the averag& Mz, but most often the  from the residual time series of temperature and wind and are
two beams are different, which is not surprising given thedisplayed in Fig. 6. The spectra are fairly broad, given the
horizontal separation of the beams and the small-scales of thiémited data set, and generally followed the expected —5/3
perturbing GWs. To summarize, it appears that the semidislope. The variances of the residual temperature and zonal
urnal tide and longer-period GWSs push the gradients close tavind both increased strongly (by about a factor of 5) from
instability, and that scattered smaller-scale unstable region86 to 94 km (see Fig. 7). The scale height was 6.1 km for the
are induced by small-scale GWs. mean temperature on this night of 205 K. Thus we would ex-
pect a factor of four increase in the variance for undamped
GWs propagating 8km vertically. This is consistent with
largely undamped vertical wave propagation, in the absence
of any local GW sources. One complication is that regions
We h.a_ve Iooke.d at thg semidigrngl tide and iqvestigated theg:g:;/; v?/;flzlélrz?/;dnsslrgtgﬁ :I;;gg:rae).e)_;ﬁ)]eeztee (i::c::g;%(::;ivi/(;s
conditions for instability on this night. We will now look , - 14 propagate both upwards and downwards, but upward

at the ;mallgr;)scar:e ?Ws an((jj see V‘g;ether;he" prOpagat'OB:opagation dominates in this dataset. So it appears that even
massnagﬁfte y the large and variable gradients present o ough there were many scattered regions with conditions
is night.

5 Gravity waves

www.ann-geophys.net/24/1199/2006/ Ann. Geophys., 24, TAB-2006



1204 B. P. Williams et al.: Gravity wave propagation

Richardson number ({1/4)

Altitude (km)

15 18 21 00 03 06 09
28 Jan 2003 Hours UT 29 Jan 2003
beaml1=blue,beam?2=red,avg=black

dT/dz ((—9.5K/km)
| Iﬁ
I | |

)

©
]

Altitude (km)

©
o

85

15 18 21 00 03 06 09
28 Jan 2003 Hours UT 29 Jan 2003

Fig. 4. Regions where the Richardson number is less than 1/4(top) or the lapse rate is greater than adiabatic (bottom) using the temperature
gradient for beam 1 (blue), beam 2 (red), and the average of the two beams (black).

suitable for instability, the GWs were not affected and in- phase, enhanced turbulent energy dissipation rates, and en-
creased essentially undamped in amplitude up-8b km. hanced gravity wave variance. The tides were quite ac-
One reason may be that the vertical wavelengths of the waveive and variable during the campaign period. The zonal
were typically much larger than the unstable regions. Theravind amplitude of the semidiurnal tide was unusually strong
were shorter vertical wavelength waves in the falling sphere(85 m/s) on 28 January 2003, but the temperature amplitude
data from 45 to 65 km but these do not appear to have propwas not as enhanced. The Andoya meteor radar measured a
agated into the mesopause region (Wang et al., 2006) 30 m/s amplitude 8-h wave from 25-27 January 2003 at 88-
km altitude, possibly a terdiurnal tide. At higher altitudes,
the semidiurnal tide was larger than the 8-h wave. The semid-
6 Discussion and conclusions iurnal zonal wind amplitude at 88 km increased to a 60 m/s
average from 28—30 January then decreased to a more typical
During the rocket campaign on 28-29 January, we observe@0 m/s by 31 January (Goldberg et al., 2006).
simultaneously an amplified zonal wind semidiurnal tide
leading to regions of instability descending with the tidal

Ann. Geophys., 24, 1199208 2006 www.ann-geophys.net/24/1199/2006/
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Fig. 5. Contour plots of the residual wind and temperature fields after subtracting the semidiurnal fit. Note the many perturbations larger
than the errors (shown on the right) with mostly downward phase propagation.

The MaCWAVE Terrier-Orion rocket was launched at erally measured higher energy dissipation rates in mesopause
18.5 UT and measured turbulent energy dissipation ratesegion in the summer than in the winter (Lubken, 1997).

from 75 to 90 km that were significantly larger than normal The gravity wave spectrum was broad and covered the
for wintertime conditions _atleO mWi/kg, but not as large ¢, frequency range that we could measure. The GWs ap-
as some of the summertime measurements (Croskey et alpeared to propagate upwards without significant damping,
2006). The rocket measurements were made just after thg, o, iy the presence of unusually large tide-induced wind
downward-moving potentially-unstable region in the bottom 5, temperature shears. The semidiurnal tide amplitude in-
left coner of Fig. 4. This delay is consistent with gravity ¢ eaqed with height in the zonal and meridional wind but de-
waves breaking in the unstable region, leading to turbulence o aseq in temperature. The GW wave field is more active
1-2 buoyancy periods later, but the lidar did not have they,,, eynected for the winter polar regions, though relatively
necessary tl_me re_solut|on to dl_rectly_ measure this. The graViayw, measurements of wind and temperature with this spa-
ity wave variance increased with height from85 t0 95km, i) and temporal resolution have been made to date. Hansen
however, so the average dissipation throughout the nlghtma&nd Hoppe (1996) made lidar and incoherent scatter radar
not have been as significant. Also, much of the energy diSye 44 ,rements in late summer that showed an active gravity
sipation may have come from waves at periods less than thg,, e field and semidiurnal tide that are damped by the gradi-
30 min Nyquist period. Previous rocket campaigns have geng g helow the low summer mesopause leading to turbulence.

www.ann-geophys.net/24/1199/2006/ Ann. Geophys., 24, TAB-2006
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Fig. 6. Left column: Residual temperature (dash) and zonal wind (solid) perturbations after subtraction of semidiurnal tide. Right column:
Lomb spectra for zonal wind (solid) and temperature (dash) residual and dotted line indicating a —5/3 slope.

Collins and Smith (2004) report damping of long-period University of lllinois sodium lidar group (Liu et al., 2004,
gravity waves measured by sodium lidar and OH spectrome2005; Zhao et al., 2003). Liu et al. (2004) described lay-
ter over Alaska by convective instabilities likely produced by ers of likely convective instability caused by a large diurnal
the superposition of long and short period waves. tide, in a similar fashion as the semidiurnal tide dominant at
High-resolution instability studies have been done at mid-ALOMAR. Zhao et al. (2003) found that the “probabilities of
latitudes at Starfire, New Mexico and Maui, Hawaii by the static and dynamic instabilities are maximum in mid-winter”

Ann. Geophys., 24, 1199208 2006 www.ann-geophys.net/24/1199/2006/
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Fig. 7. The variance of the residual temperature (dashed) and wind (solid) fields increases strongly with altitude from 86 to 96 km. Below
86 km and above 96 km, the instrument mean square error (blue lines) increases rapidly, so it is subtracted from total variance to give the rec
lines, but do not put much weight in the top or bottom points, as they depend on an accurate error estimate. The dotted lines show the growth
rate for an undamped wave.

and that the “structure of the unstable regions are signifi-References
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gradients and concluded that a simple tide could not explain  of monochromatic gravity waves, Phys. of Fluids, 17, 094107,
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